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Preface

The United Nations Paris Framework Convention on Climate Change has agreed to reduce green‐
house gas emission, in an effort to reduce the global average temperature increase, to below 2°C.
Energy produced from renewable energy resources will play a key role in reducing the greenhouse
gas emissions. Among the various renewable energy sources, biomass is considered as carbon neu‐
tral because the carbon dioxide released during its conversion is already part of the carbon cycle.
Biomass energy is also known to be relatively sustainable.

By definition, biomass means any plant-derived organic matter which is available on a renewable
basis. Examples of biomass which are used for energy generation are agricultural crop wastes and
residues, wood waste and residues, aquatic plants, animal waste, municipal solid waste, and other
waste materials from food and feed processing industries. Biomass resources can be used to pro‐
duce a number of products including electricity; liquid, solid, and gaseous fuels; heat; chemicals;
and other high value-added materials. Currently, second-generation biofuel crops such as the per‐
ennial grasses (e.g., miscanthus, switchgrass, and others) and dedicated forest plantations are grown
for bioenergy production. These dedicated herbaceous and woody biomasses can be grown in un‐
derutilized or marginal lands without significantly displacing the land which is typically used for
food and feed crops. The growing and processing of dedicated energy crops and forest plantations
for energy and other value-added bio-based products will help to improve economic activity in ru‐
ral regions.

This book is the outcome of contributions by many experts in the field from different disciplines,
various backgrounds, and diverse expertise. This book provides information on biomass volume
calculation methods and biomass valorization for energy production. The chapters presented in this
book include original research and review articles. I hope the research presented in this book will
help to advance the use of biomass for bioenergy production and valorization. I want to thank all
the authors who have contributed to this book, without whom it would have been impossible to get
this book published. I also want to thank the Department of Energy, Office of Energy Efficiency and
Renewable Energy under the Department of Energy, and Idaho Operations Office Contract DE-
AC07-05ID14517 for supporting me in completing this work.

The key features of the book are:

• Providing information on biomass volume estimation using direct, nondestructive and
remote-sensing methods

• Biomass valorization for energy using thermochemical (gasification and pyrolysis) and
biochemical (fermentation) conversion processes

Jaya Shankar Tumuluru, PhD
Research Scientist, Biofuels Department

Energy Systems Laboratory
Energy and Environment Directorate

Idaho National Laboratory, Idaho Falls, Idaho, USA
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Chapter 1

Developing Tree Biomass Models for Eight Major Tree
Species in China

WeiSheng Zeng

Additional information is available at the end of the chapter
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Provisional chapter

Developing Tree Biomass Models for Eight
Major Tree Species in China

WeiSheng Zeng

Additional information is available at the end of the chapter

Abstract

In the context of climate change, estimating forest biomass for large regions is key to
national carbon stocks, but few models have been developed at regional level. Based on
mensuration data from large samples (4818 and 1626 trees for above- and belowground
biomass, respectively) of eight major tree species in China, the author developed one-
and two-variable compatible integrated model systems for aboveground and below-
ground biomass, biomass conversion factor (BCF) and root-to-shoot ratio (RSR), using
the error-in-variable simultaneous equations. Furthermore, the differences of above-
ground and belowground biomass among various species were analyzed using the
dummy variable approach. The results indicated that (1) two-variable models were
almost better than one-variable models for aboveground biomass estimation, while the
two model systems were not significantly different for belowground biomass estima-
tion; (2) the eight species can be ranked in terms of aboveground biomass from Quercus
(largest), Betula, Populus, Pinus massoniana, Picea, Larix, Abies to Cunninghamia lanceolata
and in terms of belowground biomass from Quercus (largest), Betula, Larix, Picea,
Populus, P. massoniana, C. lanceolata to Abies; (3) mean prediction errors (MPEs) of above-
ground biomass models for the species were less than 5%, whereas MPEs of below-
ground biomass equations were less than 10%, except for Abies.

Keywords: aboveground biomass, belowground biomass, biomass conversion factor,
root-to-shoot ratio, error-in-variable simultaneous equations

1. Introduction

Increasingly, governments worldwide attach considerable importance to estimating biomass
and carbon storage of forest ecosystems in the context of global climate change. To help
countries conduct national greenhouse gas inventories, forest biomass estimation and carbon
stock assessment, the Intergovernmental Panel on Climate Change (IPCC) provided such
carbon-accounting parameters as biomass expansion factors (BEF) and root-to-shoot ratios
(RSR) for estimating different geographic zones in 2003 [1]. However, it probably has great

© The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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uncertainty to apply these parameters for biomass estimation. Developing individual tree
biomass models and parameters for national monitoring and assessment of biomass and
carbon storage of forest ecosystems has become fundamentally important.

The earliest research on forest biomass abroad can be traced to the 1870s [2]. In recent years,
biomass models for major tree species in America, Canada and some European countries have
been developed or improved [3–11]. Their purpose was to assess and monitor forest biomass
and carbon storage and to provide a basis for evaluating the contribution of forest ecosystems
to the global carbon cycle. Studies on forest biomass in China have only been implemented
since the late 1970s when some related articles were published [12, 13], i.e., a century after the
earliest study abroad. Due to special historical reasons, China did not participate in the
International Biological Program (IBP), initiated by the International Union of Forest Research
Organizations (IUFRO), during the period of 1964–1974 and thus missed the golden develop-
ment stage of forest biomass research [14].

Reviewing the development of forest biomass modeling near 40 years in China, three stages
could be classified: the first is estimating biomass and productivity of major forest types
toward the end of the twentieth century [13, 15–30]; the second is assessing carbon storage in
Chinese forest ecosystems since the beginning of the current century [31–37]; and the third is
the new development stage for monitoring and assessing forest biomass and carbon storage at
provincial and national levels [14, 38]. To monitor forest biomass and carbon storage in the
National Forest Inventory (NFI) system, the National Forest Biomass Modeling Program has
been implemented since early 2009. Up to now, many papers on modeling individual tree
biomass have been published [39–51], which classified 70 modeling populations for develop-
ing individual tree biomass models, determined the sample structure of each population and
studied the modeling methods including nonlinear error-in-variable simultaneous equations,
mixed-effects modeling, dummy variable modeling and segmented modeling approaches.
Also, logarithmic regression and weighted regression were analyzed [52] and goodness evalu-
ation and precision analysis of biomass models were studied [53]. Based on the studying
achievements, two ministerial standards on technical regulations and five ministerial stan-
dards on biomass models have been approved for application [54–60]. In the near future, more
ministerial standards on biomass models for other tree species would be published.

From the published papers and ministerial standards, we could find that the aboveground and
belowground biomass models were developed separately owing to the unequal sample sizes
and most of the studies were only based on sample trees of one tree species. In this chapter, the
author will use the mensuration data of aboveground and belowground biomass from 4818 to
1626 destructive sample trees of eight major tree species, respectively. The main purpose was
to develop an integrated individual tree model system for aboveground and belowground
biomass, biomass conversion factor (BCF) and root-to-shoot ratio (RSR), using the approach of
nonlinear error-in-variable simultaneous equations with dummy variable. The system could
assure aboveground biomass models compatible with stem volume models and BCF models
and belowground biomass models compatible with aboveground biomass models and RSR
models. Secondly, the generalized dummy-variable models of aboveground and belowground
biomass for eight major tree species were established and compared and the ranks of eight
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species for aboveground and belowground biomass estimation were provided respectively
from the species-specific parameter estimates.

2. Materials and methods

2.1. Data

During the 5 years between 2009 and 2013, a total amount of 4818 sample trees for 31 modeling
populations of eight major tree species or species groups, namely, Picea spp., Abies spp., Betula
spp., Quercus spp., Populus spp., Larix spp., Cunninghamia lanceolata and Pinus massoniana,
which occupied more than 60% of forest volume in China [39], were felled for aboveground
biomass mensuration. The sample trees were evenly distributed in ten diameter classes of 2, 4,
6, 8, 12, 16, 20, 26, 32 and more than 38 cm for each modeling population, and about 15 sample
trees in each diameter class were selected by height class as evenly as possible. For example, if
three height classes were defined, i.e., low, intermediate and high, then five sample trees
should be selected in each height class. For each sample tree, the diameter at breast height of
stem was measured in the field. After the tree was felled, total trunk length (tree height, from
ground level to the top) and live crown length were also measured. The trunk was divided into
11 sections at points corresponding to 0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9 of tree
height. Base diameters of all sections were measured and the tree volume was computed using
Smalian’s formula [61], which referred to total volume over bark. Specifically, the formula was
written as V = (A1 + A2)/2 ´ L with V as the volume of a section of tree trunk, A1 and A2 as two
areas of the small and large ends of the section and L as the section length. The fresh weights of
stem, branch and foliage were also measured; subsamples were selected and weighed in the
field [54]. Among all sample trees, about one third (1626 trees) were selected for measuring
both aboveground and belowground biomass. The whole roots were excavated out, fresh
weights of stump, coarse roots (more than 10 mm) and small roots (2–10 mm, not including
fine roots less than 2 mm) were measured, respectively and subsamples were selected. After
being taken into the laboratory, all subsamples were oven-dried at 85°C until a constant weight
was reached. According to the ratio of dry weight to fresh weight, each component biomass
was computed and the aboveground biomass of the tree was obtained by summation [54].
Table 1 shows the general situation for biomass samples of eight major tree species or groups.

2.2 Model construction

The general form of individual tree biomass and stem volume models is as follows [45, 62]:

y ¼ β0x1
β1x2β2 � � � xjβj þ ε (1)

where y is biomass (kg), xj are predictive biometric variables, which reflect the dimensions of a
tree, such as diameter at breast height D (cm) and tree height H (m), βj are parameters and ε is
the error term. Because the biomass data are significantly heteroscedastic, some measures
should be taken to eliminate heteroscedasticity prior to parameter estimation. In this paper,
weighted regression was applied and the specific weight functions were derived from the

Developing Tree Biomass Models for Eight Major Tree Species in China
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Species Samples Variables Mean Min Max S.D. CV (%)

Picea spp. 900/295 Diameter D (cm) 17.0 1.0 65.5 12.8 75.6

Height H (m) 12.3 1.4 46.9 8.1 66.4

Stem volume V (dm3) 343.0 0.6 6770.7 609.9 177.8

Aboveground biomass Ma (kg) 174.5 0.4 1668.9 251.3 143.9

Belowground biomass Mb (kg) 41.2 0.1 289.1 61.3 148.8

Abies spp. 751/249 Diameter D (cm) 17.1 1.1 68.0 13.0 76.6

Height H (m) 11.9 1.5 39.0 7.4 62.7

Stem volume V (dm3) 352.4 0.5 4525.0 589.5 167.3

Aboveground biomass Ma (kg) 168.9 0.3 1817.0 262.7 155.6

Belowground biomass Mb (kg) 29.0 0.1 393.4 52.4 180.7

Betula spp. 690/236 Diameter D (cm) 15.9 1.0 60.8 11.8 73.7

Height H (m) 11.3 1.9 33.0 6.2 55.1

Stem volume V (dm3) 235.0 0.3 2782.7 345.9 147.2

Aboveground biomass Ma (kg) 167.4 0.2 1671.0 240.6 143.7

Belowground biomass Mb (kg) 45.0 0.1 343.6 67.0 148.8

Quercus spp. 670/228 Diameter D (cm) 16.1 1.5 54.0 11.6 72.1

Height H (m) 10.9 1.4 28.6 6.3 57.6

Stem volume V (dm3) 253.2 0.2 2487.1 370.9 146.5

Aboveground biomass Ma (kg) 208.2 0.3 1664.1 295.2 141.8

Belowground biomass Mb (kg) 51.4 0.1 385.9 71.6 139.4

Populus spp. 602/207 Diameter D (cm) 16.4 1.2 48.9 11.9 72.3

Height H (m) 12.9 2.4 31.1 6.9 53.6

Stem volume V (dm3) 281.4 0.3 2228.4 385.3 136.9

Aboveground biomass Ma (kg) 174.1 0.2 1065.1 241.3 138.6

Belowground biomass Mb (kg) 35.6 0.1 384.5 54.3 152.7

Larix spp. 602/199 Diameter D (cm) 16.7 1.5 54.2 12.3 73.7

Height H (m) 12.6 1.4 37.5 7.6 60.0

Stem volume V (dm3) 316.6 0.6 3016.6 471.7 149.0

Aboveground biomass Ma (kg) 160.4 0.2 1301.9 231.1 144.1

Belowground biomass Mb (kg) 41.0 0.1 300.0 61.8 150.9

Cunninghamia lanceolata 302/108 Diameter D (cm) 16.4 1.8 42.0 11.8 71.8

Height H (m) 11.5 1.9 33.0 7.1 61.7

Stem volume V (dm3) 293.7 0.6 1815.2 409.7 139.5

Aboveground biomass Ma (kg) 75.6 0.3 644.9 105.5 139.5

Belowground biomass Mb (kg) 25.9 0.1 174.9 37.7 145.8

Biomass Volume Estimation and Valorization for Energy6
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Aboveground biomass Ma (kg) 167.4 0.2 1671.0 240.6 143.7

Belowground biomass Mb (kg) 45.0 0.1 343.6 67.0 148.8

Quercus spp. 670/228 Diameter D (cm) 16.1 1.5 54.0 11.6 72.1

Height H (m) 10.9 1.4 28.6 6.3 57.6

Stem volume V (dm3) 253.2 0.2 2487.1 370.9 146.5

Aboveground biomass Ma (kg) 208.2 0.3 1664.1 295.2 141.8

Belowground biomass Mb (kg) 51.4 0.1 385.9 71.6 139.4

Populus spp. 602/207 Diameter D (cm) 16.4 1.2 48.9 11.9 72.3

Height H (m) 12.9 2.4 31.1 6.9 53.6

Stem volume V (dm3) 281.4 0.3 2228.4 385.3 136.9

Aboveground biomass Ma (kg) 174.1 0.2 1065.1 241.3 138.6

Belowground biomass Mb (kg) 35.6 0.1 384.5 54.3 152.7

Larix spp. 602/199 Diameter D (cm) 16.7 1.5 54.2 12.3 73.7

Height H (m) 12.6 1.4 37.5 7.6 60.0

Stem volume V (dm3) 316.6 0.6 3016.6 471.7 149.0

Aboveground biomass Ma (kg) 160.4 0.2 1301.9 231.1 144.1

Belowground biomass Mb (kg) 41.0 0.1 300.0 61.8 150.9

Cunninghamia lanceolata 302/108 Diameter D (cm) 16.4 1.8 42.0 11.8 71.8

Height H (m) 11.5 1.9 33.0 7.1 61.7

Stem volume V (dm3) 293.7 0.6 1815.2 409.7 139.5

Aboveground biomass Ma (kg) 75.6 0.3 644.9 105.5 139.5

Belowground biomass Mb (kg) 25.9 0.1 174.9 37.7 145.8
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residuals of independently fitted models by ordinary least squares regression [62, 63]. Since
models based on one (D) or two variables (D and H) have been commonly used, this paper
develops both one- and two-variable models. The aboveground biomass, belowground bio-
mass and stem volume models based on two variables can be expressed respectively as:

Ma ¼ a0Da1Ha2 þ ε (2)

Mb ¼ b0Db1Hb2 þ ε (3)

V ¼ c0Dc1Hc2 þ ε (4)

where Ma and Mb are aboveground and belowground biomass (kg), respectively; V is stem
volume (dm3); ai, bi and ci are parameters; and other symbols are the same as above.

2.2.1 Integrated compatible model systems

The aboveground biomass is correlated to stem volume through biomass conversion factor
(BCF), which is equal to biomass expansion factor (BEF) multiplied by basic wood density
following the IPCC’s approach [64]. Because the BCF is an important parameter for forest
biomass estimation [65], it is very common to develop both an aboveground biomass model
and a BCF model that are compatible with stem volume model [45, 51]. Similarly, below-
ground biomass is connected with aboveground biomass model through root-to-shoot ratio
(RSR) [66, 67]. Because the RSR model is also an important parameter for forest biomass
estimation, generally both belowground biomass model and RSR model compatible with
aboveground biomass model are developed simultaneously [44]. Therefore, we can develop
an integrated aboveground and belowground biomass model system through using the
nonlinear error-in-variable simultaneous equation approach [51, 68]. Because the belowground
biomass observations were only 1/3 of the aboveground biomass observations, a dummy
variable (x) was required for those trees for which no belowground biomass observation was
available, i.e., 1 for the trees with belowground biomass observation and 0 for the trees with no
belowground biomass observation [69]. The system can ensure the compatibility between

Species Samples Variables Mean Min Max S.D. CV (%)

Pinus massoniana 301/104 Diameter D (cm) 16.5 1.2 47.2 11.9 72.4

Height H (m) 12.1 1.6 30.3 7.2 59.4

Stem volume V (dm3) 300.8 0.3 1825.4 405.7 134.9

Aboveground biomass Ma (kg) 125.1 0.1 1079.3 171.6 137.2

Belowground biomass Mb (kg) 35.5 0.1 285.0 53.7 151.6

Min—minimum, Max—maximum, S.D.—standard deviation, and CV—coefficient of variation.
The sample sizes are for aboveground and belowground biomass mensuration, respectively.

Table 1. General situation of biomass samples for eight major tree species.
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aboveground biomass, belowground biomass, stem volume, BCF and RSR. The one- and two-
variable integrated systems are as follows, respectively:

Ma ¼ a0Da1 þ ε
Mb ¼ b0Db1xþ ε
V ¼ c0Dc1 þ ε
BCF ¼ a0Da1=c0Dc1 þ ε
RSR ¼ b0Db1x=a0Da1 þ ε

8>>>><
>>>>:

(5)

Ma ¼ a0Da1Ha2 þ ε
Mb ¼ b0Db1Hb2xþ ε
V ¼ c0Dc1Hc2 þ ε
BCF ¼ a0Da1Ha2=c0Dc1Hc2 þ ε
RSR ¼ b0Db1Hb2x=a0Da1Ha2 þ ε

8>>>><
>>>>:

(6)

where, Ma, Mb, V, BCF and RSR are aboveground biomass, belowground biomass, stem
volume, biomass conversion factor and root-to-shoot ratio, respectively, which are regarded
as error-in-variables; D and H are diameter at breast height and tree height, which are
regarded as error-free variables; x is a dummy variable to distinguish if belowground biomass
is available; and ai, bi and ci are parameters.

Various methods have been attempted to estimate the parameters of the simultaneous equations.
Parresol [63] used the seemingly unrelated regression (SUR) for solving the additivity of simulta-
neous biomass equations. Tang et al. [70] further developed an error-in-variable modeling
approach to estimate the parameters of simultaneous equations, which has been widely used in
recent years [40, 45, 49, 51]. In this study, the error-in-variable simultaneous equation approach
was used to estimate the parameters of the integrated systems based on maximum likelihood
estimation through ForStat software (statistical software with analytical tools for forestry as well as
general statistical procedures, developed in the Chinese Academy of Forestry, Beijing, China) [68].

In addition, the weighted regression method was used to eliminate the heteroscedasticity
commonly exhibited in biomass and volume data by using specific weight functions, which
were derived from the residuals of biomass or volume equations fitted through the ordinary
least square (OLS) technique [52, 62]. For biomass conversion factor and root-to-shoot ratio
modeling, the OLS regression technique was directly used to estimate the parameters because
the BCF and RSR data mostly exhibited homoscedasticity.

2.2.2 Generalized dummy variable models

The one-variable biomass equation was the most widely used model in estimating individual
tree biomass [3, 7]. The power function of one-variable aboveground biomass equation was
based on the WBE theory for the origin of allometric scaling laws [71, 72]. According to the
results from Zeng and Tang [73], the generalized one-variable aboveground biomass model
can be expressed as:

Ma ¼ aD7=3 þ ε (7)

Biomass Volume Estimation and Valorization for Energy8
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That is, the power parameter of the allometric model is constantly equal to 7/3 (≈2.33), only the
parameter a depends on tree species. If a variable vector z was defined as dummy variable to
indicate tree species, then the generalized model (7) could be expressed as:

Ma ¼ aþ vazð ÞD7=3 þ ε (8)

where a is the global parameter and va is tree species-specific parameter vector. The dummy
variable vector z includes seven elements, indicating the eight tree species by the following
combinations:

z1 = 1, z2 =0, z3 = 0, z4 = 0, z5 = 0, z6 = 0 and z7 = 0 for Picea spp.

z1 = 0, z2 = 1, z3 = 0, z4 = 0, z5 = 0, z6 = 0 and z7 = 0 for Abies spp.

z1 = 0, z2 = 0, z3 = 1, z4 = 0, z5 = 0, z6 = 0 and z7 = 0 for Betula spp.

z1 = 0, z2 = 0, z3 = 0, z4 = 1, z5 = 0, z6 = 0 and z7 = 0 for Quercus spp.

z1 = 0, z2 = 0, z3 = 0, z4 = 0, z5 = 1, z6 = 0 and z7 = 0 for Populus spp.

z1 = 0, z2 = 0, z3 = 0, z4 = 0, z5 = 0, z6 = 1 and z7 = 0 for Larix spp.

z1 = 0, z2 = 0, z3 = 0, z4 = 0, z5 = 0, z6 = 0 and z7 = 1 for C. lanceolata

z1 = 0, z2 = 0, z3 = 0, z4 = 0, z5 = 0, z6 = 0 and z7 = 0 for P. massoniana

Consequently, from comparing the estimated values of species-specific parameter vector va,
the differences among various tree species could be analyzed.

2.3 Model evaluation

Many statistical indices could be used to evaluate individual tree biomass models [63].
According to the study results from Zeng and Tang [53], the following six statistical indices,
namely, the coefficient of determination (R2), standard error of estimate (SEE), mean prediction
error (MPE), total relative error (TRE), average systematic error (ASE) and mean percent
standard error (MPSE), were very important for assessing biomass models. In this study, the
same six statistical indices were used for model evaluation [50, 51]:

R2 ¼ 1−∑ yi−byi
� �2

=∑ yi−y
� �2

(9)

SEE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑ yi−byi
� �2

= n−pð Þ
q

(10)

TRE ¼ ∑ yi−byi
� �

=∑byi ´ 100 (11)

ASE ¼ ∑ yi−byi
� �

=byi=n´ 100 (12)

MPE ¼ tα � SEE=yÞ= ffiffiffi
n

p
´ 100

�
(13)

MPSE ¼ ∑ yi−byi
� �

=byi
�� ��=n ´ 100 (14)
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where yi are observed values, ŷi are estimated values, y is mean value of samples, n is the
number of samples, p is the number of parameters and tα is the t-value at confidence level α
with n-p degrees of freedom.

3. Results and analysis

The one- and two-variable integrated systems (Eqs. (5) and (6)) for eight tree species or groups
were estimated using the error-in-variable simultaneous equation approach through ForStat
(Tables 2 and 3). The six fitting statistics, R2, SEE, TRE, ASE, MPE and MPSE, were calculated
and could be used for evaluating the goodness-of-fit of the three models (Table 4). From the

Species

Aboveground biomass models Belowground biomass models Stem volume models

a0 a1 b0 b1 c0 c1

Pi 0.17417 2.2270 0.04853 2.1954 0.1528 2.4548

Ab 0.10195 2.3676 0.02873 2.2452 0.1297 2.5106

Be 0.13392 2.3401 0.05767 2.2039 0.1712 2.3653

Qu 0.16592 2.3409 0.10619 2.0373 0.1448 2.4351

Po 0.09198 2.4490 0.02958 2.3200 0.1410 2.4702

La 0.12473 2.3190 0.03154 2.3355 0.1464 2.4737

Cl 0.09782 2.3099 0.02853 2.2500 0.1144 2.5421

Pm 0.13771 2.3243 0.01959 2.4400 0.1514 2.4655

Pi—Picea spp., Ab—Abies spp., Be—Betula spp., Qu—Quercus spp., Po—Populus spp., La—Larix spp., Cl—Cunninghamia
lanceolata, and Pm—Pinus massoniana. Same in Tables 3–7.

Table 2. The parameter estimates of the one-variable integrated system (Eq. (5)).

Species

Aboveground biomass models Belowground biomass models Stem volume models

a0 a1 a2 b0 b1 b2 c0 c1 c2

Pi 0.11007 2.1369 0.2615 0.03284 2.3516 −0.0527 0.07763 1.7758 1.0122

Ab 0.06720 2.0221 0.5442 0.02412 2.5974 −0.3600 0.07429 1.8135 0.9975

Be 0.08322 2.0749 0.4844 0.04531 2.1630 0.1401 0.08383 1.8246 0.8965

Qu 0.10520 1.9808 0.5939 0.09338 2.1694 −0.1091 0.07796 1.8607 0.9115

Po 0.06304 2.2460 0.3588 0.03216 2.5313 −0.2697 0.07611 1.9503 0.7927

La 0.07437 2.0003 0.5438 0.02195 2.2354 0.2369 0.07610 1.8067 0.9827

Cl 0.06740 1.9253 0.5765 0.02252 2.5080 −0.2072 0.07417 1.7949 1.0121

Pm 0.10462 2.1591 0.2857 0.01744 2.5697 −0.1028 0.09393 1.8696 0.8451

Table 3. The parameter estimates of the two-variable integrated system (Eq. (6)).
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Species Systems Items R2 SEE MPE (%) TRE (%) ASE (%) MPSE (%)

Pi (5) AB 0.9109 75.05 2.81 1.31 −2.44 24.21

BB 0.7842 28.55 5.51 −0.25 −3.75 40.29

SV 0.8380 245.64 4.68 2.63 0.19 27.65

(6) AB 0.9061 77.10 2.89 0.37 7.68 25.26

BB 0.7751 29.19 5.63 0.65 9.28 43.70

SV 0.9744 97.70 1.86 0.44 6.01 15.87

Ab (5) AB 0.9223 73.29 3.10 0.28 −1.24 22.19

BB 0.5474 35.29 11.97 −1.15 −2.74 49.06

SV 0.9222 164.52 3.34 −0.60 −0.29 20.79

(6) AB 0.9434 62.61 2.65 0.24 4.97 22.50

BB 0.5547 35.08 11.89 0.37 7.64 52.51

SV 0.9800 83.41 1.69 0.25 4.34 13.05

Be (5) AB 0.9139 70.63 3.15 2.02 0.11 22.52

BB 0.7734 31.95 6.16 2.47 −1.15 37.64

SV 0.9118 102.74 3.26 2.87 7.19 26.85

(6) AB 0.9332 62.27 2.78 1.05 2.47 21.30

BB 0.7741 31.97 6.17 0.18 1.16 38.38

SV 0.9566 72.13 2.29 0.49 6.53 19.60

Qu (5) AB 0.9030 91.99 3.35 2.67 0.93 27.82

BB 0.8168 30.73 5.23 2.21 −1.83 40.37

SV 0.9262 100.81 3.01 4.11 4.36 27.33

(6) AB 0.9285 79.04 2.87 1.67 2.81 24.66

BB 0.8133 31.09 5.29 1.11 2.35 41.08

SV 0.9790 53.88 1.61 1.07 3.71 16.72

Po (5) AB 0.9379 60.17 2.76 1.51 −0.86 17.55

BB 0.8440 21.51 5.47 2.21 −2.71 32.15

SV 0.9539 82.81 2.35 −0.41 1.51 15.87

(6) AB 0.9506 53.72 2.47 1.17 1.25 17.11

BB 0.8618 20.29 5.15 1.77 1.15 32.11

SV 0.9842 48.49 1.38 0.83 1.04 9.48

La (5) AB 0.9123 68.47 3.41 1.26 1.15 23.18

BB 0.6773 35.22 8.65 −0.52 0.14 37.37

SV 0.9016 148.10 3.74 0.10 4.26 25.04

(6) AB 0.9432 55.14 2.75 0.22 6.91 24.68

BB 0.6675 35.83 8.81 −0.83 6.78 40.08

SV 0.9770 71.63 1.81 0.21 5.58 15.05
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fitting results of integrated systems (Eqs. (5) and (6)), the parameter estimates of the BCF and
RSR models could be obtained (Table 5).

From comparison of the fitting statistics of two integrated systems (Eqs. (5) and (6)) in Table 4,
we can found that for aboveground biomass estimation, two-variable models were better than
one-variable models except Picea. For belowground biomass estimation, one- and two-variable
models were not significantly different, even some of one-variable models were slightly better
than two-variable models, such as Picea, Quercus, Larix and C. lanceolata. Considering that tree
height measurement is time consuming and two-variable biomass models are not significantly
different from one-variable models, especially for belowground biomass estimation, it was
commended to apply one-variable models in forestry practice such as National Forest Inventory.

From Table 2, it was found that the estimates of parameter a1 were approximately equal to 7/3,
confirming the results of an earlier study [73]. To analyze the difference among various tree
species, the dummy model (8) was fitted using the aboveground biomass data of all eight
species (Table 6).

According to the parameter estimates in Table 6, we could rank the eight tree species by
aboveground biomass estimates in descending order as Quercus, Betula, Populus, P. massoniana,
Picea, Larix, Abies and C. lanceolata. That is, Quercus had the largest aboveground biomass,
whereas C. lanceolata had the smallest one for the same diameter trees. The aboveground
biomass estimates of the dummy model (Eq. (8)) for Quercus, Betula, Populus, P. massoniana,

Species Systems Items R2 SEE MPE (%) TRE (%) ASE (%) MPSE (%)

Cl (5) AB 0.9614 30.62 2.98 3.24 1.03 22.99

BB 0.8414 15.08 7.43 1.66 1.75 38.39

SV 0.9474 94.14 3.62 1.99 2.28 17.25

(6) AB 0.9774 23.47 2.28 1.47 6.10 23.66

BB 0.8342 15.50 7.64 −0.88 9.87 41.43

SV 0.9931 34.10 1.31 0.50 5.21 11.30

Pm (5) AB 0.9542 48.45 3.21 0.91 0.25 17.29

BB 0.8509 20.85 7.64 1.55 −2.12 39.21

SV 0.9503 90.62 3.40 0.17 0.34 20.87

(6) AB 0.9572 46.89 3.10 0.41 3.76 16.30

BB 0.8546 20.69 7.59 −0.63 1.44 39.73

SV 0.9846 50.59 1.90 0.64 1.13 12.51

AB—aboveground biomass, BB—belowground biomass, SV—stem volume, R2—coefficient of determination, SEE—
standard error of estimate, MPE—mean prediction error, TRE—total relative error, ASE—average systematic error, and
MPSE—mean percent standard error.
Units of SEE: dm3 for volume and kg for biomass.

Table 4. The fitting statistics of two integrated systems (Eqs. (5) and (6)).
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Picea, Larix and Abies were 88%, 51%, 47%, 46%, 34%, 30% and 25% larger, respectively, than
that for C. lanceolata (see Figure 1).

Similarly, for one-variable belowground biomass models, it was found that the estimates of
parameter b1 for eight species were not significantly different. To analyze the difference of
belowground biomass estimation among various tree species, we fitted the following dummy
model:

Species Systems BCF models RSR models

Pi (5) BCF = 1.1401 D−0.2278 RSR = 0.2786 D−0.0316

(6) BCF = 1.4183 D0.3611 H−0.7507 RSR = 0.2983 D0.2147 H−0.3142

Ab (5) BCF = 0.7858 D−0.1430 RSR = 0.2818 D−0.1224

(6) BCF = 0.9046 D0.2086 H−0.4533 RSR = 0.3589 D0.5753 H−0.9041

Be (5) BCF = 0.7821 D−0.0252 RSR = 0.4307 D−0.1362

(6) BCF = 0.9928 D0.2504 H−0.4121 RSR = 0.5445 D0.0880 H−0.3443

Qu (5) BCF = 1.1456 D−0.0942 RSR = 0.6400 D−0.3036

(6) BCF = 1.3494 D0.1201 H−0.3177 RSR = 0.8877 D0.1887 H−0.7030

Po (5) BCF = 0.6522 D−0.0212 RSR = 0.3216 D−0.1290

(6) BCF = 0.8283 D0.2958 H−0.4339 RSR = 0.5102 D0.2853 H−0.6285

La (5) BCF = 0.8522 D−0.1547 RSR = 0.2528 D0.0165

(6) BCF = 0.9773 D0.1936 H−0.4389 RSR = 0.2951 D0.2351 H−0.3068

Cl (5) BCF = 0.8554 D−0.2321 RSR = 0.2917 D−0.0599

(6) BCF = 0.9087 D0.1303 H−0.4356 RSR = 0.3341 D0.5828 H−0.7836

Pm (5) BCF = 0.9096 D−0.1412 RSR = 0.1422 D0.1157

(6) BCF = 1.1138 D0.2894 H−0.5593 RSR = 0.1667 D0.4106 H−0.3885

Table 5. The simultaneously estimated BCF and RSR models.

Species Global parameter (a) Species-specific parameters (va)

Pi 0.13485 −0.01084

Ab −0.01959

Be 0.00443

Qu 0.03908

Po 0.00106

La −0.01441

Cl −0.04254

Pm 0.00000

Table 6. The parameter estimates of dummy aboveground biomass model (Eq. (8)).
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Mb ¼ b0 þ vbzð ÞDb1 þ ε (15)

where b0 and b1 are global parameters and vb is species-specific parameter vector. The param-
eter estimates of dummy model (Eq. (15)) are listed in Table 7.

According to the parameter estimates in Table 7, we could rank the eight tree species by below-
ground biomass estimates in descending order as Quercus, Betula, Larix, Picea, Populus, P.

Figure 1. Comparison of aboveground biomass models for eight tree species.

Species

Global parameters

Species-specific parameters (vb)b0 b1

Pi 0.03551 2.2544 0.00424

Ab −0.00792

Be 0.01437

Qu 0.01835

Po 0.00091

La 0.00583

Cl −0.00761

Pm 0.00000

Table 7. The parameter estimates of dummy belowground biomass model (Eq. (15)).
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massoniana, C. lanceolata and Abies. That is, Quercus had the largest belowground biomass, while
Abies had the smallest one for the same diameter trees. The belowground biomass estimates of the
dummy model (Eq. (15)) for Quercus, Betula, Larix, Picea, Populus, P. massoniana and C. lanceolata
were 95%, 81%, 50%, 44%, 32%, 29% and 1% larger, respectively, than that for Abies (see Figure 2).

4. Discussion and conclusion

In this study, data on above- and belowground biomass from 4818 to 1626 sample trees,
respectively, for eight major tree species in China were used to develop compatible individual
tree biomass models. The models included aboveground biomass equations and BCF equa-
tions compatible with stem volume equations and belowground biomass equations and RSR
models compatible with aboveground biomass equations. To solve compatibility of the bio-
mass models, the nonlinear error-in-variable simultaneous equations were applied and to
solve the issue of unequal sample sizes for above- and belowground biomass, the dummy-
variable model approach was used. In the technical regulation on methodology for tree bio-
mass modeling [55], the segmented modeling approach was recommended when the biomass
estimate of small trees was obviously biased [43, 46]. Furthermore, for the tree species distrib-
uted in various regions, it was generally needed to develop biomass models for different
regions. For example, according to the population classification on modeling of single-tree
biomass equations [39], it was necessary to establish five sets of biomass models for both Abies
and Picea. But in this study, the segmented modeling approach was not used to develop
biomass models for large and small trees, respectively and the differences among various

Figure 2. Comparison of belowground biomass models for eight tree species.
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regions were not taken into account, only one set of biomass models, including one- and two-
variable models, was developed for each tree species.

The data of three tree species, i.e., C. lanceolata, P. massoniana and Larix spp., were used or partly
used to develop biomass models, which were published as original papers [40–51] or ministerial
standards [56, 57]. Comparing with the study results by Zeng et al. [47], the parameter estimates
and fitness indices of aboveground biomass and volume models are very close to those for C.
lanceolata in this study. From the achievements by Zeng and Tang [45], we can find that the
parameter estimates of aboveground biomass and volume models are not significantly different
from those for P. massoniana in this chapter, but this study provided better models considering
the statistical indices of goodness-of-fit. Comparing with the biomass models published as
ministerial standards [56, 57], the developed models in this study are more generalized and
simpler for application in national and regional biomass estimation. There are four sets of
biomass models in total for trees (dbh ≥ 5 cm) and saplings (dbh < 5 cm) for two modelling
populations of each tree species in the ministerial standards [56, 57] and here we have only one
set of biomass models which are suitable for both trees and saplings and for the whole country.

The results indicated that two-variable models were almost better than one-variable models for
aboveground biomass estimation, while the two model systems were not significantly differ-
ent for belowground biomass estimation. The mean prediction errors (MPEs) of aboveground
biomass models for the eight species were less than 5%, whereas MPEs of belowground
biomass equations were less than 10%, except for Abies. The models developed in this study
can provide a basis for estimating biomass for the eight major tree species in China and will fill
in the lack for China on the web platform GlobAllomeTree [74]. Also, they will have the
potential to support the implementation of policies and mechanisms designed to mitigate
climate change (e.g., CDM and REDD+) and to calculate costs and benefits associated with
forest carbon projects. In addition, the overall modeling methodology presented in this study
can be taken into consideration in any case that involves individual tree biomass modeling.
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Abstract

Forest plays a special role in carbon sequestration and thus mitigating climate change.
However, the large uncertainty in biomass estimation is unable to meet the requirement
of the accurate carbon accounting. The use of a suitable and rigor method to accurately
estimate forest biomass is significant. Moreover, the world is increasingly facing the
conflicting pressures of economic growth and environmental protection. Improving
energy structure and vigorously developing biomass energy has become the develop‐
ment trend of energy utilization in the future. As energy plant is characterized by a large
net accumulation of biomass. Therefore, the scientific evaluation of the size and potential
of energy from plant also requires a suitable method for estimating biomass. Here, we
reviewed the estimate methods, including allometric equation, mean biomass density,
biomass expansion factor, geostatistics, etc. For each method, we will present back‐
ground, rational, applicability, as well as estimation procedure by exemplifying a case.
In this chapter, we argued that the new developed technique such as geo‐statistics and
remote sensing technique (e.g. LIDAR) would be the key tools to improve forest biomass
estimation accuracy. However, prior to this, spatial variation of forest biomass at various
levels should be explored using multi‐source data and multi‐approaches.

Keywords: carbon accounting, climate change, field survey, geostatistics, remote sens‐
ing technique, scale, uncertainty

1. Introduction

Currently, CO2 and other greenhouse gas are inducing global warming, and vegetation is the
only natural ecosystems to fix atmospheric CO2. Forest is the main component of vegetation.
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Accordingly, forest ecosystem is destined to be paid more attention by governments, academics,
and the general public [1]. According to the Global Forest Resources Assessment 2010 [2], the
global forest biomass (including above‐ and belowground) is 600 Pg, with a mean biomass
density of 148.8 t/ha (Table 1). It is estimated that carbon sequestered in forest can account for
about 77% of terrestrial ecosystem [3].

Region Biomass (×106 t) Biomass density (t/ha)

Eastern and Southern Africa 33,385 124.8

Northern Africa 3711 47.1

Western and Central Africa 816.3 248.7

Total Africa 118,700 176.0

East Asia 18,429 72.4

South and Southeast Asia 51,933 176.4

Western and Central Asia 3502 80.5

Total Asia 73,864 124.7

Europe excl. Russian Federation 25,602 130.7

Total Europe 90,602 90.2

Caribbean 1092 157.5

Central America 3715 190.5

North America 76,929 113.3

Total North and Central America 81,736 115.9

Total Oceania 21,302 111.3

Total South America 213,863 247.4

World 600,066 148.8

Table 1. Forest biomass and its density by region, 2010 [2].

Global deforestation is undergoing seriously [2], which contributes to a quarter of carbon
released into the atmosphere each year [4]. Land use/land use change (mainly deforestation)
is considered to be an important approach to the release of CO2, which affects the carbon cycle
on various spatial and temporal scales, and then global climate change [5, 6]. Therefore, the
scientific and real‐time monitoring of forest cover change and more accurate estimates of forest
biomass and its magnitude is of significance to clarify the contribution of forests in global
climate change.

In addition, the current world is facing the dual pressures of economic growth and environ‐
mental protection. Adjusting and optimizing energy structure, vigorously developing biomass
energy has become the main developing trend of energy in the future. As energy plant, the
most important characteristic is to possess a large net accumulation of biomass. Therefore, the
scientific evaluation of the size and potential of biomass needs a suitable method used to
estimate its biomass potential.

Biomass Volume Estimation and Valorization for Energy24
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However, a large uncertainty exists in biomass estimation, which is unable to meet the
requirement of the accurate carbon accounting required by Kyoto Protocol. The use of a
suitable and rigor method to accurately estimate the size and distribution of forest biomass is
of significance and also urgently needed. And also, the method used to estimate forest biomass
is more likely to vary frequently with scale.

Given this, we reviewed the commonly used methods to estimate forest biomass across the
scale in this chapter, for the purpose of operation and guidance, which includes allometric
equation, mean biomass density, biomass expansion factor, forest identity, remote sensing‐ and
geostatistics‐based estimation methods, etc. For each method, we will present background,
rational, applicability, as well as estimation procedure by exemplifying a case. At the end of
this chapter, we argued that the new developed techniques such as geostatistics and remote
sensing technique (e.g., LIDAR) would be the key tools to improve forest biomass estimation
with a high accuracy. However, prior to this, spatial variation in forest biomass at various levels
should be first explored using multi‐source data and multi‐approaches.

2. Allometry and allometric equation

If one organ is correlated to another of a plant, or a certain attribute is to plant size, we can call
it allometry [7, 8], which is frequently expressed with a power relationship below [9, 10]:

by = ax (1)

                  or

lgy = lga + blgx (2)

where y often represents an attribute of plant (such as metabolic rate, biomass, etc.), x shows
the size of the plant body (such as diameter at breast height and/or height), and a and b are
coefficients.

In botany, the allometric relationship is able to be used to calculate biomass and other ecological
factors by measuring the easily measured diameter at breast height (and/or height). Theoret‐
ically, tree D (diameter at breast height) and H (height) can both affect tree biomass. Thus, tree
biomass can be estimated by allometric equation (Eqs. (3) and (4)), which includes both D and
H [11–13]:

lg lg lgb cw aD H or w a b D c H¢= = + + (3)

2 2( ) lg lg( )bw a D H or w a b D H¢= = + (4)
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where D and H represent tree diameter at breast height (cm) and height (m) and a, b, a′, and c
are regression coefficients.

Tree H  is not easy to measure in field survey, so many researchers have used H‐D
model to estimate the H  through easily measured D  and then to estimate vegetation
biomass [14–16]. In contrast to H,  it  is easier to measure D,  and the measurement error
is relatively small while measuring D  [17, 18]. Furthermore, it is very common and effi‐
cient to use allometric relationship in scientific literatures, which includes D  only, while
estimating biomass [19, 20]. The allometric equation including D  only can be reused by
others and also make comparable among regions. The study performed by Wang [12]
has also indicated that the including of H  variable (i.e.,  including both D  and H) in
allometric relationship was unable to improve biomass estimate significantly (increased
determination coefficient less than 4%). Therefore, many scholars contain D  only as in‐
dependent variable while fitting biomass allometric relationship (i.e.,  allometric equa‐
tions (1) and (2) above) [12, 21, 22].

Such allometric relationship is based on the measured sample tree and aims to estimate
vegetation biomass as the mathematical model (hereafter also referred to as a biomass
allometric equation). Apparently, plant allometry is the theoretical basis of vegetation biomass
estimation, which makes biomass estimate possible. Recently, remote sensing technique has
been increasingly applied to estimate the biomass [23, 24]. However, data derived from
allometric equation must be verified with field data in the method [25]. Generally, the use of
allometric equation is indispensable to estimate biomass for both tree and forest.

3. Procedure of estimating multi-scale forest biomass

Multi‐scale aboveground biomass estimation is demonstrated as an example to show the
procedure (Figure 1). First, a number of plots are set, where field survey is performed (step 1);
then several sample trees are cut to fit individual‐level allometric equation (step 2); the use of
developed allometric equation, together with filed survey data (mainly D), estimates biomass
for each tree in plot and sums as stand‐level biomass (step 3); finally, such upscaling methods
as the mean biomass density, geostatistical technique, and others are used to upscale the
regional forest biomass (step 4).

While estimating forest carbon stock, most scholars assumed that carbon content in plant bi‐
omass is constant (approximately 50%) [27–29]. Therefore, we estimate forest biomass first,
multiplied by 50%, and can calculate the corresponding forest biomass carbon stock. It is not
difficult to conclude that the method used to estimate forest carbon stock is almost entirely
consistent with one used for biomass estimation; thus, the method of estimating forest bio‐
mass was addressed below, which can also be used to estimate forest carbon stock.
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Figure 1. Procedure for biomass estimate and its error propagation [26].

4. Current methods of estimating forest biomass

4.1. Biomass estimate at individual level

Destructive sampling method (or harvesting method) and developed allometric equation can
both be used to estimate individual‐level biomass. For tree biomass estimate, destructive

Figure 2. The relationship between the total biomass (y, kg) and D (x, cm) for the moso bamboo (Phyllostachys edulis) in
South Anhui Province, China. The two variables exhibited a strong power function [30].
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sampling method is more accurate than the use of developed allometric equation, because all
the developed allometric equations are fitted (derived) from the biomass data based on the
destructive sampling method. However, destructive method needs to cut down several sample
trees and is thus expensive and time‐consuming; moreover, it is not practical to weigh all the
biomass for each tree in a stand or forest.

The general procedure for estimating biomass using destructive sampling method is to cut
down several sample trees and weigh its different components (e.g., foliage, branch, stem, and
root), respectively. After field survey, the components of the sample trees are collected and
immediately taken to the laboratory to determine the water content. Subsequently, the (total)
biomass can be determined by multiplying the fresh weight by the dry/fresh weight ratio. Then
allometric equation can be fitted between the sampling biomass and D (and/or H) (e.g.,
Figure 2), and the developed equation can be employed to estimate individual‐level biomass
for each standing tree.

4.2. Biomass estimate at stand level

4.2.1. Mixed stand: simple allometric equation

The choice of stand‐level biomass estimation is varied with the proportion of stand species
composition (i.e., mixed or pure forests). Mixed stand‐level biomass estimates may be
estimated using allometric equation and then obtained by the addition of entire stands.

4.2.2. Pure stand: diameter-distribution model

This stand‐level method is similar to the large‐scale mean biomass density method described
above, which does not take variations in biomass within a stand into account. In addition, the
aforementioned simple allometric equation method is unable to fully reflect the developments
and changes in stand structures. The corporation of the commonly used simple allometric
equation and diameter‐distribution functions (e.g., normal, lognormal, gamma, logistic,
exponential, Richards, or Weibull functions) into a model (hereafter referred to as a diameter‐
distribution model) would likely improve the biomass estimation accuracy and strengthen the
power of forest dynamics analyses.

The paper reported by Qi et al. [30] has exemplified the diameter‐distribution model (Eq. (5)),
which combined a three‐parameter diameter‐distribution function with an allometric equation
to estimate the biomass of pure moso bamboo forests in China. The study found that a three‐
parameter Weibull distribution best characterized the diameter distribution of the moso
bamboo stands. The biomass derived using the allometric equation was estimated 52.39 t/ha,
smaller than 53.25 t/ha estimated using the Weibull distribution model (Table 2); this implied
that the use of the common allometric equation alone to estimate forest biomass and carbon
stocks may lead to an underestimate. It is concluded that using the diameter‐distribution
model to estimate forest biomass and carbon stock is expected to improve the accuracy.

Biomass Volume Estimation and Valorization for Energy28



sampling method is more accurate than the use of developed allometric equation, because all
the developed allometric equations are fitted (derived) from the biomass data based on the
destructive sampling method. However, destructive method needs to cut down several sample
trees and is thus expensive and time‐consuming; moreover, it is not practical to weigh all the
biomass for each tree in a stand or forest.

The general procedure for estimating biomass using destructive sampling method is to cut
down several sample trees and weigh its different components (e.g., foliage, branch, stem, and
root), respectively. After field survey, the components of the sample trees are collected and
immediately taken to the laboratory to determine the water content. Subsequently, the (total)
biomass can be determined by multiplying the fresh weight by the dry/fresh weight ratio. Then
allometric equation can be fitted between the sampling biomass and D (and/or H) (e.g.,
Figure 2), and the developed equation can be employed to estimate individual‐level biomass
for each standing tree.

4.2. Biomass estimate at stand level

4.2.1. Mixed stand: simple allometric equation

The choice of stand‐level biomass estimation is varied with the proportion of stand species
composition (i.e., mixed or pure forests). Mixed stand‐level biomass estimates may be
estimated using allometric equation and then obtained by the addition of entire stands.

4.2.2. Pure stand: diameter-distribution model

This stand‐level method is similar to the large‐scale mean biomass density method described
above, which does not take variations in biomass within a stand into account. In addition, the
aforementioned simple allometric equation method is unable to fully reflect the developments
and changes in stand structures. The corporation of the commonly used simple allometric
equation and diameter‐distribution functions (e.g., normal, lognormal, gamma, logistic,
exponential, Richards, or Weibull functions) into a model (hereafter referred to as a diameter‐
distribution model) would likely improve the biomass estimation accuracy and strengthen the
power of forest dynamics analyses.

The paper reported by Qi et al. [30] has exemplified the diameter‐distribution model (Eq. (5)),
which combined a three‐parameter diameter‐distribution function with an allometric equation
to estimate the biomass of pure moso bamboo forests in China. The study found that a three‐
parameter Weibull distribution best characterized the diameter distribution of the moso
bamboo stands. The biomass derived using the allometric equation was estimated 52.39 t/ha,
smaller than 53.25 t/ha estimated using the Weibull distribution model (Table 2); this implied
that the use of the common allometric equation alone to estimate forest biomass and carbon
stocks may lead to an underestimate. It is concluded that using the diameter‐distribution
model to estimate forest biomass and carbon stock is expected to improve the accuracy.

Biomass Volume Estimation and Valorization for Energy28

Plot BDWD (t/ha) BDAE (t/ha) RE (%) Plot BDWD (t/ha) BDAE (t/ha) RE (%)

PG1 45.54 46.29 −1.64 PH15 47.48 46.16 2.79

PG2 35.88 34.79 3.04 PH16 31.43 32.17 −2.34

PG3 43.00 42.19 1.87 PH17 34.99 34.59 1.14

PG4 41.46 38.87 6.25 PH18 24.87 23.78 4.37

PH5 18.96 18.02 4.94 PH19 61.27 59.91 2.23

PH6 51.25 50.72 1.03 PH20 13.07 12.68 3.00

PH7 40.39 39.02 3.38 PHS21 87.39 87.36 0.03

PH8 53.54 52.05 2.78 PHS22 63.389 63.28 0.16

PH9 64.17 62.37 2.81 PHS23 49.339 48.96 0.76

PH10 44.38 43.79 1.32 PHS24 61.22 60.13 1.78

PH11 52.57 50.57 3.80 PHS25 100.93 100.79 0.14

PH12 43.42 41.94 3.40 PHS26 102.58 102.10 0.47

PH13 62.56 60.81 2.79 PHS27 102.44 101.54 0.87

PH14 60.40 59.69 1.18 All 53.25 52.39 1.91

Note: The abbreviations PG and PH correspond to the plots at the Guangde Forest Station and the Huangshan Forest
Station, respectively. BDWD, BDAE, and RE are estimated biomass density from Weibull‐distribution model and
allometric equation alone and relative error calculated using the equation RE (%) = (BDWD − BDAE)/BDWD × 100%.

Table 2. Comparison of biomass density (BD, t/ha) based on both the Weibull‐distribution model and allometric
equation alone for the 27 moso bamboo stands.

ò
max

min

D

D
y = N g(x)f(x)dx (5)

where x and y denote D and stand total biomass; g(x) is the allometric relationship of stand
biomass versus D; f(x) is the probability density function of D for the given stand; Dmin and
Dmax represent the minimum and maximum D for the stand, respectively; and N is the total
culm number within the bamboo stand.

4.3. Large-scale biomass estimate

4.3.1. Mean biomass density method

Early in the International Biosphere Plan (IBP) period, Whittaker et al. [31, 32] have assessed
forest biomass and carbon stock on the regional and global scales, via mean biomass density
method, where one can estimate biomass for a stand or forest by the mean biomass density
multiplied by the area.

Shi [33] selected 36 plots of moso bamboo forests to first calculate the mean D and biomass at
the stand level using filed survey data and the developed allometric equation (Figure 2) and
then estimate forest biomass and carbon stock via mean biomass density method (Table 3).
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According to the sixth National Forest Inventory (NFI) data, bamboo forest area in Anhui
Province is about 152,700 ha [34], so bamboo forest biomass of 1999–2003 period in the southern
Anhui Province was estimated about 5.70 Tg (=37.33 t ha × 15.27 × 104 ha) (1 Tg = 1012 g),
approximately 0.05% of the national forest biomass of the same period [35].

Plot Dmean (cm) Biomass
density (t/ha)

Carbon
density (t/ha)

Plot Dmean (cm) Biomass
density (t/ha)

Carbon
density (t/ha)

P1 9.56 45.94 22.97 P20 4.76 16.56 8.28
P2 7.82 33.03 16.52 P21 4.62 8.81 4.4
P3 9.31 37.99 18.99 P22 6.68 14.66 7.33
P4 6.4 34.26 17.13 P23 6.71 16.64 8.32
P5 6.7 23.33 11.66 P24 8.12 34.5 17.25
P6 8.79 47.79 23.89 P25 10.57 52.75 26.37
P7 7.73 60.46 30.23 P26 8.11 21.46 10.73
P8 8.54 64.65 32.33 P27 6.12 37.49 18.75
P9 8.89 72.69 36.35 P28 5.56 22.51 11.26
P10 7.82 38.89 19.45 P29 5.98 25.26 12.63
P11 8.09 46.84 23.42 P30 7.14 24.35 12.18
P12 7.18 43.36 21.68 P31 5.91 18.44 9.22
P13 7.81 30.61 15.31 P32 7.86 31.12 15.56
P14 9.81 52.73 26.37 P33 9.00 60.95 30.48
P15 7.73 45.80 22.9 P34 10.51 49.96 24.98
P16 8.02 27.09 13.54 P35 10.77 57.13 28.57
P17 8.72 29.62 14.81 P36 8.17 39.05 19.53
P18 6.33 22.09 11.05
P19 9.07 54.91 27.46 Mean 37.33 18.66

Note: The biomass of Cunninghamia lanceolata in each bamboo stand was estimated with the one‐parameter power
equation developed by Li et al. [36] (y = 0.1606D2.1203, R2 = 0.99, P < 0.001).

Table 3. Mean biomass method‐derived biomass and carbon stock at the stand level in South Anhui Province, China.

However, the measured biomass density (i.e., data or plot) is more limited in this method,
and plot location is frequently in the well‐growing stand, easily leading to an overestima‐
tion [37, 38].

4.3.2. Geostatistics in biomass estimation

As a spatial statistics, geostatistics has become an indispensable method used to study the
nature with the dual characteristics of randomness and regularity over the past 50 years [39].
Forest is affected by physical, climate, and other natural disturbances with a high degree of
heterogeneity and relevance; therefore geostatistics is also gradually used in forest ecology,
including forest biomass estimate [40, 41].

Zhang et al. [42] confirmed the feasibility of geostatistical methods used in estimating bamboo
forest biomass. They chose Huangkeng Town, southern Wuyishan Mountain, as the study area
and cut 103 sample bamboo culms to develop an allometric equation for moso bamboo of the
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nature with the dual characteristics of randomness and regularity over the past 50 years [39].
Forest is affected by physical, climate, and other natural disturbances with a high degree of
heterogeneity and relevance; therefore geostatistics is also gradually used in forest ecology,
including forest biomass estimate [40, 41].

Zhang et al. [42] confirmed the feasibility of geostatistical methods used in estimating bamboo
forest biomass. They chose Huangkeng Town, southern Wuyishan Mountain, as the study area
and cut 103 sample bamboo culms to develop an allometric equation for moso bamboo of the
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region, combined with data of field survey and leaf area index data to estimate the biomass of
a total of 209 plots at stand level. By means of ARCGIS software, statistical technique was used
to estimate bamboo forest biomass of the whole town, and spatial distribution of biomass was
also visualized.

4.3.3. National forest inventory and biomass expansion factor

Many countries have implemented national forest inventory (NFI) regularly or irregularly in
order to grasp the forest resources and their dynamics, as well as more scientific development
of forest policies [43]. Subsequently, many scholars estimated forest biomass using NFI data
at the region level, and then a biomass expansion factor (BEF) method came into being [28,
44]. This method assumes that there is a certain relationship between the forest growing stock
and biomass; thus, biomass can be estimated based on the growing stock (derived from NFI)
multiplied by the BEF conversion factor. Some researchers hold that BEF is a constant; we can
call it mean BEF method. Actually, BEF varied frequently with forest age, site class, and stand
density [45–47]. Hence, an improved method (called continuous BEF) [38, 45, 48, 49] is
gradually being accepted by many scientists.

Current researches regarding forest biomass change are mainly based on NFI data [46, 47, 50–
54]. But for the nation with a larger land area, the NFI points are limited, and remote areas are
also difficult to reach, thereby often creating a bias in estimates. Moreover, forest resource
assessment is incomparable; for example, the error of tropical deforestation rate estimated by
FAO may be up to 50%, which is mainly due to the differences in national inventory methods
and the definition of forest in tropical region [3]. Additionally, since NFI data have no infor‐
mation recording the spatial distribution of plots; therefore, spatial variation cannot be
analyzed while using NFI data.

4.3.4. Remote sensing technique and its application in biomass estimation

Remote sensing technique developed rapidly in the late twentieth century, and remote sensing
data with high spatiotemporal resolution, wide coverage, and timely updates has been widely
used in the assessment of forest biomass and carbon stock on various scales [55–57]. Currently,
remote sensing‐derived biomass estimation has become the leading method of large‐scale
forest biomass and carbon stock estimation. The use of remote sensing technique to assess
forest biomass is mainly based on the normalized difference vegetation index (NDVI) datasets.
While using NDVI datasets, most researches frequently overlay the vegetation maps of a region
and NDVI datasets to explore the spatiotemporal changes. But this method only pays attention
to changes in productivity, without considering the change in area caused by land‐use change
[58, 59].

The method can be exemplified with the study conducted by Shi [24]. In this paper, National
Forest Inventory and normalized difference vegetation index (NDVI, comes from Global
Inventory Monitoring and Modeling Studies) datasets were integrated via matching forest type
for Heilongjiang, Liaoning, and Jilin Provinces while fitting the inverse model (Figure 3). The
developed inverse models were used to estimate forest growing stock and carbon stock,
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respectively. Consequently, changes in growing stock and biomass between 1982 and 2006 were
analyzed.

Figure 3. Relationship between forest timber volume density (m3/ha) (a), biomass density (t/ha) (b), and annual mean
NDVI (NDVIave) of northeast China (including Heilongjiang, Liaoning, and Jilin provinces), respectively; four forest
types for each inventory period (four inventory periods of and a total of 48 data points) are used in the regression.

4.3.5. Forest identity

For any forest, area, growing stock, biomass, and carbon can be linked using Eqs. (6)–(8). The
forest identity method defines these four valued attributes by using measurable variables, and
it quantitatively and logically integrates their changes into a causal relationship (i.e., Eqs. (9)–
(11)) [60, 61].

( ) ( ) ( )  3 3m ha m / ha= ´V A D (6)

( ) ( ) ( ) ( ) ( ) ( )     3 3 3 3Mg ha m / ha Mg / m m Mg / m= ´ ´ = ´M A D B V B (7)

( ) ( ) ( ) ( ) ( )      3 3Mg C ha m / ha Mg / m Mg C / Mg= ´ ´ ´Q A D B C (8)

Then, dln(Q)/dt = dln(A)/dt + dln(D)/dt + dln(B)/dt + dln(C)/dt.

Let q ≈ dln(Q)/dt, a ≈ dln(A)/dt, d b ≈ dln(B)/dt, d ≈ dln(B)/dt, and c ≈ dln(C)/dt.

Then,

q = a + d + b + c (9)
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Similarly,

v = a + d (10)

And also,

m = a + d + b (11)

where V, M, Q, A, D, B, and C represent growing stock (m3), biomass (Mg), forest carbon stock
(Mg C), area (ha), growing stock density (m3/ha), the conversion ratio of biomass to growing
stock (Mg/m3), and carbon concentration in biomass (Mg C/Mg) at the provincial or national
level, respectively, and v, m, q, a, d, b, and c represent the corresponding derivatives of these
attributes with respect to time.

Shi et al. [35] applied both forest identity and regression approaches to explore the temporal
changes in China’s forest. This paper showed that China’s forest area and growing stock density
increased by 0.51 and 0.44% annually over the past three decades, while the conversion ratio
of forest biomass to growing stock declined by 0.10% annually. These developments resulted
in a net annual increase in 0.85% in forest carbon sequestration, which is equivalent to a net
biomass carbon uptake of 43.8 Tg per year (1 Tg = 1012 g).

In the paper, two regression equations below (i.e., Eqs. (12) and (13)) were used to obtain the
derivatives of the forest attributes with respect to time:

slope  intercept= ´ +y x (12)

{ }1 2 3 4 5(yr / %) slope [( ) 5] 100= + + + + ´RR y y y y y (13)

where y represents the forest attributes (i.e., area, growing stock density, the conversion ratio,
or carbon content) at the provincial or national level; y1, y2, y3, y4, and y5 denote the corre‐
sponding forest attributes for the inventories of 1977–1981, 1984–1988, 1989–1993, 1994–1998,
and 1999–2003, respectively; RR (%/yr) is the relative annual change rate of the forest attributes;
slope denotes the amplitude and direction of annual absolute change for each forest attribute;
and x represents the corresponding periods of NFI. In other words, the relative annual change
rate (RR, %) defined here is equivalent to q, a, d, or b mentioned above.

5. Method comparison

Each estimation method has its advantages and disadvantages. None of these methods
mentioned in this chapter is the best from individual to large scale (Table 4). Fitting allometric
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equation requires some down sampling trees, but the number is small relative to all the
standing trees. The equation (coefficients) varies frequently with species, terrain, temperature,
and rainfall. To improve its prediction power, combining the field survey with LIDAR and
incorporating the variation into allometric coefficients are the two key elements. It is fully
convinced that allometric equation, together with LIDAR, is increasing widely used in estimate
forest biomass at individual and stand levels in the future.

Method Scale Major limitation Improvement practices
Allometric equation Individual or stand Varying frequently with species,

terrain, temperature, and rainfall;
less sampling trees

Incorporating these factors
into allometric coefficients;
combine with LIDAR

Mean biomass density Stand or region Easily leading to an overestimation Randomly set more plots

Biomass expansion factor Stand Varying frequently with species,
terrain, temperature, and rainfall

Incorporating these into
conversion factor

Forest identity Region Comprehensive analysis –

Remote sensing Stand or region Saturation and bidirectional
reflectance of surface features

Higher spatiotemporal
resolution, advanced
algorithm and
technology

Geostatistics Region More field data Constructing the
biomass database

Table 4. Comparison of the forest biomass estimation methods.

Mean biomass density easily leads to an overestimation. However, the uncertainty will be
reduced if we randomly select some plots across the study region as more as possible.

Like allometric equation, biomass expansion factor also varies frequently with species, terrain,
temperature, and rainfall. It is of significance to explore the variation of conversion factor with
species and environment; then the conversion factor can be estimated as possible as we can.

Forest identity is a tool used to comprehensively analyze the forest change, which is more
likely be employed only by a small number of scientists.

Remote sensing technique has been booming since the 1980s, but saturation of vegetation index
(e.g., widely used NDVI) and bidirectional reflectance of surface features still occur. Exploring
the higher spatiotemporal resolution, advanced algorithm and technology are needed in the
future.

Geostatistics is an important technique to upscale forest biomass but needs more field data.
More field data implies more cost and time‐consuming. It is, therefore, important to construct
the biomass database.

6. Uncertainty

Many scholars have conducted researches to estimate forest biomass and carbon stock on
various scales, but estimates have a large uncertainty [62–65]. Dixon et al. [37] used mean
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biomass density method to estimate China’s forest, whose carbon storage and carbon density
were 7.0 Pg C and 114 t/ha, while biomass was estimated 6.2 Pg C and 57.07 t/ha based on the
720 plots conducted by Zhou et al. [66]. Estimation error of tropical deforestation rates may be
as high as 50% due to the difference by national forest inventory method in tropical regions
and different definitions of forest [3]. With regard to carbon stock for the Amazon rain forest,
the estimation results varied from 58 [67] to 134 Pg C [68], as well as 89 Pg C estimated by FAO
[2]. Given the large uncertainty, Houghton et al. [69] conducted a study regarding the com‐
parison of different methods by different scholars and concluded that carbon storage estimates
are rarely considerable, even using similar data and the same estimation method.

As addressed above, the procedure of estimating forest biomass includes four steps (Fig-
ure 1). Each step can produce uncertainty: step 1 induces measure error, step 2 causes model
error, step 3 involves sampling error, and step 4 often ignores biomass spatial variability and
increases uncertainty. Uncertainty resulting from the previous steps will affect (propagate) the
following biomass estimation process (result). Compared to measure and sampling errors,
model and spatial variability errors are much larger but easier to solve. Taking the inverse
model (see Figure 3), for example, the densities of growing stock and biomass both have
significant relationships with NDVI, but determination coefficients (R2) are very low, implying
that the current remote sensing data is unable to fully retrieve forest biomass. This is mainly
caused by the complicated soil background, bidirectional reflectance of surface features, and
saturation of NDVI. Higher spatiotemporal remote sensing data in the future can improve the
prediction accuracy while using inverse model.

In ecological researches, a number of parameters (such as biomass) are not easy to be measured
directly; thus, the indirect measurement is available, namely, measuring certain indirect
variables first and calculating direct one based on the relationship between indirect and direct
variables. Direct measurement error will be transformed and propagated to indirect measure‐
ment error by a certain function, namely, error propagation [70]. Overall, the uncertainty is
mainly due to the spatial variability of forest carbon stock and error propagated from the
estimation process [26, 71, 72]. In general, the total uncertainty can be obtained by summing
the error produced during the procedure [73].

Currently, little research has been conducted on the uncertainty of biomass estimation [73],
and only a few studies have focused on one or several errors. For example, Ketterings et al. [74]
have focused on the error induced by step 2 and presented a simple method to reduce error
based on the tree H and stand density. Phillips et al. [73] analyzed the uncertainty using NFI
data of five states of the USA and found that the uncertainty of large‐scale forest volume
estimation was mainly from the sampling error. Chave et al. [26] pointed out that sampling,
identifying allometric equation, measuring tree D, and other stand variables can propagate
error to the aboveground biomass estimates and the developed allometric model accounts for
the largest source of uncertainty; thus, fitting allometric model should be given adequate
attention. Holdaway et al. [75] used Monte Carlo method to analyze the uncertainty while
estimating carbon stock in temperate rain forest, New Zealand. Su et al. [76] pointed out that
non‐geo‐referenced plot location would bring biomass estimation error and also estimated the
aboveground biomass of China’s forest via incorporating sampling error model.
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With the increasing value of climate change by world dignitaries and growing global carbon
market, the accuracy problems in estimating forest carbon stock on various scales have become
increasingly prominent. The uncertainty in forest carbon reserve estimation can involve the
climate negotiations and the development of carbon trading market to some extent, thereby
affecting the development of government policies and international negotiations regarding the
forest response to climate change. Therefore, the scientific community has become increasingly
concerned about the uncertainty in the estimation of forest carbon stock. Changes in publica‐
tion papers from 1990 to date regarding biomass estimation uncertainty can be evident
(Figure 4); prior to 1997, the number of papers is relatively stable, but article number increases
exponentially since 1997 (when Kyoto Protocol effects).

Figure 4. Articles regarding the uncertainty analysis of forest carbon stock versus time. The number is obtained via
searching forest, biomass, and uncertainty in core journal of ISI Web of Knowledge.

7. Challenges and prospects

7.1. Global field biomass dataset

Although remote sensing, NFI, geographic information system, and other advanced techni‐
ques have been applied to estimate forest biomass, but the accuracy of estimate of forest
biomass needs to be improved. In recent years, with the advent of LIDAR, multispectral data,
and geostatistical technique, most scholars paid more attention to the application of such
advanced technology in biomass estimates but ignored the acquisition and compiling field
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biomass data. Although acquisition of field biomass data using harvesting method is time‐
consuming and laborious, the fitted inverse model based on remote sensing data must be
verified using the measured data on biomass. Matching remote sensing data and ground‐truth
data is often a difficult problem during biomass estimation. In various biomass estimation
methods, most researchers assume that the ground‐truth biomass data are the most accurate.
It is thus important to carry out field biomass measurement globally using a unified investi‐
gation specification, as well as the establishment of a unified biomass database.

7.2. Upscaling in biomass estimation

Scale has been one of the core focuses of ecology. Scale and upscale affect the accuracy of forest
biomass estimation and are also an important issue in biomass estimation. Biomass estimation
method varied with scale. The mean biomass density method, BEF method, remote sensing,
and geostatistic method are used to estimate large‐scale forest biomass and carbon stock, which
involves scale biomass (upscaling); allometric equation is used for small‐scale biomass
estimation. However, large‐scale biomass estimate must be based on the allometric equation.
If forest biomass estimation method you use is different from another, estimate may be
different even if the same data is used. The rapid development of remote sensing data,
geostatistical technique, and others make scaling possible while estimating biomass. Therefore,
upscaling forest biomass from stand scale to regional and even global scale should be one of
the key elements for future biomass researches. Only by addressing the scaling issue and
clarifying the spatial variation of forest biomass can a unified framework or system for
estimating forest biomass be presented. Then national and international standards of estimat‐
ing forest biomass can be developed to improve biomass estimation with a high accuracy.

7.3. High-accuracy biomass estimate needs remote sensing

Remote sensing data with a high spatiotemporal resolution, wide coverage, and timely updates
have been widely used in the assessment of forest biomass and carbon stock on various scales,
which play an important role in improving estimation accuracy.

In addition, scaling biomass cannot do without application of remote sensing data. However,
remote sensing data have no continuity of the time series, the resolution is not high enough,
and the fitted inverse model is often saturated. Moreover, the quality of the current multi‐
spectral data is not high, and LIDAR data and UAV technology applied in forest biomass
estimate are not yet mature. Improving the quality of multispectral data, LIDAR and UAV
technology are two of the most active frontiers in the future.

7.4. Geographical variation of allometric equation

As mentioned above, allometric equation is indispensable in biomass estimation. However,
the coefficients of the equation varied frequently with species, terrain, temperature, and
rainfall [77–79]. Small variation in the allometric coefficients is likely to result in a larger
biomass estimation error [80]. Therefore, the clarification of the variation in the allometric
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coefficients along different gradients is also the element to improve the accuracy of biomass
estimation.

Biomass estimate may be different using different allometric equations while estimating
vegetation biomass. Thus, it is likely to come to inconsistent results, even when different
scholars estimate the same forest. In other words, the choice of the appropriate predictors and
optimization of allometric equation and its parameters can contribute to reduce biomass
estimation uncertainty and improve the ability to predict the biomass and carbon stock. It is
worth noting that recently developed metabolic rate theory (fractal networks) is contrary to
conventional wisdom. The theory inference indicated that the forest biomass (M) and its D on
the species and biota scale both showed a constant relationship, which can be written as M∝
D8/3 [81–83]. Whether the coefficients of biomass allometric equation varied with the species,
site, and climatic factors or not is a hot debate in recent years [84]. If the relationship between
forest biomass and the corresponding D remains to be constantly exponential on various scales,
a unified allometric biomass estimation model is more likely to be developed, which helps to
save costs in in situ measurements of biomass, but also can contribute to promote the in‐depth
study of biomass estimation methods.

8. Conclusions

Plant allometry is the theoretical basis of vegetation biomass estimation. Generally, the use of
allometric equation is indispensable to estimate biomass for both tree and forest. By reviewing
the methods used for estimating forest biomass, we can conclude that each estimation method
has its advantages and disadvantages, and none of these methods mentioned is always the
best from individual to large scales. A large uncertainty exists in biomass estimation, which is
unable to meet the requirement of the accurate carbon accounting required by Kyoto Protocol.
It is of significance and urgently needed to develop the more suitable and rigor method to
accurately estimate the size and distribution of forest biomass. To achieve this goal, we argued
that the new developed technique such as geostatistics and remote sensing technique (e.g.,
LIDAR) would be the key tools to improve forest biomass estimation with a high accuracy.
However, prior to this, spatial variation in forest biomass at various levels should be explored
using multi‐source data and multi‐approaches.
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Abstract

Assessment and monitoring of  forest  biomass are frequently done with allometric
functions per species for inventory plots. The estimation per area unit is carried out with
an extrapolation method. In this chapter, a review of the recent methods to estimate forest
above‐ground biomass (AGB) using remote sensing data is presented. A case study is
given with an innovative methodology to estimate above‐ground biomass based on crown
horizontal projection obtained with high spatial resolution satellite images for two
evergreen oak species. The linear functions fitted for pure, mixed and both compositions
showed a good performance. Also, the functions with dummy variables to distinguish
species and compositions adjusted had the best performance. An error threshold of 5%
corresponds to stand areas of 8.7 and 5.5 ha for the functions of all species and compositions
without and with dummy variables. This method enables the overall area evaluation, and
it is easily implemented in a geographic information system environment.

Keywords: QuickBird, multi‐resolution segmentation, crown horizontal projection,
forest inventory, regressions

1. Introduction

1.1. Role of forest inventories in biomass estimation

Forest covers a larger area on Earth and provides many products and services. Forest evaluation
inventories were initiated when wood shortages arose. It can be said that they are the driving
force to acquiring information on forest areas, stand composition and products. In the beginning
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(Middle Ages), it was focused on timber volume and forest planning. With time demands for
products and services changed, shifting their focus [1].

Forest inventories are based on a sampling design for a given threshold error, with ground
plot assessment, providing data sets, which enable the forest evaluation. The need for meas‐
uring an increasing number of variables to evaluate products and services expected from
forests turns them increasingly expensive and labour intensive. Remote sensing enabling the
evaluation of some of those variables (e.g. areas, stand composition, crown cover) has been
included in forests inventories. Though it cannot replace field work, it can rationalise it,
allowing sample efficiency and reducing costs, error and labour intensity [1].

Biomass, both above and below ground, estimation, distribution and dynamics have been
acquiring an increasing importance, especially in the last couple of decades. It was powered
by the use of wood for bioenergy and by the evaluation of carbon stocks, sequestration and
losses. The estimation of biomass can be grouped in two main methods: direct and indirect.
The direct method, thought the most accurate, requires cutting trees, separating their different
components (e.g. wood, bark, branches and leaves) and determining their dry weight. It is an
expensive and labour demanding method, especially in what roots are concerned, which is
feasible for small samples and prohibitive for large ones. The indirect method is traditionally
based on mathematical relations between biomass (dependent variable) and one or a few easy‐
to‐measure tree variables (independent variables). The biomass estimates attained with the
former method are used to fit allometric functions at tree level, whose most frequent explan‐
atory variables are the diameter at breast height and/or total height. Up to 2005 for Europe,
North America and Australia, many functions were compiled by several authors [2–6]. More
recent ones were found [7–12]. This large number of allometric functions stresses their species‐
specific and site‐specific domain, reason why the selection of the best‐suited function is of the
utmost importance.

The tree‐level biomass functions are frequently used to make estimations at plot scale (usually
summing the biomass of all stems). Their estimation for a given area is based on the inventory
plots (which depend on the sampling design and intensity for a certain error threshold) and
an extrapolation method. In the literature, different extrapolation methods are described [1]
with accuracy decreasing with the increase in the forest area, the variability of stand compo‐
sition and structure, topography, soil and climate [13].

The forest inventories have cycles of 5 or 10 years. In between remote sensing can be used to
evaluate the forest dynamics, in general, and biomass in particular. On the other hand,
advantages can be gained as it can work at different scales and time frames; all area is under
evaluation no requiring extrapolation methods; and maps can be produced in a geographical
information system (GIS) environment.

A wide range of studies of biomass estimation derived from remote sensing can be found in
the literature. In the next subchapter (2), a brief description of the methods and techniques is
given. A case study (subchapter 3) will be used to illustrate the development of a methodology
which was aimed to be simple and to be used either by researches or by technicians. The
challenge was to produce data from remote sensing images for two evergreen oaks (holm and

Biomass Volume Estimation and Valorization for Energy48



(Middle Ages), it was focused on timber volume and forest planning. With time demands for
products and services changed, shifting their focus [1].

Forest inventories are based on a sampling design for a given threshold error, with ground
plot assessment, providing data sets, which enable the forest evaluation. The need for meas‐
uring an increasing number of variables to evaluate products and services expected from
forests turns them increasingly expensive and labour intensive. Remote sensing enabling the
evaluation of some of those variables (e.g. areas, stand composition, crown cover) has been
included in forests inventories. Though it cannot replace field work, it can rationalise it,
allowing sample efficiency and reducing costs, error and labour intensity [1].

Biomass, both above and below ground, estimation, distribution and dynamics have been
acquiring an increasing importance, especially in the last couple of decades. It was powered
by the use of wood for bioenergy and by the evaluation of carbon stocks, sequestration and
losses. The estimation of biomass can be grouped in two main methods: direct and indirect.
The direct method, thought the most accurate, requires cutting trees, separating their different
components (e.g. wood, bark, branches and leaves) and determining their dry weight. It is an
expensive and labour demanding method, especially in what roots are concerned, which is
feasible for small samples and prohibitive for large ones. The indirect method is traditionally
based on mathematical relations between biomass (dependent variable) and one or a few easy‐
to‐measure tree variables (independent variables). The biomass estimates attained with the
former method are used to fit allometric functions at tree level, whose most frequent explan‐
atory variables are the diameter at breast height and/or total height. Up to 2005 for Europe,
North America and Australia, many functions were compiled by several authors [2–6]. More
recent ones were found [7–12]. This large number of allometric functions stresses their species‐
specific and site‐specific domain, reason why the selection of the best‐suited function is of the
utmost importance.

The tree‐level biomass functions are frequently used to make estimations at plot scale (usually
summing the biomass of all stems). Their estimation for a given area is based on the inventory
plots (which depend on the sampling design and intensity for a certain error threshold) and
an extrapolation method. In the literature, different extrapolation methods are described [1]
with accuracy decreasing with the increase in the forest area, the variability of stand compo‐
sition and structure, topography, soil and climate [13].

The forest inventories have cycles of 5 or 10 years. In between remote sensing can be used to
evaluate the forest dynamics, in general, and biomass in particular. On the other hand,
advantages can be gained as it can work at different scales and time frames; all area is under
evaluation no requiring extrapolation methods; and maps can be produced in a geographical
information system (GIS) environment.

A wide range of studies of biomass estimation derived from remote sensing can be found in
the literature. In the next subchapter (2), a brief description of the methods and techniques is
given. A case study (subchapter 3) will be used to illustrate the development of a methodology
which was aimed to be simple and to be used either by researches or by technicians. The
challenge was to produce data from remote sensing images for two evergreen oaks (holm and

Biomass Volume Estimation and Valorization for Energy48

cork oak), native of the Mediterranean basin, and develop accurate above‐ground biomass
(AGB) allometric functions whose explanatory variable is crown horizontal projection, for pure
and mixed stands of both species, in the latter analysing also the influence of the predictive
ability of independent variables that differentiate species and composition.

The innovation of this study is the estimation of above‐ground biomass considering or not
stand composition, which is identified by the processing of high spatial resolution of satellite
image data. In earlier studies, AGB estimation functions using satellite images did not consider
the composition as independent variable. In the studies in which medium and low spatial
resolution images are used, the pixel size frequently does not allow the separation of the
species. High spatial resolution satellite images data enable the identification and delimitation
of crowns of different tree species. Nonetheless, the studies with these satellite images seem
to be focused in pure stands. The case study presented demonstrates that stand composition
improves the accuracy of AGB estimation functions.

1.2. Contribution of remote sensing data to biomass estimation

Remote sensing was under a strong development in the last three decades due to the rapid
advancement of remote sensing technology, increasing the availability of satellite imagery with
different spectral, spatial, radioactive and temporal resolutions. Their sensor technologies
enable a wide range of Earth surface monitoring scales [14] of forest areas distribution, species,
and physic and biochemical properties [15]. The data can be derived from two sensors: the
passive and the active.

In the passive sensor, the optical spectral reflectance of Earth surface is registered. This multi‐
spectral information is sensitive to vegetation characteristics such as their shadows and
textures, tree density, leaf area index (LAI) and crown size [16]. Good correlations are found
between the former and the latter, namely with biomass [17] for a wide range of geographical
areas [18]. To develop biomass functions, several methods are used. The most frequent is the
regression analysis using forest inventory biomass data and satellite generated data [19], such
as spectral reflectance, crown diameter and crown horizontal projection [20–24], original bands
and/or vegetation indices [25–28]. The green vegetation canopy has different interactions with
specific electromagnetic spectrum ranges, especially the red (R) and the near infrared (NIR)
regions, due to the leaves photosynthetic activity and thus with LAI and biomass. The middle
infrared (MIR) region, because of its ability to normalise the canopy cover variability, plays
also an important contribution [15]. High relations are established between spectral reflectance
and/or vegetation indices, and canopy structure, LAI or biomass [16] from tropical [29, 30] to
Mediterranean evergreen oaks and shrubland [17, 26, 31, 32] landscapes. Vegetation indices,
condensing satellite imagery data in a quantitative numeric form, are related to some forest
parameter's estimation, such as the number of trees per hectare [33], canopy cover [26, 34] and
volume, basal area and biomass [35]. The aforementioned indices show a better sensitivity
when compared with the spectral reflectance [36]. Apart from regression, other methods are
described in the literature, such as k‐nearest neighbour, neural network, regression tree,
random forest and support vector machine [29, 37–40].
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Passive sensor, satellite imagery data, depends on its spatial resolution to determine directly
the working scale and can be divided into three groups: low, medium and high.

The low spatial resolution satellite imagery data are characterised by scenes covering large
geographical areas. The first studies of biomass estimation at local, regional and global scales
used the images from the National Oceanic and Atmosphere Administration (NOAA) with
the Advanced Very High Resolution Radiometer (AVHRR) sensor, with 1.1 km of spatial
resolution; Moderate Resolution Imaging Spectroradiometer (MODIS), with 500 m [23]; and
Satellite Pour l’Observation de la Terre (SPOT) Vegetation with 1 km of spatial resolution [41].
The advantage that can be pointed out in the biomass estimation with this spatial resolution
is that one scene covers large area allowing working at country and global scales. Conversely,
the pixel size makes the image classification more difficult due to the different land cover types
encountered in it, resulting frequently in low accuracy biomass estimations [42]. To surpass
this disadvantage in some studies, spectral mixture analysis was employed, where each pixel
is a physical mixture of the multiple components weighted by the dominant area and the
mixture spectrum is a linear combination of the endmember reflectance spectra [43].

The medium spatial resolution (30 m) satellite imagery data more frequently used result from
the processing of Landsat Thematic Mapper (TM), Enhanced Thematic Mapper Plus (ETM +),
Advanced Spaceborne Thermal Emission and Reflection radiometer (ASTER) and Wide Field
Sensors (WiFS) [23, 25, 44, 45]. The data set is usually combined with forest inventory sample
plots data and low spatial resolution imagery. Examples of the first are the volume and biomass
estimation of conifer species of boreal forest in northern Europe, with Landsat images and
NOAA‐AVHRR [46] and Landsat and WiFS [25]; example of the second is AGB estimation for
local and regional scales [25, 39, 46].

The data of high spatial resolution (IKONOS, QuickBird, WordView 2) have had, more
recently, a high availability increase. Improved accuracy in biomass estimation is reached when
compared with the former two spatial resolutions. The main disadvantage derives from their
spatial resolution, which makes the data processing more time‐consuming, thus better suited
for local or regional scales [27]. In the literature, some references were found for these data
sets, but few for biomass estimation, most of which with functions developed with regression
analysis methods. Examples with IKONOS image data are the estimation of wet and dry
biomass of oil palm plantations in Africa, considering vegetation indices and individual
reflectance bands [47] and allometric equations of diameter at breast height and AGB as a
function of crown width in tropical forests [48]. Examples with QuickBird are a methodology
to estimate and map AGB for black spruce stands in Canada with shadow fraction as explan‐
atory variable [49], AGB functions whose independent variable is crown horizontal projection,
applying multi‐resolution segmentation and object‐oriented classification methods, with
regression analysis for Eucalyptus sp. and Tectona grandis L. [50] and Quercus rotundifolia [51].

The three referred spatial resolutions of the optical remote sensing imagery for the same region
and their image processing techniques allow the monitoring of AGB with different degrees of
detail which are able to decrease the processing time and costs [19, 27, 52].

Biomass Volume Estimation and Valorization for Energy50



Passive sensor, satellite imagery data, depends on its spatial resolution to determine directly
the working scale and can be divided into three groups: low, medium and high.

The low spatial resolution satellite imagery data are characterised by scenes covering large
geographical areas. The first studies of biomass estimation at local, regional and global scales
used the images from the National Oceanic and Atmosphere Administration (NOAA) with
the Advanced Very High Resolution Radiometer (AVHRR) sensor, with 1.1 km of spatial
resolution; Moderate Resolution Imaging Spectroradiometer (MODIS), with 500 m [23]; and
Satellite Pour l’Observation de la Terre (SPOT) Vegetation with 1 km of spatial resolution [41].
The advantage that can be pointed out in the biomass estimation with this spatial resolution
is that one scene covers large area allowing working at country and global scales. Conversely,
the pixel size makes the image classification more difficult due to the different land cover types
encountered in it, resulting frequently in low accuracy biomass estimations [42]. To surpass
this disadvantage in some studies, spectral mixture analysis was employed, where each pixel
is a physical mixture of the multiple components weighted by the dominant area and the
mixture spectrum is a linear combination of the endmember reflectance spectra [43].

The medium spatial resolution (30 m) satellite imagery data more frequently used result from
the processing of Landsat Thematic Mapper (TM), Enhanced Thematic Mapper Plus (ETM +),
Advanced Spaceborne Thermal Emission and Reflection radiometer (ASTER) and Wide Field
Sensors (WiFS) [23, 25, 44, 45]. The data set is usually combined with forest inventory sample
plots data and low spatial resolution imagery. Examples of the first are the volume and biomass
estimation of conifer species of boreal forest in northern Europe, with Landsat images and
NOAA‐AVHRR [46] and Landsat and WiFS [25]; example of the second is AGB estimation for
local and regional scales [25, 39, 46].

The data of high spatial resolution (IKONOS, QuickBird, WordView 2) have had, more
recently, a high availability increase. Improved accuracy in biomass estimation is reached when
compared with the former two spatial resolutions. The main disadvantage derives from their
spatial resolution, which makes the data processing more time‐consuming, thus better suited
for local or regional scales [27]. In the literature, some references were found for these data
sets, but few for biomass estimation, most of which with functions developed with regression
analysis methods. Examples with IKONOS image data are the estimation of wet and dry
biomass of oil palm plantations in Africa, considering vegetation indices and individual
reflectance bands [47] and allometric equations of diameter at breast height and AGB as a
function of crown width in tropical forests [48]. Examples with QuickBird are a methodology
to estimate and map AGB for black spruce stands in Canada with shadow fraction as explan‐
atory variable [49], AGB functions whose independent variable is crown horizontal projection,
applying multi‐resolution segmentation and object‐oriented classification methods, with
regression analysis for Eucalyptus sp. and Tectona grandis L. [50] and Quercus rotundifolia [51].

The three referred spatial resolutions of the optical remote sensing imagery for the same region
and their image processing techniques allow the monitoring of AGB with different degrees of
detail which are able to decrease the processing time and costs [19, 27, 52].

Biomass Volume Estimation and Valorization for Energy50

The active sensor is based on a mechanism that transmits and receives a portion of energy
(microwaves region), interacting with Earth surface, and whose relevance to modelling forest
variables depends on how deep the signal penetrates in the canopy. The mostly used data are
derived from the Space‐borne synthetic Aperture Radar (SAR) and L‐band ALOS PALSAR.
Two groups of data can be defined: RAdio Detection And Ranging (RADAR) and Light
Detection and Ranging (LiDAR). The RADAR data's main advantage is their independence of
atmospheric conditions as wavelength of radiation is much larger that the atmospheric
particles [53], reason why it has acquired a marked importance in regions with frequent cloud
cover [15]. Several examples of AGB estimation with RADAR were found in the literature [54–
59]. The LiDAR is mainly obtained by airborne discrete‐return [60], airborne waveform and
from ground‐based [61] LiDAR. Several authors developed nonlinear functions for AGB with
its derived variables [15, 62] for individual trees, plot and stands, depending on the type of
LiDAR system used [16]. LiDAR derives forest structural information (canopy cover), and
RADAR backscatter seems to be able to estimate AGB with good accuracy [63].

In summary, the estimation of forest AGB with remote sensing data has advantages and
disadvantages. To obtain very good accuracy, these approaches need a heavy field work in
order to attain training data sets. However, many studies present methodologies with very
good results at local, regional and global scale for AGB estimation. There is a trend towards
the combination of several types of remote sensing imagery data to generate vegetation
parameters and their relation with forest biomass.

2. Case study

2.1. Introduction

The data resulting from passive sensors, with low and medium spatial resolution, are usually
used for the country or global scales. Due to their pixel size, it is not possible to identify and
delimitate the tree crowns. Conversely, high spatial resolution satellite images enable it with
good accuracy. The active sensors processing is more difficult than the passive sensors. Thus,
when developing a methodology to be used both by researches and by technicians, the passive
sensors data processing is more straightforward than that of the active sensors. The objectives
of this study are the development of allometric functions for the estimation of AGB with crown
horizontal projection, obtained with high spatial resolution satellite image, as independent
variable with linear regression for (i) cork oak pure stands, (ii) mixed cork oak and holm oak
stands (from this point forward referred as evergreen oaks) and (iii) both pure and mixed
stands (from this point forward referred as all). Though with similar stand parameters there
are some differences between pure stands of cork oak or holm oak and mixed stands of both
species. Thus it was considered that the model for both species might be improved with the
inclusion of dummy variables for species and composition as independent variables.

Cork oak (Quercus suber L.) and holm oak (Quercus rotundifolia Lam.) are native of the Medi‐
terranean basin, distributed from Portugal to Greece and Portugal to Syria [64]. These species
occur usually in low‐density stands in a silvopastoral system, called montado, with open
heterogeneous canopies, where the main products are bark and fruit, associated with extensive

Above‐Ground Biomass Estimation with High Spatial Resolution Satellite Images
http://dx.doi.org/10.5772/65665

51



grazing, both in pure and in mixed stands. According to the Portuguese National Forest
Inventory, cork oak and holm oak stands account for 22.5 and 13.7% of the forest area,
respectively. The biomass for pure cork oak stands is 49.5 t/ha with an error of 5.2% and for
holm oak 23.2 t/ha with an error of 7.2%. Mixed stands with cork oak or holm oak as dominant
species correspond to 17% of their total area. The biomass estimation for mixed stands is
35.6 t/ha with an error of 13.7% [65]. They are similar in terms of habit, especially due to pruning
to enhance fruit production and growth; both are slow growing [64].

2.2. Materials and methods

2.2.1. Study area

The study area is in southern Portugal, region of Mora, with approximately 80 km2 (Figure 1).
The area is mainly occupied by forest, composed predominantly by cork and holm oak in both
pure and mixed stands. This region has a Mediterranean climate with a hot and dry summer
and rainy winter with lower temperature. The terrain is characterised by small variations, with
a mean elevation of about 200 m. The used QuickBird satellite image (August 2006) has a spatial
resolution of 0.70 m, resulting from a fusion of panchromatic band with the four multi‐spectral
bands, blue (B), green (G), red (R) and near infrared (NIR).

2.2.2. Processing satellite image

The image was geometric and radiometric corrected using ENVI4.8 [66]. The geometric cor‐
rection was based on ground control points obtained with Global Navigation Satellite Sys‐
tem (GNSS) and geodetic vertices, identified on the ground and in the images, with a Root
Mean Square Error (RMSE) of 0.49 m. The pixel values that are the digital numbers of the
image were converted to top‐of‐atmosphere reflectance and finally to soil reflectance, using
the dark object subtraction method [67]. The Normalized Difference Vegetation Index
(NDVI) [68] was calculated with the latter and used to generate a vegetation mask, isolating
tree crowns from other land cover types. For this propose, the multi‐resolution segmenta‐
tion method with the contrast split segmentation algorithm on eCognition, version 8.0.1
was applied [69]. Over this vegetation mask, forest species were identified using the nearest
neighbour classification method, producing a map with the delimitation of trees crowns
identified by specie [70].

The area was divided into a square grid of 45.5 m× 45.5 m (2070.25 m2). Grids were classified
according to the species present. The crown cover obtained with satellite data (CCs) was defined
as the percentage of area occupied by the crown horizontal projection per grid (CHPs) in
relation to the grid area. It was calculated with the vegetation mask per species using a
geographic information system, ArcGIS, version 10 [71]. A grid was considered pure when
crown cover of one species was equal or larger than 75% and mixed otherwise. The design of
the forest inventory was a random stratified sampling by proportional allocation. Three strata
were defined as function of crown cover: (i) 10–30%, (ii) 30–50% and (iii) >50%.
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Figure 1. Location of the study area (dark grey) and Alentejo region (light grey).

2.2.3. Forest inventory data and biomass estimation

Forest inventory data set is composed of 17 plots of pure holm oak, 11 plots of pure cork oak
and 23 mixed plots of holm oak and cork oak, with a total sampled area of 10.6 ha. In these
plots, for all individuals with a breast height diameter ≥6 cm, the diameter at breast height,
total height and crown radii in four directions (North, South, East and West) were measured
[72]. Each tree geographical location was recorded by GNSS. Tree crown horizontal projection
(CHPp) was calculated as the circle whose radius is the arithmetic mean of the four crown radii
measured. The relation (in %) of sum of the tree crown horizontal projections to plot area was
used to estimate plot crown cover (CCp). Ref. [8] developed a biomass allometric function per
tree with simultaneous fitting for cork and holm oak. As the stands referred by the aforemen‐
tioned authors were similar to those of this study, their functions were used to estimate above‐
ground biomass (AGB, Eq. (1)) as the sum of wood (ww), bark (wb) and crown (wc) biomass.
Above‐ground biomass per plot (AGBp) was defined as the sum of AGB of all the trees in the
plot.

2.011002

1.355957 1.200354

   0.164185

0.600169 1.909152

= + + = ´ +

´ + ´

tAGB ww wb wc dbh

dbh dbh
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Above‐Ground Biomass Estimation with High Spatial Resolution Satellite Images
http://dx.doi.org/10.5772/65665

53



2.2.4. Statistical analysis

Statistical analysis included correlation analysis and linear and multiple regression, imple‐
mented in R statistical software [73]. As AGBp, CHPp and CHPs did not have normal distribution
(evaluated with Shapiro‐Wilk normality test), the Spearman correlation test was used. The
linear function was selected as it is especially suited for one layer or without crown closure
stands or forests [26]. As it was assumed that null CHP corresponded to null AGB, the linear
regression through the origin (Eq. (2), where β is the slope) was used. The ordinary least square
linear method was selected to fit the functions, both for the individual and for their cumulative
values (Figure 2.) with CHPs as independent variable. Also, in order to understand whether
AGB could be estimated with aforementioned models, a preliminary analysis was carried out
for plot inventory data (CHPpi) with the same methodology for cork oak, evergreen oaks and
all plots. The preliminary analysis for holm oak was done by [51], and the data were included
in the evaluation for all plots in this study.

Figure 2. Flow diagram of the models developed (where AGB is the above‐ground biomass in kg, CHP is the crown
horizontal projection in m2, t is the tree, p is the plot values, i is the inventory data, c is the cumulative values, s is
satellite image data and d is dummy variables).
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horizontal projection in m2, t is the tree, p is the plot values, i is the inventory data, c is the cumulative values, s is
satellite image data and d is dummy variables).
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As the goal was to develop functions able to estimate AGB as function of CHP for the two
evergreen oaks, in pure and mixed stands, dummy variables were defined to test the species
composition contribution in the function predictive ability (Figure 2). Three dummy variables
were defined. For each dummy variable, 1 indicates that the plot is pure holm oak (dQR), pure
cork oak (dQS) or mixed holm oak and cork oak (dQRQS) and 0 otherwise. Multiple linear
regression with stepwise method, using Akaike information criterion (AIC) as selection
criteria, was used to fit the allometric functions (Eq. (3), where βi are the regression coefficients,
i = 0, 1, 2, 3). Multicollinearity among explanatory variables was analysed with variance
inflation factor (VIF), considering that values exceeding 10 are sign of serious multicollinearity
[74, 75].

As suggested by several authors [76, 77], the models were studied by the sum of squares of the
residuals (SQR), the coefficient of determination (R2) and the adjusted coefficient of determi‐
nation (R2

aj). Validation tests entail an independent data set. To overtake the inexistence of an
independent data set, Refs. [78–80] suggest using predicted residual error. The sum of its
square values, PRESS (Eq. (4)), and the sum of its absolute values, APRESS (Eq. (5)), were used
as the validation test. The closer to the null value of residuals, the better is the model. The per
cent value of the estimated and calculated AGB defined the error.
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2.3. Results and discussion

2.3.1. Multi‐resolution segmentation and object‐oriented classification

Figure 3 presents the vegetation mask resulting from the multi‐resolution segmentation and
object‐oriented classification process (yellow line), over the QuickBird image with false colour
composite for an area of Mora. The vegetation index NDVI enables a spectral signature
sufficiently different to obtain a good distinction of the two forest species (cork and holm oak),
with an agreement between the classification and ground truth using Kappa statistic [81, 82],
of 78% and a global precision of 89%. Thus, the simultaneous analysis of these two evergreen
oak species in pure and mixed stands can be useful for the estimation of AGB and also because,
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though they are visually similar, the methodology allows a mapping per species (cork and
holm oak) with a good classification accuracy.

Figure 3. QuickBird image with false colour composite (RGB = red, NIR and blue) and illustration of the results of mul‐
ti‐resolution segmentation process (yellow line).

2.3.2. Individual trees and plot characteristics and above‐ground biomass functions with inventory data

The descriptive statistics: minimum (min), maximum (max), arithmetic mean (mean), standard
variation (SD) and coefficient of variation (CV) for all plots (All), evergreen oaks mixed plots
(QRQS) and cork pure plots (QS) of the data are presented in Table 1. The density measures,
number of trees per hectare (N), basal area per hectare (G), crown cover (CCs) and above‐
ground biomass per hectare (AGB) were considered for the inventory data, while crown
horizontal projection per plot (CHPps) and crown cover (CCs) were considered for satellite data.
In Table 1, the differences between the three groups of plots can be observed. Comparing the
descriptive statistics of cork oak pure plots with those of evergreen oak plots (Table 1), higher
densities and AGB are observed for the former. A more detailed analysis at tree level reveals
that in the mixed plots about 54% of the trees are holm oak and 46% are cork oak. The
differences are, at least partially, explained by the individual tree dimensions. While in the
mixed plots mean crown radius is equal for both species (3.1 m) and similar to the cork oak
pure plots (3.0 m), the mean total height and the mean quadratic diameter (dg) are different:
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densities and AGB are observed for the former. A more detailed analysis at tree level reveals
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differences are, at least partially, explained by the individual tree dimensions. While in the
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6.8 m, 7.1 m, 35.8 cm and 37.6 cm, respectively. This is also reflected in the AGBt with a mean
larger for the cork oak pure plots (463.9 kgtree‐1) than for the mixed plots (424.0 kgtree‐1). When
the two species are analysed in the evergreen oak plots, the cork oak individuals have, in
average, larger dimensions (7.1 m of total height and 38.4 cm of dg) than the holm oak ones (6.3
and 33.6 cm), which is also reflected in the mean AGBt (481.7 and 382.3 kgtree‐1, respectively).
The diameter distribution of the evergreen oak plots covers a wide spam indicative of stands
of several cohorts (or age classes). The species spatial distribution visual analysis point outs
towards an individual distribution both by species and by cohort. This might be probably due
to the mutualistic and competitive interactions [83] and also by the sociability and compati‐
bility [84] of these oaks, with similar growth rates, both slow, and rotation length. The holm
oak pure plots [51] have values between the former two compositions. Also, trees with similar
crown sizes may have quite different AGBt. This is expectable considering two factors. First,
these species have weak epinastic control, but when in group tend to reduce their lateral
development due to branch abrasion or to the effects of high and low shading [83], especially
because they are shade intolerant. As in montado tree spatial distribution is sparse, though
irregular, trees can be found isolated or in clusters and in the latter is the competition phe‐
nomenon that explains, at least partially, the variability in crown dimensions. Second, in the
montado system pruning to enhance fruit production is frequent [64] in mature stands and this
reverses temporarily the rate between CHPt and AGBt.

All plots
(All)

Evergreen oaks mixed plots
(QRQS)

Cork oak pure plots
(QS)

Variables min max mean SD CV min max mean SD CV min max mean SD CV

N (treesha‐1) 19 140 70 28 40.5  19 140 61 28 46.5 53 135 88 24 27.7

G (m2ha‐1) 2.6 15.4 7.1 2.7 38.1 2.6 13.1 6.2 2.1 34.3 5.2 15.4 9.8 3.0 31.2

CCp (%) 8.7 49.3 25.3 9.2 36.5 8.7 49.3 20.9 8.2 39.3 18.7 42.3 27.5 7.4 26.8

CCs (%) 13.7 70.5 35.0 14.7 41.9 14.3 58.8 28.5 11.2 39.2 23.6 70.5 44.9 13.5 30.0

CHPps (m2) 284.2 1460.2 725.3 303.7 41.9 296.9 1216.7 589.3 230.9 39.2 489.0 1460.2 928.7 278.7 30.0

AGB (tha‐1) 10.4 62.7 30.1 11.1 36.8 10.4 51.5 26.0 8.6 33.1 23.8 62.7 40.7 11.9 29.2

N: number of trees per hectare, G: basal area per hectare, CCs: crown cover calculated with satellite data, CHPps: plot
crown horizontal projection evaluated with satellite data, AGB: above‐ground biomass per hectare, min: minimum, max:
maximum, mean: arithmetic mean, SD: standard variation, CV: coefficient of variation.

Table 1. Descriptive statistics.

The strongest positive correlations are found for pure plots of cork oak between AGBp and
CHPp (0.827), expected due to the smaller variability (Table 1). Strong positive correction for
pure cork oak plots between AGBp and CHPs was attained (0.627). The difference between AGBp
and CHPs and CHPp can be, at least partially, explained by the stems spatial distribution, the
shade casted by trees and understory. In tree clusters, multi‐resolution segmentation process
is not able to isolate tree crowns, including mixed pixels of vegetation, soil and/or shadow
inside the polygon that delimitates the cluster. Some types of understory vegetation, near tree
crowns, have similar spectral signature, and when delimiting the crown those pixels are
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included [85, 86]. The weakest correlations were observed for the evergreen oak plots between
AGBp and CHPp (0.482) and CHPs (0.552), which is expected due to the variability increase in
those parameters. When all the plots are considered, strong positive correlations are found
between AGBp and CHPp (0.671) and CHPs (0.746).

Model  Plots  Equation SQR R2 R2
aj PRESS APRESS

Inventory data

1 QS 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵 = 14.7087 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵 23576825 0.972 0.969  0.00000019  0.00101252

2 QRQS 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 11.5889 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 74401387 0.899 0.894 0.00000065 0.00313966

3 All 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵 = 11.4139 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵 187602462 0.916 0.915 0.00000113 0.00631091

4 QS 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵 = 14.8889 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵 16220130 0.9995 0.999 0.00000002 0.00034940

5 QRQS 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 11.75374 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 292087434 0.997 0.997 0.00000004 0.00049897

6 All 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵 = 11.75374 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵 3066829502 0.998 0.998 0.00000001 0.00049770

Satellite image data

7 QS 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵 = 8.847 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵 40091932 0.953 0.948 0.00000016 0.00106716

8 QRQS 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 8.5093 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 72931734 0.901 0.896 0.00000061 0.00317184

9 All 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵 = 8.1309 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵 163946315 0.927 0.925 0.00000120 0.00656152

10 QS 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵 = 9.2671 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵 43379144 0.999 0.998 0.00000001 0.00025905

11 QRQS 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 9.037 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 104841889 0.999 0.999 0.00000005 0.00068011

12 All 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵 = 8.85869 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵 1722352935 0.999 0.999 0.00000001 0.00050963

Satellite image data with dummy variables

13 All 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 4.836 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵+2191.3997 × 𝀵𝀵𝀵𝀵𝀵𝀵 + 3944.2222× 𝀵𝀵𝀵𝀵𝀵𝀵 + 2532.8074 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵
104975100 0.953 0.949 0.00000151 0.00661458

14 All 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 8.6029 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵+6425.9261 × 𝀵𝀵𝀵𝀵𝀵𝀵 + 6105.1531× 𝀵𝀵𝀵𝀵𝀵𝀵 + 4827.1112 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵
1235713930 0.991 0.999 0.00000007 0.00070861

AGB: above‐ground biomass in kg, CHP: crown horizontal projection in m2, p: plot, i: inventory data, c: cumulative values,
s: satellite data, QS: cork oak, QSQR: evergreen oaks, All: all plots, d: dummy variable.

Table 2. Properties of the fitted models.

The statistical properties and the PRESS and APRESS statistics of the linear models for plot
CHPpi (models 1–3) and CHPpic (models 4–6) are indicative of their good performance (Table 2).
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included [85, 86]. The weakest correlations were observed for the evergreen oak plots between
AGBp and CHPp (0.482) and CHPs (0.552), which is expected due to the variability increase in
those parameters. When all the plots are considered, strong positive correlations are found
between AGBp and CHPp (0.671) and CHPs (0.746).
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3 All 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵 = 11.4139 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵 187602462 0.916 0.915 0.00000113 0.00631091

4 QS 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵 = 14.8889 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵 16220130 0.9995 0.999 0.00000002 0.00034940

5 QRQS 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 11.75374 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 292087434 0.997 0.997 0.00000004 0.00049897

6 All 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵 = 11.75374 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵 3066829502 0.998 0.998 0.00000001 0.00049770

Satellite image data

7 QS 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵 = 8.847 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵 40091932 0.953 0.948 0.00000016 0.00106716

8 QRQS 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 8.5093 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 72931734 0.901 0.896 0.00000061 0.00317184

9 All 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵 = 8.1309 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵 163946315 0.927 0.925 0.00000120 0.00656152

10 QS 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵 = 9.2671 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵 43379144 0.999 0.998 0.00000001 0.00025905

11 QRQS 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 9.037 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 104841889 0.999 0.999 0.00000005 0.00068011

12 All 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵 = 8.85869 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵_𝀵𝀵𝀵𝀵𝀵𝀵 1722352935 0.999 0.999 0.00000001 0.00050963

Satellite image data with dummy variables

13 All 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 4.836 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵+2191.3997 × 𝀵𝀵𝀵𝀵𝀵𝀵 + 3944.2222× 𝀵𝀵𝀵𝀵𝀵𝀵 + 2532.8074 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵
104975100 0.953 0.949 0.00000151 0.00661458

14 All 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 8.6029 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵+6425.9261 × 𝀵𝀵𝀵𝀵𝀵𝀵 + 6105.1531× 𝀵𝀵𝀵𝀵𝀵𝀵 + 4827.1112 × 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵
1235713930 0.991 0.999 0.00000007 0.00070861

AGB: above‐ground biomass in kg, CHP: crown horizontal projection in m2, p: plot, i: inventory data, c: cumulative values,
s: satellite data, QS: cork oak, QSQR: evergreen oaks, All: all plots, d: dummy variable.

Table 2. Properties of the fitted models.

The statistical properties and the PRESS and APRESS statistics of the linear models for plot
CHPpi (models 1–3) and CHPpic (models 4–6) are indicative of their good performance (Table 2).
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When comparing the models for the four sets of plots, the statistical properties of the pure
plots are better than those of the evergreen oak plots and all plots (Table 2), due to the increase
in variability in the latter two. The results attained by [51] for holm oak pure plots are also
better when compared with the evergreen oak and all plots of this study. Nonetheless, smaller
differences in model performance are found for models 4–6 when compared with models 1–
3. The differences might be partially due to the small differences in habit of the two species,
the spatial distribution pattern of the individuals of both species and silvicultural practices,
especially pruning where focus is put in the crown enlargement more for holm oak than for
cork oak. This is also reflected in the overall model error. Larger overall errors are found for
the models 2 and 3 (24.3% and 23.7%, respectively) when compared with model 1 (13.6%), and
models 5 and 6 (9.8% and 9.2%, respectively) when compared with model 4 (4.4%).

2.3.3. Above‐ground biomass allometric functions with satellite image data

The statistical properties and the validation statistics of the linear models for CHPps and CHPpsc

for pure cork oak plots (models 7 and 10), for evergreen oak plots (models 8 and 11) and for
all plots (models 9 and 12, Figure 4a, b) are indicative of their good performance (Table 2).
These results are in accordance with [26] that states that linear regression behaves well in stands
with one layer, while [47] refers that in multi‐layered stands nonlinear functions are better
suited. Noteworthy is that models 10–12 have better statistical properties than the models 7–
9. When comparing the models for evergreen oaks with those for pure plots, the statistical
properties of the former are worse than of latter (Table 2). This, as already referred, is due to
the larger variability observed in the mixed plots. When comparing the models fitted with
inventory and satellite image data, the performance is better for the former, which can be
partially explained by the differences in the calculation of CHP with the sets of data. Models
for cumulative values have slightly better performance for the inventory (models 4–6) than for
the satellite image data (models 10–12), corroborated by the overall error of 3.7, 4.4, 9.8 and
9.2%, and 13.4, 4.8, 6.4 and 5.8%, respectively.

Model 10, for cork oak pure stands, has larger errors up to 4000 m2 and an irregular trend
afterwards. For error thresholds of 10 and 5% CHP, areas larger than 4000 and 5000 m2,
respectively, are needed. Considering a mean CHP area of 4486 m2ha‐1, the corresponding stand
area is 0.9 and 1.1 ha, respectively. Model 11, for evergreen oak stands, shows higher errors
than the former models for CHP areas up to 1000 m2, with a continuous decrease, in absolute
value, up to 3000 m2 and stabilisation afterwards. Errors smaller or equal than 10 and 5% are
attained for CHP areas of 3000 and 7000 m2, respectively. The mean CHP area for these stands
is 2847 m2ha‐1, which corresponds to the above‐referred errors to stand areas of 1.1 and 2.5 ha,
respectively. Model 12, for both pure and mixed stands, shows the same error trend as model
11. Errors below the aforementioned are attained for CHP areas of 2000 and 8000 m2. As the
mean CHP area is 3503 m2ha‐1, the corresponding stand areas are 0.6 and 2.3 ha. As 92% of the
holm oak stands and 89% of the cork oak stands have areas bigger than 2 ha [65], this allometric
function can be used at local and regional level.
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Figure 4. Crown horizontal projection derived from satellite image per plot (CHPps) versus above‐ground biomass per
plot (AGBp) and equation (in grey) for model 9 (a) and their cumulative values, CHPpsc vs AGBpc, and equation (in
grey) (b) and error (c) for model 12.

Figure 5. Cumulative values of crown horizontal projection derived from satellite image per plot (CHPpsc) versus cu‐
mulative values of above‐ground biomass per plot (AGBp) and equation (in grey, a), and error distribution (b) for mod‐
el 14.

The inclusion of independent variables identifying the plot composition originated a general‐
ised improvement in the statistical properties of the models (Table 2) for CHPps (model 13) and
CHPpsc (model 14), when compared with those without composition variables (models 9 and
12). In fact, plot composition has revealed important as for both models the three dummy
variables were included. Also, multicollinearity did not present any problem as VIF values
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Figure 5. Cumulative values of crown horizontal projection derived from satellite image per plot (CHPpsc) versus cu‐
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The inclusion of independent variables identifying the plot composition originated a general‐
ised improvement in the statistical properties of the models (Table 2) for CHPps (model 13) and
CHPpsc (model 14), when compared with those without composition variables (models 9 and
12). In fact, plot composition has revealed important as for both models the three dummy
variables were included. Also, multicollinearity did not present any problem as VIF values
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were always lower than 10, being for CHP, dQR, dQS and dQRQS, 8.5, 3.8, 3.6 and 3.2 for model
13, and 4.6, 1. 8, 3.0 and 1.8 for model 14, respectively. The models accuracy increases from the
models with only CHP (9 and 12) to those that include the dummy variables (models 13 and
14). Noteworthy is also the decrease in SQR of 36% from models 9 to 13, and of 39% from
models 12 to 14, with the corresponding increase in the adjusted regression coefficients. There
is a considerable improvement in the overall error from models 9 to 13, from 23.1 to 5.2% and
from models 12 to 14, from 5.8 to 0.1%. The error for model 14 shows an irregular trend with
error smaller than 10 and 5% for cumulative crown projection for areas larger than 1500 and
2000 m2, corresponding to stand areas of 0.4 ha and 0.6 ha, respectively (Figure 5). Considering
the threshold of 5% for model 14, ‐1.7 ha is needed than for model 12.

All the fitted models (models 7–14) have a high goodness of fit, with more than 90% of the
variability explained. It seems that crown horizontal projection as better predictive abilities
with linear functions than the shadow fraction processed from QuickBird images [49]. The
models developed in this study show also better performances than multiple regression
functions with crown diameter and total height as independent variables, derived from a
panchromatic band of QuickBird satellite [50] or than exponential functions with reflectance
of band 3 or NDVI for IKONOS image [47]. Likewise, biomass estimation functions derived
from medium spatial resolution satellite image data do not show as good performance as those
obtained in this study. This is probably related to dissimilarity between ground and satellite
data [27]. The former was confirmed in a study with Landsat 5 TM and MODIS images for
Pinus pinaster stands, whose independent variable is vegetation indices [17].

2.4. Conclusions

Remote sensing gives a good contribution to estimate the above‐ground biomass. The high
spatial resolution satellite image allows mapping with high accuracy the above‐ground
biomass at local and regional scale.

The overestimation of crown horizontal projection per plot using high spatial resolution
satellite image, when compared with that calculated using inventory data, is related to the
inclusion of mixed pixels in the boundary of tree crown delimitation in the multi‐resolution
segmentation and trees’ spatial distribution. Though the cork and holm oak are visually
similar, their spectral signature is sufficiently different to obtain a very good classification by
forest specie.

In general, above‐ground biomass allometric functions for plot and their cumulative values
showed a good performance, though better for pure stands than for mixed stands, which might
be explained by the larger variability observed in the latter. However, the inclusion of dummy
variables, which reflect the differences between the species and the stand structure, originates
a generalised improvement in the functions performance. The same threshold errors of 10 and
5% are attained by the latter with less 33 and 70% of the stand areas. Considering that to a 10%
error correspond stand areas of 1.1 ha, it includes about 90% of the area occupied by these
species in Portugal [65]. This method has the advantage of enabling the overall area evaluation,
not requiring forest inventory or extrapolation procedures. It can be used when species
composition is not (models 9 and 12) and is (models 13 and 14) differentiated.
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All all plots

ALOS Advanced Land Observing Satellite

APRESS Absolute Predicted Residual Error Sum

ASTER Advanced Spaceborne Thermal Emission and Reflection Radiometer

AVHRR Advanced Very High Resolution Radiometer

c cumulative values

CC Crown Cover (%)

CHP Crown Horizontal Projection (m2)

CV Coefficient of Variation

d dummy variable

dbh diameter at breast height, measured at 1.30 m height (cm)

dg mean quadratic diameter (cm)

G basal area per hectare (m2ha‐1)

GNSS Global Navigation Satellite System

i inventory data

ETM + Enhanced Thematic Mapper +

LAI Leaf Area Index

max maximum value

mean arithmetic mean value

min minimum value

MODIS Moderate Resolution Imaging Spectroradiometer

N number of trees per hectare (tree ha‐1)

NDVI Normalized Difference Vegetation Index
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NOAA National Oceanic and Atmospheric Administration

p plot

PALSAR Phased Array type L‐band Synthetic Aperture Radar

PRESS Predicted Residual Error Sum of Squares
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Abstract

The atmosphere in unventilated wood pellet storage confinements, such as the cargo 
hold of marine vessels transporting pellets in solid bulk, can be severely oxygen deficient 
and contain deadly concentrations of harmful gasses, of which the most feared is the poi-
sonous and odour-less carbon monoxide. The hazard has been known for over a decade 
and has been responsible for many accidents. We examine three fatal accidents on marine 
vessels in or near Danish waters and argue that they share strikingly similar aetiologies, 
if not repetitive patterns. It is generally recognized that accidents should be thoroughly 
investigated and lessons learned shared widely in order to minimize the number of times 
the same lessons have to be learned. The three Danish cases suggest that this learning 
process is deeply troubled for the solid biomass segment. The International Maritime 
Organization IMO/SOLAS has recently revised its guidance on entering enclosed spaces 
aboard ships in response to the ongoing problem of confined space incidents. We argue 
that the interpretation of the concept of an “enclosed space” is of utmost importance 
because accidents take place in rooms that are not considered enclosed by the crew.

Keywords: wood pellets, off-gassing, confined space, accident investigation

1. Introduction

This paper pays homage to what may be man’s oldest accident prevention strategy: Learning 
from own—and better, other people’s—past accidents and misfortune. In its modern form, 
the key characteristics of this strategy are that past mishaps shall be recorded and analysed to 
extract lessons learned which in turn shall be disseminated through broad feedback loops in 
order to prevent future similar, and not just identical, accidents.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Paraphrasing Petroski [1], the profession of accident prevention professionals is Janus-faced, 
looking always both backwards and forwards. The history of past accidents offers a reposi-
tory of knowledge gained from painful experience. If heeded, the past thus provides caveats 
and lessons for future safe operations. If shunned, it will still haunt the future, always lurking 
in the shadows everyday work.

Having paid the price of an accident, we should use the opportunity to learn from it. The 
benefits of such learning are obvious—to avoid repetition, and to share the lessons learned 
in order to minimize the number of times the same lessons have to be learned. What is not 
so obvious, however, is how to make this seemingly simple and straightforward idea work 
in practice [2]. This challenge is reflected in common aphorisms, such as Santanyana’s: Those 
who cannot remember the past are condemned to repeat it.

This paper examines three fatal accidents on marine vessels transporting sustainable, envi-
ronmentally friendly and carbon-neutral wood pellets in bulk, in or near Danish waters, and 
argue that they share strikingly similar aetiologies, if not repetitive patterns—offering sup-
port to Sanatnyana’s dismal adage. The paper examines some of the barriers that impede the 
capacity to learn from accidents on marine vessels in this particular segment.

2. Wood pellets in bulk

2.1. Solid biomass fuel in Danish thermal power plants

To reduce global carbon dioxide emissions, Denmark has converted many coal-fired thermal 
power plants to burn green and sustainable solid biomass. Solid biomass refers to non-fos-
silized carbon-based solid materials derived from plants, typically wood, but also straw, and 
certain energy crops grown primarily for the purpose of fuel utilization. Because Denmark’s 
own woodlands are limited and covered by environmental protection policies, the domes-
tic production of solid biomass is insignificant. Hence, essentially all biomass is imported, 
mostly from loggings in the Baltic countries and Russia, but also from North America and 
Africa [3].

Thermal power plants consume very large amounts of fuel; a single block can easily burn half 
a million metric ton per year. In order for the logistics chain to handle such quantities in an 
efficient manner, the irregularly sized and bulky biomass is processed into uniformly sized 
pellets, typically about 8 mm in diameter and 20–25-mm length.

In the production process, the wood is dried, milled to a fine powder and compacted in a pel-
let press that often employ die ring press and compression roller technology. The pellets are 
shipped in bulk in marine vessels to their final destination.

2.2. Wood pellet fire and explosion risks

The fire and explosion hazard profile of biomass pellets is much different from that of coal 
[3]. Pellets inevitably generate fine dust when handled in the logistics chain, e.g. in screw 
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conveyors, band conveyors, cup elevators and when dumped into storage areas or hoppers. 
If made airborne and ignited, the wood dust is capable of producing severe dust explosions.

In addition, this dust is prone to ignition, e.g. from overheated electric motors or conveyor 
bearings, or from mechanical friction heat between conveyer belts and accumulated pellets, 
fines and/or dust. Small pieces of smouldering material are difficult to detect and they may 
migrate in the band conveyor systems and start smouldering fires in the storage areas which 
may develop into massive storage fires. Smouldering fires are furthermore notorious for their 
capacity to generate flammable pyrolysis gasses that travel and accumulate, leading to flash 
fires or explosion hazards elsewhere in the system [4].

2.3. Wood pellet chemical off-gassing risks

The milling process, the compaction and extreme shear forces in the pellet press, cause plant 
cell walls to rupture. This exposes cell cytoplasm and chemically reactive compounds such as 
resins, oils and fatty acids to air making them available to chemical oxidation and other reac-
tions. As a result, freshly produced wood pellets are probably best thought of as a chemically 
active material.

The chemically active pellets may emit a range of gasses such as carbon monoxide, carbon 
dioxide, methane and volatile organic compounds (VOCs) that can accumulate in storage 
confinements and reach dangerous levels [5]. The release of the highly poisonous and odour-
less carbon monoxide is of particular concern. In addition, the chemical reactions may deplete 
the atmosphere in storage confinements of the oxygen required to sustain life. The topic has 
been investigated in several recent publications, e.g. [6, 7] but the exact nature of the chemical 
processes at play do still not appear to be well-understood.

Chemical oxidation may also explain why wood pellets can self-ignite. Heat loss is largely a 
surface-based phenomenon and because of the low surface-to-volume ratio of a large pile, any 
process that generates heat will slowly increase the temperature inside the pile. Pockets may 
form where the temperature of the contents can rise to the temperature necessary to produce 
spontaneous ignition. This produces an oxygen deficient smouldering fire deep inside the 
pile and the associated problems with flammable pyrolysis gasses that travel and accumulate, 
leading to flash fires or explosion hazards elsewhere in the system.

It is true that some biomass feedstocks species rich in resins are desirable in the pellet pro-
duction process. The mechanical stability of pellets is an important property as this limits 
the amount of dust generated when they are handled in the logistics chain. Pellet stability is 
enhanced if the mill feed composition includes some biomass species rich in resins, e.g. pine 
wood, which can act as a natural binder system. Naturally occurring oils and resins can have 
other beneficial properties during production, for instance acting as lubricants in the pellet 
press. It will probably be difficult to reduce the problem with chemical reactivity of wood pel-
lets through substitution of resin-rich species in the feedstock unless, of course, non-bio but 
safer additives are tolerated by pellet consumers.

What is clear though is that the massive increase in wood pellets consumption entails novel 
risks—wood pellets have a much different hazard profile than fossil fuel cargoes.
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3. Case 1—Fatal accident on AMIRANTE, 2009

3.1. AMIRANTE

The ship AMIRANTE (IMO 7425334) was a general cargo ship enabling it to carry a variety of 
bulk and mixed cargos. It was built in 1978/1982 and had a gross tonnage of 4083 and a length 
of 82 m. The vessel was classed by DNV.

At the time of the accident, the vessel had a crew of eight, seven from the Russian Federation 
and one from Belarus. The flag State was St. Vincent & The Grenadines. AMIRANTE was 
mainly in a coastal trade in northern Europe and the Mediterranean.

3.2. Sources

Information on this accident is based on records from the Danish police [8] obtained through 
the Danish equivalent of a Freedom of Information Act unless otherwise noted.

3.3. The accident

On 15 July 2009 at 0300 (all times are local time), AMIRANTE left the port of Riga, Latvia, 
after having loaded a cargo of 2600 t of wood pellets in bulk. The port of destination was 
Copenhagen, Denmark, were the cargo was to be unloaded at the Amagerværket power plant 
owned by Wattenfall, which had recently converted one of its coal fired blocks from coal to 
solid biomass. The shipper was Granul Invest in Tallinn, Estonia and the operator was Alga 
Chartering in Copenhagen.

On the afternoon 15 July, during the passage of the Baltic Sea, four of the vessel’s crew, three 
able seamen and the motorman, worked on the deck readying new mooring ropes on the 
forward part of the ship.

Shortly after 1800, the master was alerted by the ship’s cook that one of the able seamen and 
the motorman had not shown up for dinner and their whereabouts were unknown. A search 
was initiated and at 1835, a crew member spotted the missing crew members lying lifeless at 
the bottom of the stairwell to the forepeak compartment. The crew member did not attempt to 
reach them fearing for his own safety.

The forepeak is a wedge-shaped stowage room at the bow of the ship, about 5 m deep, and a 
width ranging from 5 to 1.5 m. The room is reached from the deck through a stairwell climb-
ing a narrow 18-m long fixed vertical steel ladder. The forepeak was used for stowing, e.g. 
paint containers, floor brushes, buckets, surplus wooden planks and mooring ropes.

The master rushed to the forepeak and climbed down the steel ladder. Halfway down he 
began to experience laboured breathing. Upon reaching the forepeak floor his breathing had 
become so laboured that he realized the atmosphere might be dangerous. The motorman was 
lying about 1 m from the ladder and the able seaman was lying just at the foot of the ladder, 
as if he had attempted to climb it, still wearing work gloves. Froth could be seen from the 
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 corner of the mouth of both men. The master briefly tried to awaken them and then hurried 
up the ladder to the deck. The vessel was about 16 km north of Bornholm, a Danish island 
in the Baltic Sea about midway between Sweden and Poland. At 1845, the master radioed the 
Danish authorities requesting immediate medical assistance.

The crew worked frantically to extract the two men from the forepeak compartment. They 
switched the room’s mechanical ventilation on and crew members climbed down the ladder 
to tie a rope around the chest of the victims. Hoisting the victims through the narrow stairwell 
proved difficult. When a doctor arrived by helicopter from the Danish Admiral Fleet, at 1945, 
one victim has been extracted and there was a work frenzy to hoist the other. The doctor could 
soon declare both men dead as they presented with livor mortis and beginning rigor mortis. 
The doctor estimated that death had occurred 2–3 h earlier.

3.4. The investigation

The vessel was redirected to the port of Rønne at Bornholm by Danish Admiral Fleet, where 
it arrived at 2300. The police was waiting at the quay and began a standard crime scene pro-
cedure, securing evidence and interviewing the crew. The forepeak was inspected by the fire 
and rescue services done full breathing protection at about 0100. At the time of the inspec-
tion, the compartment’s mechanical ventilation had been switched off for about 40 min upon 
request. Oxygen levels were normal, CO levels were 100 ppm. The inspection team noticed a 
pair of glasses which had been placed on some stowed construction timber and an unopened 
packet of cigarettes lying on the floor.

A door in the forepeak compartment allowed access to the front cargo hold. The door had 
three closing hinges but only two were engaged. It was speculated that gasses might travel 
from the cargo hold to the forepeak through a crevice in the door opening where the third 
hinge was not engaged (Figure 1).

The deceased presented no signs of violence or trauma and there was no other evidence to 
suggest criminal actions, e.g. if they should have been pushed while standing in the door 
opening on the deck and then fallen the 18 m down the forepeak stairwell. There was briefly 
some speculation if red stains on the floor of the forepeak were bloodstains but they turned 
out to be red paint. Follow-up interviews with the master and other crew members were car-
ried out in the afternoon to resolve some inconsistencies in reported times and observations, 
this time with the assistance of a certified interpreter. Only the master spoke some English, 
and he had acted as interpreter during the first interviews.

A sample of the wood pellets was sent for chemical analysis which found 150 ppm CO in 
the headspace of the specimen jar. The actual concentration is likely much higher, however, 
as 150 ppm simply appears to be the upper range of the measuring instrument. An autopsy 
confirmed death by CO poisoning, COHb blood saturation levels were measured at 52% (the 
motorman) and 60% (the able seaman). Tests for cyanide (blood) and alcohol (lacrimal fluid) 
were negative.
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The crew was at pains to explain why the two seamen would go down the forepeak. They had 
no business down there whatsoever. It was suggested that they might want to check if there 
was sufficient room for stowage of the old mooring ropes.

The two deceased were experienced seamen. The motorman was born in 1981 in Russia, 
the able seaman in 1971 in Belarus. Records showed that both seamen had duly complied 

Figure 1. The door in the forepeak compartment, which led the front cargo hold. The door had three closing hinges but 
only two were engaged. Gasses travelled from the cargo hold to the forepeak through a crevice where the third hinge 
was not engaged. (AMIRANTE). Source: Police photo file #13 [8].

Biomass Volume Estimation and Valorization for Energy78



The crew was at pains to explain why the two seamen would go down the forepeak. They had 
no business down there whatsoever. It was suggested that they might want to check if there 
was sufficient room for stowage of the old mooring ropes.

The two deceased were experienced seamen. The motorman was born in 1981 in Russia, 
the able seaman in 1971 in Belarus. Records showed that both seamen had duly complied 

Figure 1. The door in the forepeak compartment, which led the front cargo hold. The door had three closing hinges but 
only two were engaged. Gasses travelled from the cargo hold to the forepeak through a crevice where the third hinge 
was not engaged. (AMIRANTE). Source: Police photo file #13 [8].

Biomass Volume Estimation and Valorization for Energy78

with regulations concerning rest and work time. Both seamen had received the proper safety 
instruction for working in enclosed rooms in 2008 (July 8 and April 20, respectively) and they 
were not newcomers to the ship. Police records state that they should have known that full 
breathing protection was required before entering a compartment such as the forepeak. In the 
absence of evidence of the contrary, the police ruled the two deaths an unfortunate workplace 
accident and the crime scene investigation was closed.

3.5. Reflections

The direct cause of the accident is probably simple and understandable. Working new 
and bulky mooring ropes, often weighing several 100 kg, is a laborious and tedious task. 
According to the weather data from Rønne airport, the afternoon weather conditions were 
mostly cloudy, temperature 17–19°C, light winds about 3 m/s and occasional rain showers 
and light rains. While such ambient weather conditions definitely are tolerable to seasoned 
seamen, it is easy to imagine that the nearby forepeak might offer a convenient refuge for a 
clandestine cigarette break, in particular during a rain shower.

Important questions aimed at understanding why the accident happened were never raised, 
simply because they were out scope of a judicial police investigation. Were the crew aware of 
hazardous properties of the cargo? Was the forepeak considered to be a compartment with 
properties similar to those of enclosed cargo spaces? The starkest circumstantial evidence 
may be that the two seamen chose to enter the forepeak without switching on the mechani-
cal ventilation. In all likelihood, they were clueless about the danger—otherwise, they would 
not have entered. Were the rest of the crew and in particular the master aware of the hazard? 
Although it is pure conjecture, the answer is probably negative. In the police interrogation 
reports, none of the crew mentioned the ability of wood pellets to generate carbon monoxide. 
The closest mention was the master stating that he suspected something was “wrong” with 
this particular cargo, because it had a “funny smell” unlike any of the 15 earlier occasions 
where AMIRANTE had carried wood pellets.

Was information about the hazardous nature of the cargo available to the crew? The question 
too was never raised and although the answer is uncertain it is probably negative. The mani-
fest of cargo simply stated: “Wood Pellets in bulk—Cargo Status C—European Community 
Cargo” and the “Dangerous” field on the manifest form was left blank.

The criminal investigation was satisfied that the two seamen had received the proper safety 
instruction for working in enclosed rooms and concluded that they should have known that 
full breathing protection was required before entering a compartment such as the forepeak. 
The question was never raised, however, if the seamen, or the rest of crew for that matter, 
would consider the forepeak “an enclosed room”. The police interrogation reports state that 
the practice on board the vessel was to lock open the door on the deck that provided access 
to the stairwell to the forepeak. The door was only closed during bad weather. The reason 
for this practice is unexplained. But in the absence of specific precautionary instructions 
or warnings, the crew may well have assumed that a room with a door locked open is not 
“enclosed”.
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3.6. Information sharing and learning

The local news media at Bornholm briefly covered the event, reporting that a coaster with two 
dead sailors had arrived at the port of Rønne. At the time of media reporting the cause had 
not yet been determined, and the media speculated that CO poisoning or oxygen deficiency 
in an enclosed room might be responsible for a workplace accident. The vessel’s cargo was 
correctly identified as wood pellets, but there is nothing in the media coverage to suggest that 
there might be a causal link between the type of cargo and the presence of toxic gasses. For an 
accident prevention professional, the media coverage is worthless.

Because the police opened the case as a crime scene investigation, the case was technically reg-
istered as a criminal case. Criminal cases are kept confidential in order to protect the privacy of 
the individuals concerned. To date, very little information, if any, relevant to accident preven-
tion professionals is available in open sources. The source material for this paper could only be 
obtained through persistent requests and the Danish equivalent of a Freedom of Information Act.

It is true that there is sporadic and passing mention of the AMIRANTE accident in the wood 
pellet literature, e.g. [9, 10] but descriptions are hazy and basic facts are corrupted. This is also 
true for the papers produced by authors in Denmark. For example [11] states that the seamen 
entered the cargo hold, which they did not, and [12] states that they died from asphyxia, 
which is also incorrect.

Because proper sharing of correct information about an accident is a basic precondition for 
learning, we conclude that learning processes were derailed at a very early stage. Therefore, it 
may be expected that repeat accidents will take place. As we will argue shortly, this is precisely 
what happened. Lamentably, the broader accident history reveals that the AMIRANTE acci-
dent was no first, but only one in a string of previous similar accidents with similar aetiologies.

4. Case 2—Fatal accident at “LADY IRINA”, 2014

4.1. LADY IRINA

The ship LADY IRINA (IMO 9137038) was a general cargo ship with capacity to carry contain-
ers enabling it to carry a variety of bulk and general cargo. LADY IRINA was built in 1997 
with a gross tonnage of 3323 and a length of 88 m. The vessel was classed by Lloyd’s Register. 
At the time of the accident, the vessel had a crew of seven. The flag state was The Netherlands.

4.2. Sources

Information on this accident is based on a report from the Dutch Safety Board [13] unless 
otherwise noted.

4.3. The accident

On 5 July 2014, LADY IRINA departed from the Port of Arkhangelsk, Russia, with a cargo of 
wood pellets in bulk which was to be unloaded in Kolding, Denmark. Arkhangelsk is LADY 
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IRINA’s permanent loading port for this type of cargo, and it has a dozen discharge ports in 
Europe, of which Kolding is one.

On the evening of 13 July 2014, the crew prepared for LADY IRINA’s arrival in the Port of 
Kolding. At about 1900, the chief engineer met with the chief officer and decided to drain the 
anchor chain locker compartment before LADY IRINA expected arrival at about 2400 h. The 
anchor chain locker is located in the forward part of the ship. Access to the anchor chain locker 
is from the deck, entering the forecastle compartment, opening a door and climbing a vertical 
steel ladder in a stairwell to the bow thruster room, located directly beneath the forecastle 
room.

The forecastle compartment holds maintenance and safety equipment and other frequently 
used items such as tools, paint and brushes. The door to the forecastle room is therefore nor-
mally open throughout the day and only closed at the end of work, typically at about 1700, to 
secure the watertight integrity of the ship while the crew were off duty.

On 13 July, sometime after 1900, the chief engineer went to the engine room to start the pump 
draining the anchor chain locker and then went to the bow thruster room, probably to check 
if the draining operation was complete. The door to the forecastle had been closed since end 
of work Saturday, i.e. for at least 26 h.

At 2145, the chief officer went looking for the chief engineer. The door to the forecastle room 
was open and he found the chief engineer lifeless on the floor of the deck lower, on the floor of 
the bow thruster room. He examined the chief engineer and found that he was not breathing 
and had no heartbeat.

The chief officer rushed to the bridge to alert the master, who had the watch, and to summon 
assistance. The second mate, who happened to be on the bridge was ordered to go to the 
accident site with a stretcher. The master immediately decided to divert to the nearby port of 
Fredericia (Denmark), only 4 nautical miles away, and requested emergency assistance to be 
ready at the quay.

The chief officer went to the crew accommodation to alert the rest of the crew and directed 
them to the bow thruster room. Probably at about 2215, all crew members except the mas-
ter were involved in the rescue operation in the bow thruster room. They first worked to 
resuscitate the chief engineer and then attempted to evacuate him through the stairwell on 
the stretcher, which proved unsuccessful as he was a heavily built man. The rescue involved 
six crew members: the first and second mates, the apprentice engineer, the cook and two 
seamen. They did not use the breathing apparatus that they had taken with them because 
they thought that the chief engineer had fallen from the ladder and that air quality was not 
a problem.

Around 2245, the vessel arrived in the Port of Frederica and the apprentice engineer and a 
seaman left the bow thruster room to assist with berthing the vessel. The bow thruster was 
required for berthing and had to be operated from the engine room. The second mate also 
left the room to collect a neck brace because the crew still thought that the chief engineer had 
fallen from the ladder, and an oxygen kit because the chief engineer was not breathing.
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Upon returning to the forecastle room, a few minutes later, the second mate saw the chief offi-
cer unconscious, a crew member trying to carry him away and another crew member walking 
around as if drunk. The second mate climbed down ladder to the bow thruster room, placed 
a breathing apparatus over the mouth of the chief officer and urged the two other crew mem-
bers to leave the room. He then left the bow thruster room and forecastle himself because he 
did not feel well. Before leaving the forecastle, he opened the medical oxygen kit and lowered 
it down the bow thruster room with a rope, in order to generate extra oxygen there.

The vessel berthed at 2250 and the local fire and rescue services evacuated the chief engineer 
and the chief officer from the bow thruster room. The other two crew members had managed 
to climb the ladder and get outside by themselves but were much weakened. The chief officer 
was given oxygen and regained consciousness on deck.

The chief officer and the two seamen were admitted to hospital and were diagnosed with carbon 
monoxide poisoning. The chief engineer had died from carbon monoxide poisoning. Danish news 
media [14] report that four, not three, seamen were admitted to hospital and two of them were 
treated in a hyperbaric oxygen therapy chamber. All crew appear to be of Russian nationality.

The local fire and rescue services ventilated the forecastle and bow thruster room with electri-
cal ventilators for 1½ h and then took CO measurements. CO levels in the forecastle were mea-
sured at 80 ppm, bow thruster room at 20 ppm. After having the forecastle and bow thruster 
rooms closed for 36 h, the measurements were 690 and 555 ppm, respectively. The LADY IRINA 
is equipped with a fixed CO₂ system, which can inject carbon dioxide in the cargo hold for fire-
fighting purposes. CO concentrations in the neighbouring carbon dioxide storage room, which 
had not been ventilated, were in excess of 2000 ppm, the upper limit of the measuring device.

4.4. The investigation

The investigation by the Dutch Safety Board [13] concluded that carbon monoxide generated 
by the wood pellets in the unventilated cargo hold could potentially have reached the bow 
area in several ways, e.g. via piping or ventilations ducts:

The CO₂ room, forecastle and bow thruster room are adjacent to each other and gasses might 
travel from one room to another through a number of connecting conduits. The shipping 
company contracted the classification society to investigate how carbon monoxide could have 
travelled from the cargo hold to the bow area. The investigation identified a minor gap in a 
section of the rim of an inspection cover on a ventilation duct that runs from the cargo hold 
through the forecastle as the most likely route (Figure 2).

The atmosphere in the bow area had been identified as potentially unsafe and warning signs 
on the forecastle access door stated: “DANGER. Low Oxygen Level”. The bow area had no 
mechanical ventilation. In principle, according the rulebook, the bow area should probably be 
considered a confined space. At LADY IRINA, however, the daily work practice had evolved 
and adapted to the need to enter the room on a routinely and daily basis. The crew simply 
opened the door for 15–20 min to allow natural ventilation before entering and they would 
normally leave the door open.
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In response to the fatal accident, the shipping company acquired multi-gas meters and intro-
duced a new work procedure mandating that the person making “First Entry” must carry an 
operational multi-gas meter. New warning placards with the instruction “ATTENTION—No 
first entry without use of multi-gas meter” were been put up on access doors.

The investigation report states that: “The [Dutch Safety] Board is of the opinion that, in the light of 

this accident, it is good that the shipping company examines the working method that was common in 

practice. However, the new working method desires focus on definition and crew discipline during use. 

The working method should also be evaluated and improved, where necessary” [13].

4.5. Reflections

The most striking feature of this accident is probably that the entire crew, except the master 
on the bridge, climbed down the ladder to the bow thruster room where dangerous levels of 
carbon monoxide were present and stayed there for more than 30 min, completely oblivious of 

the danger. It is easy to imagine that under just marginally different circumstances, the entire 
crew would have succumbed to the poisonous gasses down there, which in turn would have 
hampered the master’s ability to berth the vessel and hence delayed the arrival of the rescue 
services. It can safely be stated that the death toll could have been higher.

Figure 2. The inspection hatch on a ventilation duct that ran from the cargo hold through the forecastle. A minor gap in 
a section of the rim (knife blade inserted) allowed gasses to travel from the cargo hold to the bow area. (LADY IRINA). 
Source: [13].
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The Dutch investigation observes that the relevant International Maritime Solid Bulk Cargoes 
(IMSBC) Code for wood pellets at the time of the accident stated that: “all crew members must 

carry an oxygen and carbon dioxide meter and switch this on when they enter the cargo hold or adjacent 

confined spaces”. We observe that there is only superficial and passing mention of carbon mon-
oxide in the Code. We also remark that an atmosphere with deadly levels of CO may present 
with normal readings for oxygen and CO₂.

Was information about the hazardous nature of the cargo available in a form that made the 
crew aware of the risk? The investigation does not clearly address this issue. The investigation 
simply states that the crew “was informed of the risks of this cargo” and that they “knew that the 

hold should not be entered”. Furthermore that “each new crew member had received safety instruc-

tions” which comprised “confined spaces and ventilation of holds in connection with possible lack of 

oxygen and other dangerous substances that emerge as a consequence of cargo. Also during the safety 

committee meetings attention was paid to entering confined spaces”.

We conclude that the answer probably is negative: information was not available to the crew. 
In any case, their actions demonstrate that they were clueless of breathing hazards of any 
kind, be it oxygen depletion, carbon dioxide, carbon monoxide, etc.

For a safety professional working with industrial accident prevention (onshore), it is unusual 
that rooms routinely entered on a daily basis are, first, identified and labelled as having a 
potentially unsafe atmosphere, and second, do not have mechanical ventilation. The absence 
of mechanical ventilation would appear to be a weakness in design, which ought to be elim-
inated in future designs and retrofitted in existing designs wherever possible. Mechanical 
ventilation is a risk prevention measure, whereas testing before entry is a risk control measure, 
merely to confirm that the preventive measures are successful. It is remarkable that a rela-
tively recently built ship (1997) has no mechanical ventilation where dangerous gasses poten-
tially may be present.

4.6. Information sharing and learning?

The accident has been investigated and the findings exhaustively communicated by the 
Dutch Safety Board [13]. The coverage in Danish new media correctly identifies the gen-
eration of CO from wood pellets as the culprit and has no factual errors [14]. A Maritime 
Merchant Periodical with international coverage [15] carried an article that summarized 
the findings of Dutch Safety Board’s accident report, highlighting that other crew members 
could have been killed in the rescue attempt. The article is without factual errors. The infor-
mation provided is sufficiently detailed to permit safety professionals elsewhere to prevent 
recurrence.

The basic preconditions for learning: broad sharing of relevant and factually correct infor-
mation; are met. As we will argue later, this is a necessary, but not a sufficient precondition, 
for learning to take place. The information must also be delivered locally in a manner so its 
importance is recognized and it must be acted upon.
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committee meetings attention was paid to entering confined spaces”.

We conclude that the answer probably is negative: information was not available to the crew. 
In any case, their actions demonstrate that they were clueless of breathing hazards of any 
kind, be it oxygen depletion, carbon dioxide, carbon monoxide, etc.

For a safety professional working with industrial accident prevention (onshore), it is unusual 
that rooms routinely entered on a daily basis are, first, identified and labelled as having a 
potentially unsafe atmosphere, and second, do not have mechanical ventilation. The absence 
of mechanical ventilation would appear to be a weakness in design, which ought to be elim-
inated in future designs and retrofitted in existing designs wherever possible. Mechanical 
ventilation is a risk prevention measure, whereas testing before entry is a risk control measure, 
merely to confirm that the preventive measures are successful. It is remarkable that a rela-
tively recently built ship (1997) has no mechanical ventilation where dangerous gasses poten-
tially may be present.

4.6. Information sharing and learning?

The accident has been investigated and the findings exhaustively communicated by the 
Dutch Safety Board [13]. The coverage in Danish new media correctly identifies the gen-
eration of CO from wood pellets as the culprit and has no factual errors [14]. A Maritime 
Merchant Periodical with international coverage [15] carried an article that summarized 
the findings of Dutch Safety Board’s accident report, highlighting that other crew members 
could have been killed in the rescue attempt. The article is without factual errors. The infor-
mation provided is sufficiently detailed to permit safety professionals elsewhere to prevent 
recurrence.

The basic preconditions for learning: broad sharing of relevant and factually correct infor-
mation; are met. As we will argue later, this is a necessary, but not a sufficient precondition, 
for learning to take place. The information must also be delivered locally in a manner so its 
importance is recognized and it must be acted upon.
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5. Case 3—Fatal accident at CORINA, 2015

5.1. CORINA

M/V CORINA (IMO 8908545) was a general cargo vessel with capacity to carry containers 
enabling it to carry a variety of bulk and general cargo, length 115 m, gross tonnage 5796. The 
vessel was built in 1990 and classed by Germanischer Lloyd. At the time of the accident, the 
vessel had a crew of eleven, all of Polish nationality. The flag state was Poland.

5.2. Sources

Information on this accident is based on a report from the Polish State Maritime Accident 
Investigation Commission [16], and records from the Danish police [17] and the Danish 
Working Environment Authority [18], both obtained through the Freedom of Information Act.

5.3. The accident

Between 11 April and 20 April 2015, CORINA loaded 6744 t of wood pellets in the Port of 
Arkhangelsk (Russia). On the 28 April, the vessel arrived at Hanstholm, Denmark, to unload 
1921 t before proceeding to The Netherlands.

Company policy required the visible presence of a watchman near the access gangway at 
all times while at port and an able seaman had the watch from 1600 h. The cook expected 
him for dinner at about 1700 and eventually informed the chief officer that the able seaman 
had not shown up. The chief officer searched the ship twice and noticed that the door to 
the bosun store under forecastle deck was open. Inside, he noticed that the hatch cover to 
a lashing equipment room at a lower deck in the forepeak was open. He went down and 
found the seamen there, unconscious. He radioed for help and shortly after, at 1754, the 
master contacted the port in broken English and requested medical assistance to a heart 
attack victim.

Within about 15 min a bosun, an electrician and another seaman had come to the accident site 
to assist and taking turns with cardiac pulmonary resuscitation believing that the unconscious 
seaman, born in 1947 and overweight at 120 kg, had suffered a heart attack. At about 1810, 
the port officer arrived at the site with a defibrillator. The port officer soon did not feel well 
and asked the crew if the air was ok, which was confirmed. After some time one of the crew 
members, probably the chief officer, attempted to climb the ladder but fell down and received 
a blow to the head and had to sit down. The first ambulance arrived at 1813 and one of the 
paramedics soon arrived at the site and began administering oxygen to the able seaman. Six 
persons were now present in the room. After some time, the paramedic asked the crew if the 
air was ok, which was confirmed. Shortly after the port officer radioed, the master asking if 
the air was ok. Only then was the mechanical ventilation switched on. The paramedic ordered 
everybody out of the room because the air was not ok. Two crew members were unable to 
climb the ladder and had to be left behind with the unconscious seaman while the other four 
managed to move up the forepeak and reach the deck, some only with great difficulty.
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Exact times are not available, but the on-scene commander arrived at 1845 at which four 
ambulances and three vehicles from the emergency services were at the site. A doctor arrived 
by helicopter at 1855. Fire fighters donned full respiratory protection extracted the two uncon-
scious crew members who regained consciousness on the deck. At the entry door to the fore-
peak, CO levels were measured at 66 ppm. Further down 366 ppm were reported. It should 
be noted that these measurements were taken after mechanical ventilation had been switched 
on. The able seaman was difficult to extract through the narrow hatch because of his heavy 
build. He was declared dead at 1940. An autopsy confirmed CO poisoning with COHb mea-
sured at 60%. Four crew members and the port officer were admitted to hospital.

5.4. The investigation

CORINA was general cargo multipurpose vessel adapted to transport of containers. 
Containers must be lashed, and in order to ease the handling and movement of lashing 
gear, the vessel was designed with a 2100 mm × 1150 mm opening in the forward bulkhead 
of cargo hold no. 1. The opening allowed easy access to the neighbouring storage room, 
where chains, stacking cones and other lashing equipment for containers were kept (Figure 
3). When carrying bulk cargo, the opening was closed with planks inserted into guide bars. 
This barrier was not gas tight and gasses from the cargo hold could therefore travel to the 
forecastle (Figure 4).

The crew was at pains to explain why the able seaman would enter the lashing equipment room. 
He had no business down there whatsoever and had not requested permission or informed 
anybody of his intention to go there. He was supposed to be on watch near the gangway.

Figure 3. An opening in the front cargo hold allowed easy access to the lashing equipment room. When carrying bulk 
cargo, the opening was closed with planks of wood inserted into guide bars (CORINA). Source: [16].
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In line with the International Maritime Solid Bulk Cargoes (IMSBC) Code, the shipper had 
declared the hazardous nature the cargo. The wood pellets were declared as a group B cargo 
and marked as Materials Hazardous only in Bulk (MHB), which covers materials that may 
possess chemical hazards when carried in bulk. The shipper had provided several safety rec-
ommendations, only allowing entry to the cargo hold after 2 h of natural ventilation and 
measurements of oxygen content and dangerous gasses, carbon monoxide included.

The Polish investigation concluded, however, that crew members likely were unaware of 
the risks associated with the cargo. Points of entry to hazardous or confined spaces were 
not marked with warning signs and potential access doors had not been locked to prevent 
 inadvertent entry [16]. To the Danish police, the master explained that he knew that wood 
pellets could “suck oxygen out of the air” but also that he believed that gasses were present in 
the cargo hold only, although “he was not a university professor” [17].

Figure 4. The plank barrier seen from the lashing equipment room. Wood pellets in the cargo hold are visible are visible 
between planks 10 and 11. The barrier is evidently not gastight. (CORINA). Source: Police photo file #23 [8].
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5.5. Reflections

In this recent accident, the hazards associated with wood pellets and preventive measures are 
clearly stated in the cargo documents. The extent to which this information is fully grasped 
by the master can be questioned. Seemingly, air quality hazards only became apparent to 
him after the port officer radioed and asked if the air in the forepeak was ok. Only then did 
he arrange for the mechanical ventilation to be switched on. Information trickle down from 
the master to the rest of the crew is obviously doubtful. Again, the actions of the crew dem-
onstrate that they were truly oblivious of the danger. And so were the Danish port officer, the 
paramedic and probably many more.

Language issues may also have played a role. In particular, the ability of seamen from Eastern 
Europe with limited proficiency in English to understand hazard codes and guidelines in 
English, even more so for Russian seamen who may have a preference for information printed 
in Cyrillic letters.

5.6. Information sharing and learning?

The accident was investigated and the findings exhaustively communicated by the Polish 
State Maritime Accident Investigation Commission [16]. The coverage in Danish media mainly 
paid attention to the irony that the would-be rescuers succumbed to gasses and themselves 
became victims but is otherwise riddled with misleading factual errors. For example, the acci-
dent is stated to have taken place in the cargo hold because of oxygen depletion, both facts 
are plain wrong. The source of the hazard, the wood pellets, is correctly identified, however.

6. Discussion

6.1. Accident history involving off-gassing from wood pellets

Lamentably, strikingly similar serious accidents related to marine transport of solid biomass 
continue to take place. Publicly available information on these incidents is often scant, how-
ever, and as the AMIRANTE case shows, at times incorrect or misleading. The list below 
(Table 1) has been compiled from various sources and does not claim to be exhaustive. But, 
it is evident that the release of hazardous gasses from wood pellets in bulk qualifies as an 
emerging risk for which proper control strategies have yet to be developed.

6.2. Repetitive patterns in accident aetiology

The three Danish cases have strikingly similar accident aetiologies:

• the accidents take place in compartments adjacent to the cargo hold

• the compartments are likely covered by IMO’s technical definition of an “enclosed room” 
but the crew does perceive the rooms as being “enclosed”

• dangerous gasses from the cargo hold travel unexpectedly through minor crevices and 
small gaps unknown to the crew
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• the crew appear oblivious of the hazardous properties of the cargo

• would-be rescuers subject themselves to grave danger

• victims in rooms only accessible using a vertical ladder can only be extracted with great 
difficulties, in particular if the victim is of heavy build

We are of the opinion that similar accident aetiologies apply to many of the other accidents in 
the list above though scant publicly available information (and time constraints) prevents a 
rigorous demonstration of this claim.

6.3. The IMO concept of a “confined room” and local sense-making

The Danish accidents illustrate how the explanatory framework for unsafe atmosphere acci-
dents is based on a discourse that certain rooms are considered confined or enclosed. By 
implication, the hazard is perceived as being a property of the compartment and not a prop-
erty of the atmosphere itself or the cargo.

This is particularly evident in the recently revised industry recommendations for entering 
enclosed spaced aboard ships issued by IMO [21]. The resolution’s overall definition of an 
enclosed space is so broad that it can potentially apply to any space on the ship. However, the 
examples provided of enclosed spaces are characterized by being spaces that are not part of 
the normal workspace of the seaman, e.g. fuel tanks, ballast tanks, cargo pump rooms (used 
on e.g. chemical tankers), etc.

Year Vessel name, location, accident Fatal Injured Source

2002 VEAWER ARROW, Rotterdam (NL), entry into cargo  
hold with wood pellets

1 [10]

2005 EKEN, Gruvön (SE), entry into cargo hold with pulp logs 1 [10]

2005 SAGA FOREST CARRIER, Wilmington (US), working in  
open cargo hold with green lumber, oxygen depletion

1 [16, 19]

2006 SAGA SPRAY, Helsingborg (SE), entry into cargo hold  
with wood pellets

1 Several [10]

2006 NOREN, Skelleftehamn (SE), entry into cargo hold with  
wood chips

1 [10]

2007 FEMBRIA, Timrå (SE), entry into cargo hold with timber 2 [10]

2009 AMIRANTE, Bornholm (DK), entry intro room adjacent  
to the cargo hold with wood pellets

2 0 [8]

2010 TPC WELLINGTON, New Zealand, entry into cargo hold  
with timber

2 [20]

2014 LADY IRINA, Fredericia (DK), entry intro room adjacent  
to the cargo hold with wood pellets

1 3 [13]

2015 CORINA, Hanstholm (DK), entry intro room adjacent to  
the cargo hold with wood pellets

1 5 [17, 16]

Table 1. Serious accidents related to marine transport of solid biomass known to the authors.
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In the Danish cases, the accidents took place in spaces that were part of the normal work-
ing areas of the ship and were routinely accessed. The doors were kept open for practi-
cal purposes or convenience. If such rooms are labelled “enclosed” and warning signs 
posted, as in the LADY IRINA case, the crew may become desensitized and dulled to what 
is dangerous, because the warnings signs are inconsistent with daily routine and local 
sense-making.

6.4. Mental models of accident causation and stop rules

An accident investigation is a tremendously challenging task. The identification of accident 
causes is often subjective and guided by the tool box of the analyst rather than the nature of 
the accident. We subscribe to the ideas of Jens Rasmussen that there is a tendency to see what 
you expect to find [22], and his proposition [23] that this is a simple reflection of the nature 
of causal analysis and the fact that no objective “stop rule” exists to terminate the causal back 
tracking in search of a root cause.

In the AMIRANTE case, the stop rule was from what Jens Rasmussen has termed the “prose-
cutor’s perspective”—the investigation was closed when it was not possible to find somebody 
to punish. In the LADY IRINA case, the stop rule was from the “therapist’s perspective”—the 
search for causes stopped when a cure known to the analyst was identified (a new procedure 
and larger warning signs with more text).

The CORINA case was a hybrid, the search stopped when violations were identified (no 
warning signs and insufficient crew safety instructions) which conveniently also pointed to 
the cure: improve work procedures and safety training. The accident investigation outcomes 
above align well with the constructivist thinking of Donald Schön, that the moment we 
name the things to which we will attend we also frame the context in which we will attend 
to them [24].

We are of the opinion that it is important to be cognizant of such stop rules. In particular, we 
note that enhanced proceduralization of work may have limited impact on actual workplace 
safety. The use of administrative risk controls like procedures may from a managerial per-
spective be perceived as a time- and cost-effective tool to manage risk, but the actual impact 
on daily safety can be greatly limited when crew members face multiple and sometimes con-
flicting goals in their everyday work.

6.5. The coaster segment—a challenge to reach

Wood pellets are imported to Denmark on two types of ships: Small tonnage coastal ships 
(coasters) able to navigate in the shallow and narrow Danish waters calling smaller com-
mercial ports, and larger bulk carriers used for transporting larger quantities to larger ports.

Contrary to coal, wood pellets do not tolerate moisture and cannot be stored in outdoor piles. 
Wood pellets must be handled under roof or in silos and storage capacity comes at a price. 
Former coal-fired power plants therefore often face storage capacity limitations. Wood pel-
lets’ energy content per unit volume is anywhere from half to one-third of that of coal, which 
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furthermore aggravates storage capacity limitations [3]. The limitations call for frequent arriv-
als of relatively small cargo sizes, a market well-suited for the small coaster segment.

The coasters are usually general cargo ships, i.e. they are designed to carry many different 
kinds of cargo, e.g. goods on pallets, machinery and various bulk cargoes such as grain, coal 
and pellets. The high variability of the type of cargo sets limits to the degree of specialization 
and cargo domain safety knowledge that can be achieved in the small coaster segment.

In addition, coastal ships have, as most ships in international trade, crews of mixed national-
ity with varying background in training and experience, often from low-wage countries, and 
sometimes from Russia accustomed to the Cyrillic alphabet. We argue that cargo documents 
and safety recommendations in English may not be readily absorbed by this group and the 
work culture may have an oral rather than a written tradition.

6.6. Media shifting—a sub-optimality

Environmental interventions may be undertaken with insufficient attention paid to the envi-
ronment of the workers. The concept of “media shifting” refers to a suboptimal situation 
which occurs if the “resolution” of a problem within the environmental domain gives rise 
to new, and unforeseen, problems within other domains, specifically the workplace safety 
domain [25].

Examples of insufficient attention to workplace safety are sometimes apparent in green 
reporting and environmental statements, if they omit or misrepresent sections covering occu-
pational health and safety. For example, a study examined “Green Statements” of a biomass 
pellet facility certified to ISO 14001 and OHSAS 18001—a type of reporting which aims to 
demonstrate commitments towards sustainability performance. Fire station turnout statistics 
showed that fires at the facility were frequent. In the sustainability reporting, however, fire 
and explosion risks were only ranked 11 out of 14, long after more benign, if not trivial issues 
such as bad acoustics, psychosocial issues and indoor environment problems such as drafts, 
cold spots and radiant heat [3].

In recent years, critical studies that examine the general topic of balancing safety with sustain-
ability have begun to emerge, see, e.g. [12, 26].

Denmark’s climate change policy is very ambitious and comprises the conversion of coal-fired 
thermal power plants to solid biomass fuel in order to reduce carbon dioxide emissions [3]. This 
chapter points to evidence of media shifting of this climate change intervention that the trans-
port of unprecedented quantities of wood pellets has created new workplace hazards in the 
marine transportation sector. We argue that the release of hazardous gasses from wood pellets 
in bulk present as an emerging risk for which proper control strategies have yet to be developed.

The domestic production of wood pellets in Denmark is limited (Figure 5), and more than 95% 
are imported and arrive by ship (Table 2). For the period 2001–2015, both years included, we 
have estimated the domestic production, imports and total consumption 2015 using simple 
linear inter-/extrapolation, all quantities in SI ton (t). For the same period, we have knowledge 
of three serious accidents on board marine vessel during the import voyage, which resulted in 
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four fatalities and eight persons hospitalized after having been exposed to grave danger. For 
the domestic production, we have knowledge of one fatal accident and five persons hospital-
ized (at least) after having been exposed to grave danger due to fire and explosion, details 
cannot be disclosed, however, because of confidentiality agreements.

The numbers allow a crude estimation of the accident rate for imports and domestic produc-
tion of wood pellets (Table 3). The numbers are not comparable because the import figure 

Year Domestic Import Consumption

2001 173,073 200,871 401,291

2004 187,458 470,588 731,134

2006 137,080 841,132 895,796

2008 134,280 925,401 1,059,519

2010 137,622 1,568,952 1,718,976

2012 99,930 1,898,143 1,914,048

2014 106,000 2,118,750 2,113,908

2001-2015 (est.) 2,100,650 17,452,647 19,191,795

Numbers do not sum due to stockpile changes and (small) exports (Data source: [27]). We estimate the total quantities 
(t) for 2001–2015.

Table 2. Danish domestic production, imports and consumption (t) of wood pellets for select years 2001–2014.

Figure 5. The consumption of wood pellets in Denmark has risen dramatically over the last 15 years.
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only comprises accidents (known to us) during the final leg of the marine voyage—excluding 
for example accidents during biomass harvest, land transport, wood pellet production in the 
country of origin and loading at the export port.

7. Conclusion

Common sense tells us that having paid the hefty price of a serious accident, we should use 
every opportunity to learn from it and prevent recurrence. In the case of the fatal accident on 
AMIRANTE in 2009, such opportunities were wholly missed. The accident was investigated 
as a criminal case and the legal system is so designed that findings are kept confidential and 
out of reach of safety professionals and the general public. This approach has been criticized 
at an earlier occasion as being entirely misplaced in an accident prevention context [4]. It is 
a systemic deficiency by design—the bureaucratic judiciary system did not malfunction, it 
worked precisely as intended. The flag state, St. Vincent & The Grenadines, did not investi-
gate. As a direct consequence, there was no learning.

Predictably, the accident recurred, at first not in Denmark, but elsewhere. In fact, it would 
turn out that similar accidents had happened before the AMIRANTE, but lessons learned had 
not been effectively shared and the crew at AMIRANTE were ignorant of the dangers of wood 
pellets in bulk.

After AMIRANTE, evidence slowly began to accumulate that wood pellets in bulk present 
chemical off-gassing hazards that qualify as an emerging risk. It is difficult not to mention 
the early work, foresight and leadership of the Canadian Wood Pellet association in shedding 
light on this novel issue [28].

By 2015, there is a comprehensive body of the literature describing the off-gassing hazards 
and the IMO has launched initiatives and revised the guidelines for management of entry into 
confined spaces. Unfortunately, very serious repeat accidents continue to recur. That implies 
that accidents can no longer be attributed to lack of knowledge but a failure to disseminate 
and use the knowledge available

The general cargo coaster segment appears difficult to reach. Because of the wide range of cargoes 
carried, there is little specialization and little accumulation of specific cargo safety knowledge.

We doubt if the recently revised IMO guidelines for management of entry into enclosed 
spaces will be effective. The guidelines are broad and their implementation will likely result 

Accident rate per Mt wood pellets

Fatal Grave danger

Produced domestically 0.48 2.38

During marine voyage (import) 0.23 0.46

Table 3. The accident rate per million t wood pellets for accidents with fatal outcome and accidents where an individual 
is in grave danger, for wood pellets produced domestically and imports (final leg of marine voyage only).
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in  compartments—that are part of the normal working areas of the crew and routinely 
accessed—being labelled as potentially confined spaces. The crew may become desensitized 
and dulled to danger, because the hazard warnings are inconsistent with local sense-making. 
The accident history supports this prediction—confined space accidents routinely take place 
in rooms that are not considered confined spaces by the crew.

In addition, coasters generally have crews of mixed nationality, often from low-wage coun-
tries, and sometimes from countries accustomed to the Cyrillic alphabet. We are concerned 
that cargo documents and written safety recommendations in the English language may not 
be readily absorbed by this group and the work culture may have an oral rather than a written 
tradition. An entirely new approach must be sought. More research into this issue and into 
the existing legal and institutional barriers to learning is required.

The situation is special and delicate because the dramatic increase in the consumption of wood 
pellets arises out of an ambition to do good—to reduce carbon dioxide emissions and prevent 
climate change and global warming—often at steep costs to society [3]. It is morally problem-
atic, if climate change environmental interventions are pursued so narrow-mindedly that sight 
is lost of the environment of the workers, and if workplace safety issues are starved of resources.

Utmost care should be taken to avoid media shifting—that the resolution of a problem within 
one domain, the environmental, creates a new problem in another, the workplace safety 
domain.
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Abstract

Industrialization is a major promoter of any nation’s economy; it is not without detri-
mental effects on our immediate environment. Human exposure to various pollutants
discharged into the environment may lead to serious health challenges. In the same vein,
discharge from the combustion of fossil fuel contributes a great deal to the environmen-
tal pollution. The resulting quest for a clean and sustainable environment has spurred
myriads of research into advantageous utilization of waste biomass in industrial waste-
water treatment and environmentally friendly/alternative energy. Similarly, diverse
waste materials have been adopted as sources of important phytochemicals with differ-
ent medicinal applications. This chapter focuses on the application of waste biomass in
environmental remediation, curative medicine, and clean/alternative energy.

Keywords: waste, biomass, bioadsorption, phytochemicals, bioethanol

1. Introduction

Huge amounts of wastes generated during various agro-processes over time constitutes nui-
sance to the environment. Agro-wastes are cellulosic materials and depending on their
sources, may possess high fixed carbon content, multifunctional group surface, and bioactive
agents. These characteristics have been well explored and have led to their applications in
environmental remediation, phytomedicine, and biofuel generation [1–3].

Biosorption, a sorption technique that utilizes biomass in sequestering various toxicants, is an
attractive technique in wastewater treatment. It adds economic advantages to the operational
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simplicity and ability to remove very low concentration of toxicants offered by commercial
activated carbon. Surface tailoring toward a specific pollutant is another unique advantage of
biomass [4]. Multifunctional group surface and cellulosic backbone of biomass present them as
suitable materials for pollutants uptake. Modification and surface treatment may enhance the
sorption efficiency of raw biomass [5].

Similarly, waste biomasses have been explored for the beneficial phytochemicals, which they
contain. These phytochemicals have been useful as antimicrobials, antioxidants, hepatopro-
tectives, and anticancer agents, which are generally preferred because of their minimal side
effects on their consumers [1, 6]. Obtaining these useful phytochemicals from waste biomass is
a very useful and timely development since threat to food security usually results whenever
useful compounds of medicinal interest are identified in major food sources [7].

In the same vein, the use of agricultural waste in biofuel production has brought about
provision of alternative energy and reduction in environmental pollution. The use of renew-
able resources such as cornstarch leads to competition with human food supply. In view of
this, there is a drift in the use of agricultural waste for biofuel production [8]. Agro-wastes are
lignocellulosic materials; their rich cellulose content qualifies them as feedstock in bioethanol
production.

This chapter is aimed at explicitly depicting the potential of agricultural wastes in environ-
mental remediation, curative medicine, and biofuel production with focus on research efforts,
successes, and gaps.

1.1. Effective wastewater treatment: panacea to water pollution challenges

The advent of industrialization in developed economy brought to bear great environmental
pollution challenges. The discharge of toxic wastewater and polluting gases increased expo-
nentially with industrialization and economy [9]. The hydrosphere continuously receives
wastewater with loads of toxicants. The effects of such discharge on the aquatic organism and
aquatic ecosystem and by extension on human are enormous. Wastewater contains different
categories of pollutants ranging from organics to inorganics. Organic pollutants such as dyes
form a major part of wastewater discharged from dye-utilizing industries such as leather,
textile, and paint industries.

Dyes are large organic molecules, which are nonbiodegradable and carcinogenic; they cause
skin, eye, and respiratory tract irritations as well as the reduction of dissolved oxygen and the
hindrance of sunlight penetration into water bodies [5]. Heavy metals, on the other hand, are
inorganic pollutants with serious deleterious effects on plants and human [10, 11]. Effective
treatment of wastewater containing the aforementioned toxicants before their discharge into
the environment is thus very important.

Conventional methods of wastewater treatment exist, namely electrochemical treatment, ion
exchange, precipitation, reverse osmosis, evaporation, solvent extraction, adsorption with
activated charcoal, among others. Disadvantages associated with conventional methods of
wastewater treatment may be a concern to the developed and the developing economy. For
instance, toxic sludge generation in chemical precipitation subsequently results in soil and
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water pollution. Inability of conventional methods to remove low concentration of pollutants
also calls for concern. In addition, cost of installation, operation, and maintenance is a great
concern to developing economies. Adsorption using activated charcoal is a way out of some of
these earlier mentioned challenges. However, activated charcoal is very expensive.

Naturally occurring low-cost adsorbents/biosorbents, such as clay and agricultural wastes,
particularly, crop residues, may effectively address the challenges associated with conven-
tional methods of wastewater treatment. Due to the basic composition of crop residues, they
have been widely investigated as a potential tool for effective wastewater treatment.

1.1.1. Crop residues as a tool in environmental remediation: characteristics, uniqueness and versatility

Crop residues are the part of crop production processes not used as food for human. They are
not the primary products usually consumed as food. These may come in the form of stalks,
straw, leaves, roots, peels, husks, cobs, shells, nuts, and even waste woods. The composition of
these crop residues may vary depending on their sources [12]. However, they are characterized
by similar features and basic composition.

1.1.1.1. Polyols backbones

The basic components of crop residues are cellulose, hemicellulose, lignin, and some extrac-
tives [13]. While cellulose is a crystalline α, β (1–4) linked D-glucose polymer with high
molecular weight, hemicellulose is an amorphous, shorter chain polymer of various sugars.
These two components (cellulose and hemicellulose) contain numerous hydroxyl groups and
thus result in a characteristic polyols backbone in crop residues. The polyols surface presents
suitable sites for the uptake of pollutants. The deprotonation of hydroxyl group leaves on the
residue surface a number of electron-rich oxygen atoms. These electron-rich species could act
as Lewis bases, thus attracting electron-deficient species such as metal ions as depicted in
Figure 1.

1.1.1.2. Multifunctional group surface

Aside the basic hydroxyl groups present in these crop residues, their surfaces may also carry
other functional groups such as carbonyl, carboxyl, methoxyl, sulfhydryl, ether, acetamido, or
amino groups. These functional groups, however, may vary depending on the crop residue
source, variety, age, and environmental and cultivation parameters [14–16]. Common to these
functional groups is the possession of lone pairs with which they chelate (bite) metal ions.
Metal and dye sequestering by different parts of the residue can occur via various processes
among which are the following:

Complexation: A process in which metal ions form complexes with organic molecules. This
organic species must have an atom or atoms having lone pair of electrons to donate.

Chelation: A process in which organic molecules containing more than one functional group
with donor electron pairs simultaneously donate these to a metal atom resulting in the forma-
tion of a ring structure involving the metal atom. Due to the multiple binding sites, chelates are
more stable than complexes.
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Precipitation: Precipitation is a double decomposition reaction in which toxic metal ions are
removed from solutions. This has been used severally in biosorption.

Reduction: Reduction is a process involving electron gain. Removal of toxic hexavalent chro-
mium from aqueous solution by biosorption has been reported, and it is often associated with
the simultaneous reduction of Cr (VI) to Cr (III).

Immobilization may be the result of more than one mechanism; for example, metal complex-
ation may be followed by metal reduction or metal precipitation.

The high binding ability of the aforementioned functional groups with a wide range of
pollutants via various mechanisms presents crop residues as excellent tools in environmental
remediation.

1.1.1.3. Fibrous nature and possible porosity

The characteristics of crop residue are well understood and established by studying their
surface morphology and porosity. While some crop residue depicts vivid threadlike surface

Figure 1. Possible dissociation in cellulosic chain and attraction between Lewis base and metalion. (Source: Authors).
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fibers, pores scarcely appear in some, and some others may possess naturally wide-open pores
and hollows. Fibrous character is synonymous with wood waste [17], and a range of water
pollutants can be locked up within the crop residue fibers. Pores and hollows also serve as
mediums for transporting various types of pollutants into the bioadsorbents. Mesopores
(pores with size range between 2 and 50 μm) are more useful in the transport and trapping of
large molecules such as dyes into the bioadsorbents [4]. Scanning electron microscopy studies
(SEM) of two biomass (Irvingia gabonensis nut and Raphia hookerie epicarp) as investigated by
Inyinbor and colleagues reveal the fibrous nature of I. gabonensis biomass, while several
moderately large pores were observed in R. hookerie biomass (Figure 2a and b).

1.1.1.4. Carbon content and versatility

Crop residues are generally characterized by high carbon content. Hence, they have found
great application in diverse fields. Their use in environmental remediation spans through
utilizing raw bioadsorbents, modified biomass, as well as biomass-generated activated carbon
for pollutant uptake. The high fixed-carbon content in raw biomass significantly aids pollutant
uptake [18].

Pollutants may be chemisorbed via its interactions with surface functional group(s), locked in
the fibers, or trapped within the biomass pores. Via one or a combination of these mechanisms,
biomasses sequester pollutants from aqueous solutions. Although raw biomasses are effective
in pollutant uptake, surface modification, as well as functionalization, increases the sorption
capacity. Thermal and acid treatment increase sorbent porosity and subsequently its sorption
capacity [4, 5]. Commonly used activating agents are KOH, NaOH, H3PO4, H2SO4, ZnCl2,
among others [19]. Highly porous-activated carbons have been prepared from various crop

Figure 2. (a) Fibrous surface of I. gabonensis bioadsorbents (Source: Authors); (b) moderately large pores on the surface of
R. hookerie bioadsorbent (Source: Authors).
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residues using different activating agents. Prepared porous-activated carbons have been
applied to the uptake of dyes and heavy metals and a few of previously reported work is
summarized in Table 1.

1.1.2. Pretreatment methods and biosorbent efficiency

Surface treatment, modification, and/or functionalization enhance biosorption efficiency of
bioadsorbents. The desired feature can be created in bioadsorbents via designed treatment
and/or modification. Biomass treatment using concentrated acid may blow up the fibers
subsequently leading to mesopore creation on biomass surface [5]. Mesopores are large
enough to transport dyes into the bioadsorbents. The release of adventitious water from the
biomass framework via thermal treatment may also result in generation of pores [4]. Texture
and porosity of biomass can also be altered by microwave irradiation. Hollows, pores, and
cavities serve as transport medium for the adsorbate into bioadsorbents [32].

The possibility of surface modification and/or functionalization gives additional advantage
to crop residue. The surface of raw bioadsorbents may be tailored toward specific pollutants
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Activation

Durian seed Thermal/KOH 980.62 Methyl red 384.62 [27]

Tomatoe waste ZnCl2/Thermal 1093 Methylene blue 400 [28]

Metanil yellow 385

Peanut shells Microwave irradiation 370.10 Direct black 110.6 [29]

Pyrolysis Reactive red 284.5

Potato peels H3PO4/Thermal 1.04 Co2+ 373–480 [30]

Guava seed Carbonization and
physical activation

1000 Pb2+ 96 [31]

Tropical almond 112

Table 1. Activated carbon preparation from different crop residue and their applications in dyes and heavy metal
uptake.
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via the introduction of specific functional group(s) that has(ve) affinity for the desired
pollutant.

Surface modification may involve the grafting of functional group(s) onto the biomass frame-
works, which have a high tendency to reduce sorbent porosity and subsequently its surface
area [33, 34]. Interestingly, surface modified biomaterial usually generates adsorbents with far
superior adsorption capacity. Sections 1.21 and 1.22 of this chapter introduced the possibility of
pollutants uptake onto biomass via surface functional groups. Introduction of such functional
groups with unique metal/dye binding characteristics enhances biomass sorption capacity.
Metal ions can be complexed by thiol, amino, carboxylates, nitrogen, and oxygen-based moie-
ties. Bonding via electrostatic interactions can also occur between metal and unprotonated
carboxyl, oxygen, and sulphate groups. Table 2 compares some reported literature works that
reveal increase in sorption potential of modified biomass over their unmodified counterparts.

Crop residue Pollutants qmax (mg/g) References

Citrus sinensis Reactive yellow 42 [35]

Raw 36.36

Immobolized 51.47

Chemically treated 106.36

Citrus sinensis Reactive red 45 [35]

Raw 18.28

Immobolized 39.06

Chemically treated 31.45

Irvingia gabonensis Rhodamine B [5]

Raw 212.77

Acid treated 232.00

Lagerstoemia speciosa bark Cr (VI) [36]

Raw 20.41

HNO3 modified 24.39

Phytolacca americana L Pb(II) [37]

Raw 13.19

HNO3 modified 14.51

Charred dika nut waste Rhodamine B [4]

Raw 52.90

Chitosan coated 217.39

Eucalyptus sheathiana bark Zn (II) [38]

Raw 128.21

NaOH modified 250.00

Table 2. Comparing the efficiency of raw and modified biomass.
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1.1.3. Crop residue in dyes and heavy metal biosorption

Crop residues, based on their versatility earlier described, have been widely used in the uptake
of diverse range of pollutants. Pollutants of interest here are dyes and heavy metals. This
section, therefore, presents some recent works reported in literatures using crop residues in
dye and heavy metal sorption.

The uptake of Cu (II) ions using almond shell has been reported. Binary metal mixture viz Cu
(II) and Pb (II) was used in this study. The presence of lead was reported to affect copper
uptake due to competition for sorption sites. The affinity of Pb (II) for almond shell was
reported to be higher than that of Cu (II). While equilibrium sorption fitted best into the Sips
model, maximum sorption was obtained to be 9.0 and 13.7 mg/g for Cu (II) and Pb (II),
respectively [39]. Water chestnut peel was used in the uptake of Rhodamine B dye from
aqueous solution with consideration of various sorption operational parameters. Heteroge-
neous sorption controlled by both liquid film and intraparticle diffusions was reported for the
sorption mechanism. Adsorption data fitted best into the Freundlich isotherm model [40]. The
use of Trichoderma reesei in the uptake of Co2+, Cu2+, Ni2+, Pb2+, and Zn2+ ions has been reported
with consideration of various sorption operational parameters. While the uptake of the metal
ions onto the bioadsorbents obeyed the Pseudo second kinetics models, biosorption process
was affirmed to be spontaneous and feasible [41].

The uptake of Pb (II) from aqueous solution onto peanut shells has been reported. Decrease in
bioadsorbents efficiency was observed with increased temperature. Equilibrium sorption data
fitted best into the Langmuir isotherm model with maximum monolayer sorption capacity of
39 mg/g [42]. Batch sorption of Cd2+ onto Arundo donax reed leaves has been reported. Cd2+

removal was reported to be pH-dependent, and fast sorption kinetics was observed. The
maximum monolayer sorption capacity was reported to be 27.90 mg/g. Equilibrium sorption
data was best described by the Freundlich isotherm model, while the kinetic data best obeyed
the pseudo second-order kinetics model [43]. The uptake of Cr (VI) using cork powder has
been investigated and reported. Sorption parameters, such as contact time, pH, and concentra-
tion of Cr (VI), showed significant effects on pollutant uptake, and maximum uptake was
observed between pH 2 and 3 [44]. The use of loquat (Eriobotrya japonica) leaves waste in Cd
(II) uptake was investigated and reported. Uptake of Cd (II) was reported to be dependent on
solution pH, initial cadmium ion concentrations, biosorbent dose, contact time, and tempera-
ture. Uptake of Cd (II) onto loquat leaves occurred via endothermic process; thus,
bioadsorption was more favored at a high temperature. Equilibrium sorption data fitted well
into both the Langmuir and Temkin isotherm models [45]. Removal of Malachite green using
pea shells (Pisum sativum L) has also been studied and reported. Optimum operational param-
eter was established, and equilibrium sorption data was tested with some isotherm models.
Freundlich isotherm model best described the sorption process, and pseudo second-order
kinetics best explains the kinetics data [46]. Chir pine sawdust in the bioadsorption of Congo
red and basic violet from aqueous has been reported. Equilibrium was attained between 45
and 60 min. While the equilibrium sorption data for the uptake of basic violet obeyed the
Langmuir isotherm model, Freundlich isotherm model best described the uptake of Congo red
onto the bioadsorbents. Maximum monolayer sorption capacity was 11.3 and 5.8 gkg for basic
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violet and Congo red, respectively. Chemisorption was reported for the uptake of Congo red
onto Chir pine sawdust, while physical sorption ruled the uptake of basic violet onto Chir pine
sawdust [47].

The use of water hyacinth leaves in the uptake of amaranth (acid red 27) anionic dye has also
been reported. The effects of various operational parameters were reported, and the dye
uptake depended greatly on these effects. Dye uptake was reported to increase with increased
contact time and dye concentration. Sorption kinetic data was best explained by pseudo
second-order kinetic model, while the equilibrium sorption data fitted best into the Langmuir
isotherm model with 70 mg/g [48]. Nauclea diderrichii seed biomass with low surface area was
used for the uptake of toxic Cr (III), and it was found to be effective. Fast kinetics was reported
for this study, with data fitting best into the pseudo second-order kinetics. Equilibrium sorp-
tion data was reported to fit best into the Freundlich isotherm model, and the maximum
monolayer sorption capacity was 483.81 mg/g [49].

The effectiveness of oat hull in the removal of malachite green was investigated and reported.
Optimum sorption condition was established, and the pseudo second-order kinetic models
best described sorption kinetic data. High temperature favored the uptake of malachite green,
while the Freundlich isotherm model best described the sorption equilibrium data. The maxi-
mum monolayer sorption capacity was reported to be 83 mg/g [50]. The use of R. hookerie fruit
epicarp in the removal of Rhodamine has been investigated and reported. The prepared
bioadsorbents were found to be effective in the removal of the pollutants. Freundlich isotherm
best described the equilibrium sorption data, and maximum monolayer sorption capacity was
reported to be 666.67 mg/g [2].

1.1.4. Conventional methods versus biosorption

The preference for adsorption over other wastewater treatment techniques relates to its sim-
plicity of operations and ability to remove pollutants of very low concentration. Biosorption,
however, adopts the aforementioned characteristics as well as abundance, availability, and
economic advantages. In order to attain zero pollution outflows by most industries, combina-
tions of methods are employed. While adsorption may act effectively in the removal of residue
concentration as well as protects resins, ion exchange resins are very efficient in the combat of
highly metal-loaded wastewater [51]. The application of activated carbon, ion exchange resins,
chelating resin, and bioadsorbents by batch adsorption in removal of metal ions from real and
aqueous effluents is summarized in Table 3.

In conclusion, the uptake of dyes and heavy metals onto various crop residues has been widely
investigated. Amazing results of their efficiency were recorded. Freundlich isotherms that
suggest a multilayer sorption commonly describe the sorption process. With the understand-
ing that sorption onto crop residue may either be via functional group or available pores or the
combination of the two, multilayer sorption may be expected often in pollutant uptake using
plant residue.

Optimum operational parameters that can give insight into further applications were well
studied and reported. However, only a few reports exist for applications of biomass to real
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industrial effluent. Result-oriented applications of crop residues to real industrial effluents
present a solution to the lingering challenge of water pollution. Real industrial effluents are a
composite of various ions and other materials such as starch and salt. Thus, pilot studies using
binary/ternary effluents as well as dye-metal mixture will assist in understanding the behavior
of crop residue in real industrial effluent applications.

Techniques Pollutants Percentage (%) References

Ion exchange resin (mix) [52]

Cr 68.18–about 85%

Cu 82.09–87.25%

Fe 58.33–about 90%

Ni 50.00–75.58%

Chelatin resin [52]

Cr 6.67–69.23%

Cu 54.48–85.19%

Fe 25.00–87.50%

Ni 11.11–39.54%

Activated carbon [52]

Cr 46.67–about 85%

Cu 40.74–82.35%

Fe 58.33–83.33%

Ni 5.26–11.11%

Ion exchange resin (INDION225H) [51]

Cu2+ 9.01–14.49%

50–100 mg/L

Eucalyptus bark [38]

Zn2+ 33.75–40.12%

20–70 mg/L

Olive stone [53]

Cu2+ 6.61–19.87%

10–300 mg/L

Pine bark [53]

Cu2+ 35.25–76.00%

10–300 mg/L

Peanut shell [42]

Pb2+ 65.73%

100 mg/L

Table 3. Comparison of pollutant removal techniques and percentage removal.
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1.2. Biomass valorization in phytomedicine

The use of plant materials as sources of beneficial nutritional component dates back to prehis-
toric time. Noah obtained alcohol from vine as recorded in the Bible; Hippocrates encouraged
the consumption of medicinal food [54], and the list continues.

Centuries later, several plants have been identified as sources of phytochemicals with potent
medicinal value. Initially, plant extracts were used directly, but in these modern times, bioac-
tive extracts are fractionated, and pure compounds isolated therefrom are then investigated for
their inherent pharmacological properties. This, of course, is preceded by the characterization
of the isolates using spectroscopic tools such as 1D and 2D-Nuclear Magnetic Resonance, Infra-
red, and mass spectrometry.

Despite the advent of several synthetic drugs via improved scientific methods of drug
development, natural products have continued to maintain relevance by consistently pro-
viding new compounds with interesting structural motifs, which serve as sources of new
drug leads.

The consequence of this intense plant utilization is the generation of a huge amount of waste,
which eventually constitutes environmental pollution among other problems. In line with
waste valorization, which promotes environmental sustainability, several scientists have
engaged in intense search into possible economically beneficial application of plant wastes.

In the same vein, the discovery of beneficial phytochemicals in waste plant materials would be
a welcome development for scientists. This is because there would not be any threat to food
security as is the case when an edible food source is found to supply uniquely valuable
phytochemicals [55].

This section is, therefore, dedicated to the interesting medicinal application of phytochemicals
obtained from waste biomasses.

1.2.1. Direct application of plant parts

Conventionally, the active components in different plant parts are first extracted with the aid of
a suitable solvent, for example, water and ethanol. The extract solution is then concentrated to
obtain the crude extract, which is then applied to proffer solution to different health chal-
lenges.

However, these same plant parts can be used directly for different purposes without conven-
tional extraction. An example of such usage is the use of banana leaves, plantain leaves, and
Thaumatococcus daniellii in food packaging. Particularly, these leaves have been employed in the
packaging of bean pudding. Although the initial reason for employing these leaves as packag-
ing materials was their surface area and their ability to withstand heat, it has also been
observed that these leaves perform additional functions such as flavour enhancement and
possible supply of medicinal compounds to the consumer [56]. Quantitative phytochemical
analysis of the leaves of T. daniellii prior to and after usage revealed that some of these
phytochemicals (saponins, flavonoids, and tanins) have leached either into the bean pudding
or the water used for steaming [57].
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It will be interesting to initiate a research that will reveal the exact position of these leached
phytochemicals as the presence of saponins in food samples could constitute a natural preser-
vative, which will prevent the growth of food spoilage organisms such as Escherichia coli.
Saponins have been earlier implicated in antimicrobial activity [58]. Similarly, the presence of
flavonoids in bean pudding would be advantageous since they are potent scavengers of free
radicals in human systems.

Furthermore, agro-wastes can be utilized in biotreatment procedure for safe long-term storage
of cereal products. An example is the inhibition of Aspergillus parasiticus and aflatoxin produc-
tion during the storage of wheat, rice, and maize by powdered neem (Azadiratcha indica) and
kika leaves (Acia nilotica). The agro-wastes (leaves) in their powdered forms were applied to
the cereals at three concentrations 5, 10, and 20% out of which 20% neem gave the best overall
result. Neem leave powder is, therefore, a safe and cheap natural additive for the improvement
of the storage of selected cereal products [59]. Similarly, pomegranate peels powder at 1–3%
concentration have been shown to provide high storage stability in prepared beef sausage
samples, and the presence of antimicrobial/antioxidant phenolics explains this important
activity [60].

1.2.2. Extraction of phytochemicals from waste biomass

In several homes, various plant parts such as lemon grass and tea have been boiled in water in
order to obtain tonics, which are drunk afterward to achieve different objectives. This domestic
procedure is known as extraction.

Extraction, in this context, is the process of separating active constituents or secondary metab-
olites of interest fromwaste plant matrix by the use of extractants (solvents). Different methods
of extraction that have been utilized in the extraction of phytochemicals include the following:

1.2.2.1. Maceration and percolation

These are cold traditional methods of extraction in which water or organic solvents are made
to permeate pulverized biomass with the aim of transferring the phytochemicals in the bio-
mass into the solvent. The extract solution is afterward concentrated using an appropriate
technique, for example, rotary evaporator to obtain the crude extract. While maceration
emphasizes soaking the biomass in the choice solvent to achieve the extraction, percolation
involves the permeation of the solvent through the biomass in the direction of gravity and
filtration in order to obtain the extract solution. These traditional methods of extraction have
been employed in the extraction of phytochemicals from sweet potato peels, leading to extracts
and isolates with antioxidant and antifungal properties [1].

Although these methods may not be as fast as other methods discussed in this section, they do
preserve phytochemicals which are thermolabile by nature, thus retaining the pharmacological
activities of interest.

1.2.2.2. Hydrodistillation/assisted hydrodistillation

Hydrodistillation (HD) is a method, which is employed for the extraction of fragrances/flavors
from plants. In principle, the vapors of the volatile constituents are conveyed by steam to a
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condenser, where they are returned to liquid state and form two layers: aqueous and oil-rich
layers. The two methods via which hydrodistillation is executed are steam distillation and
Clevenger distillation [61]. This important extraction method yielded the essential oils from
tangerine peels, which were successfully adopted for fish preservation [62].

In recent times, the conventional HD has been assisted and improved with ohmic and micro-
wave heating processes. Assisting hydrodistillation with ohmic heating reduced the extraction
time by over 50%, that is, from 1 h to 24.75 min [63], while the GC-MS analysis conducted did
not show any difference in the chemical constitution of the oil. Although a shorter extraction
time was achieved using the microwave-assisted hydrodistillation [64], the ohmic-assisted HD
was the greener method of extraction since its energy consumption is relatively low.

1.2.2.3. Sohxlet extraction

This is a hot method of extraction in which the soxhlet apparatus is employed to achieve the
extraction process. The soxhlet apparatus is depicted in Figure 3.

This method was successfully utilized in our laboratory to extract constituents of Ipomoea
batatas peel-waste [65]. Although this method has good speed and high yield as advantages,
the possibility of thermal decomposition of the active principles remains a subject of huge
concern and constitutes a limitation to this application.

1.2.2.4. Pressurized fluid extraction

One of the emerging methods that have been employed for extractions from waste biomass is
pressurized fluid extraction (PFE). We will focus on two PFE methods in this section: super-
critical extraction and subcritical extraction.

Supercritical extraction is an extraction method in which the conventional solvent has been
replaced by a supercritical fluid: a supercritical fluid is a liquid substance at a temperature and

Figure 3. Three soxhlet apparatus on heating mantles during the hot extraction of the phytochemicals in water melon
rind (Source: Authors).
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pressure above its critical point—a point where distinct liquid and gas phases do not exist. A
common example of this supercritical fluid is CO2, which is sometimes modified by cosolvents
such as ethanol and methanol [66]. This environment friendly method was successfully
applied to citrus peels, a common by-product in citrus processing industries [66]. Fatty acid
esters, phenols, coumarin derivatives, and terpene derivatives were among the useful com-
pounds that were isolated in the process.

Although more expensive to set up, the advantage of this method is its environmental friend-
liness and extremely easy solvent removal.

The cost cut by improved percentage yield achieved by PFEs has not been compared with the
cost of setting up pressurized fluid extraction apparatus. Despite this gap, the safety
guaranteed by the absence of obnoxious chemicals continues to make PFE a preferred alterna-
tive.

In the same vein, subcritical water (pressurized hot water) has also been employed to achieve
environment friendly extractions. Subcritical water is water under 0.2–21 MPa pressures and
temperatures higher than its boiling point but lower than its critical temperature. Subcritical
water was first reported in 1994 [67], and several other applications of subcritical water has
been reported since then. Recently, this method was applied to several agro-waste biomasses in
Canada. These waste biomasses are potato peel, barley hull, lentil husk, and flaxseed hull as
contained in a recent review by Saldana and Valdivieso-Ramírez [68].

1.2.3. Effect of extraction method on bioactivity

The different extraction conditions associated with different extraction methods have consid-
erable effect on the pharmacological potency of various phytochemicals. Such conditions
include the following:

• Extraction pressure

• Extraction time

• Extraction solvent

• Extraction temperature

Trabelsi et al. studied the effect of high pressure (300 and 500 MPa) and time (3 and 10 min) on
the antioxidant/antimicrobial activity of citrus peel extracts [66]. While the antimicrobial activ-
ity was not at all influenced by high pressure, the highest Total Phenolic Content (TPC) and
antioxidant capacities were observed at 300 MPa and 3 min. Extraction at higher temperature
and longer time probably drew out more “nonantioxidant” matter or decomposed some
antioxidant constituents in the extracts, thus reducing the TPC per gram.

Furthermore, extraction solvent and extraction time have significant effect on the antimicrobial
activity of bioactive extracts from watermelon seeds as shown by a recent study from the
School of Science, Landmark University, Nigeria [58]. Cold methanol extract was more active
against Staphylococcus aureus compared with the hot methanol extract. Thermal decomposition
might have affected some of the phytochemicals that are responsible for the observed activity.
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Furthermore, the cold chloroform extract that did not inhibit the growth of S. aureus at all was,
however, active against Pseudomonas aeruginosa. This simply shows that the choice of a solvent
in phytochemical extraction greatly influences the nature of compounds extracted and ulti-
mately the biological activity of the extract. The effect of different extraction methods on
percentage yield and bioactivity is vividly displayed in Table 4.

Generally, the introduction of pressure, higher temperature, and supercritical fluids led to the
achievement of better yields and improved/preserved biological activity.

1.2.4. Medicinal products from waste biomass

Different kinds of plant biomass have been employed in the search for medicinal phytochem-
icals. Selected examples are shown in Table 5.

In line with the principles of green chemistry, waste biomass that otherwise would have been
discarded have been exploited as sources of beneficial/medicinal phytochemicals by several
research scientists.

1.2.4.1. Antioxidants from waste biomass

Antioxidants, as the name implies, are compounds that oppose or prevent oxidation. They are
compounds that scavenge free radicals, which have been known to cause unwanted oxidation
of important molecules in the body.

RþArOH ! RHþArO (1)

The unwanted free radical (R) is reduced by the antioxidant compound (ArOH), resulting in
the harmless RH and ArO which is a more stable radical.

Furthermore, a high consumption of antioxidants has been correlated with lower incidence of
cancer [82]. During renovation of cultivations, the roots of Rugosa rose are usually treated as
wastes. Olech et al. studied, among other parameters, the antioxidant potential of this
postharvest residue with the aim of proposing new uses for it. Interestingly, these roots
displayed significant antiradical activity compared with ascorbic acid. Hence, these roots
could be explored as a source of antioxidant supplements in food and pharmaceutical indus-
tries [83].

In the same vein, tomato-processing by-products (TPP) have also been shown to contain
antioxidants. Particularly, the presence of simple polyphenols in TPP suggests that it could be
safely used as a functional ingredient in the production of antioxidant-rich foods [84].

Similarly, Oluyori et al. recently reported a successive extraction of sweet potato peels using
ethyl acetate and methanol, respectively. While the extracts did not show significant antimi-
crobial activity against the selected microorganisms, the DPPH assay and the TPC determina-
tion revealed the methanolic extract as the extract with higher antioxidant capacity [6].

These and many other research efforts continue to prove that there is, indeed, a vast amount of
wealth in agro wastes, which are usually discarded.
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S/No
Extraction
method Process condition

Percentage of
yield (%) Remarks

Reference
(s)

1 Room
temperature
water
extraction

25 C; 3 h; 1:20; w/v <30.35% % yield of CPS by microwave-
assisted extraction was the highest
and the antitumor activity same
extract was the best

[69]

Hot water
extraction

78 C; 3 h; 1:20; w/v <30.35%

Microwave-
assisted
extraction

5 min; 280 W; 70°C;
1:20; w/v

30.35%

Ultrasound-
assisted
extraction

13 min; 250 W; 45 C <30.35%

Cellulase-
assisted
extraction

55 C; 80 min; pH 5.0 32.50%

2 Ultra-high
pressure
extraction
(UPE)

60% ethanol; 400 MPa;
2 min; 30°C; 1:5 solid to
liquid ratio

4.395%
chlorogenic
acid

UPE showed higher extraction yield,
shorter extraction time, lower energy
consumption, and higher purity of
extracts

[70]

Heat reflux
extraction

60 C; 3 h 3.471%
chlorogenic
acid

Ultrasonic
extraction

250 W; 30°C; 40 min; 42
KHz

3.601%
chlorogenic
acid

Soxhlet
extraction

60 C; 2 h 3.793%
chlorogenic
acid

3 Ultra-high
hydrostatic
pressure
(UHP)

60% ethanol; 70:1 ml/g
solvent: herb; 500 Mpa
hydrostatic pressure; 3 min

26.12% High efficiency at room temperature
was observed for UHP; flavanoids
and salidroside were used to monitor
the extraction yield

[71]

Reflux
extraction

80 C; 120 min; 4:1 ml/g 13.83%

Soxhlet
extraction

80°C; 240 min; 17.00%

4 Supercritical
fluid
extraction
(SFE)

250 bar and 40°C SFE gave the best extraction yield and
the most active extract

[72]

Soxhlet
extraction

Ethanol; 6 h 10.00%

Steam
distillation

4 h 0.60%

Marceration 40 °C; 48 h; material:
solvent 1:10

8.90%
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1.2.4.2. Antimicrobial compounds from waste biomass

The emergence of multidrug-resistant bacteria has continued to be a major concern across the
globe. This is the reason for the increased attention given to the search for new antimicrobial
agents.

Generally, many people after consumption discard the seeds of watermelon. However, several
scientists have now shown that inherent in these seeds are phytochemicals with varying
activities against Staphylococcus sp., E. coli, Proteus sp., Klebsiella sp., and P. aeruginosa [57].
Hence, these seeds could serve as renewable sources of new antimicrobial agents.

A similar study focused on the valorization of sweet potato peels. It was interesting to have
isolated beneficial triterpenoids from sweet potato peels that we normally discard. Although
the isolates (an example is shown in Figure 4) from the peels of I. batatas Lam exhibited low

S/No
Extraction
method Process condition

Percentage of
yield (%) Remarks

Reference
(s)

5 Soxhlet
extraction

720 min; 200 ml solvent 9.58% % yield of scopoletin was used to
determine the extraction efficiency

[73]

Reflux
extraction

480 min; 100 ml solvent 10.95%

Ultrasound-
assisted
extraction

20 min; 60 W; 50 ml solvent 28.55%

Microwave-
assisted
extraction

1 min; 560 W; 50 month = l
solvent

45.10%

Supercritical
fluid
extraction

60 min; 6500 psig; 7.99%

6 Steam
distillation

403–423 K; 24 h; atm
pressure

2.32% % yield of essential oil from Kabosu
(Citrus sphaerocarpa) peel was used to
measure the extraction efficiency

[74]

Supercritical
fluid
extraction

313–352 K; 10–30 Mpa;
0.19–0.21 g/s CO2 flow rate

1.55%

Cold press 100 ml distilled water;
centrifuged at 10,000 G for
15 min/frozen at 253 K

0.12%

7 Supercritical
fluid
extraction

600 bar/40°C 88.20 mg/100 g
oil

Extraction of tocopherols [75]

600 bar/80°C 85.57 mg/100 g
oil

n-hexane
extraction

— 62.38 mg/100 g
oil

Table 4. Different extraction methods: process conditions and effects on percentage(%) of yield.
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antibacterial activity, the same isolates were more active against two fungi: Tricophyton
metagrophytes and Sporothrix schenkii (IC50, 50 μg/ml) [1].

Similarly, extracts from drumstick peel recently exhibited significant activity against two
human pathogenic bacteria: S. aureus and E.coli. This extract, which was nontoxic to red blood
cells, also showed some photocatalytic property [85].

S/No
Biomass
type Plant source Medicinal phytochemical of interest Application References

1 Seed Sour cherry
seed kernel

Alpha-tocopherol, tocotrienols, tocopherol-like
compounds

Antioxidants [76]

2 Germinated
fenugreek
seed

Vitexin, Isovitexin Antioxidants [77]

3 Stem
bark

Mitrephora
celebica

Ent-tradyloban-19-oic acid and ent-kaur-16-en-
19-oic acid

Antimicrobial [78]

4 Leaves Leaves of X.
laavigata

Essential oils (γ-muurolene, δ-cadinene, α-
copaene, germacrene-D, bicyclogermacrene
and (E)-cariophyllene

Antitumor activity [79]

Leaves of
Clinacanthus
nutaus lindau

13(2)-hydroxy-(13(2)-R)-phaephytin b, 13(2)-
hydroxy-(13(2)-R)-phaephytin a, 13(2)-
hydroxy-(13(2)-S)-phaephytin a

Anti-herpes simplex
activity, Anti-HSV-IF
activity

[80]

5 Flowers Elder flower:
Sambucus
nigra

Naringenin Nutraceutical
application
(modulation of glucose
metabolism)

[81]

6 Peels Sweet potato
peels

3-Friedelanol; Stigmasterol; Urs-13(18)-ene-3β-
yl acetate

Antifungal [1]

Table 5. Different plant biomass sources and the phytochemicals of interest.

Figure 4. A natural antifungal compound from sweet potato peel: Urs-13(18)ene-3β-yl acetate (Source: Authors).
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1.2.4.3. Anticancer compounds from waste biomass

Cancer is the second leading cause of death in the United States after heart disease. In fact, it
has been said to be responsible for one out of every four deaths [86]. Although there are
current cures for cancer, the high cost of treatment is a challenge to many cancer patients. In
view of the increasing cost of cancer treatment, the presence of anticancer compounds in waste
biomass is a blessing to many, especially, people in the developing world [87]. The roots of R.
rose, which showed some antiradical activity as earlier mentioned, also exhibited significant
anticancer potential. About 90% inhibition of cervical (HeLa) and breast (T47D) cancer cell
lines was observed in the presence of the rugosa root extracts, showing that the roots that have
hitherto been ignored are an important phytochemical source [83]. Similarly, Oluyori et al.
recently carried out an anticancer guided fractionation/isolation of an alcoholic extract from
sweet potato peels [88]. An anticancer fraction was obtained, and a glucocerebroside {N-((E)-
3,4-dihydroxy-1-(((2R,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-
2-yl)oxy)octadec-8-en-2-yl)-2-hydroxytetracosanamide} was isolated and characterized as the
main anticancer compound. Our results suggest that the consumption of sweet potato peels
may supply the body with phytochemicals that can prevent the onset or the development of
cancer [89]. These findings among others project agro-wastes as potential sources of econom-
ically important compounds with multifaceted medicinal applications.

1.3. Harnessing agro-wastes for bioethanol production

Conversion of agricultural waste into fuel has become popular in the past few decades
occasioned by the increasing demand for fossil fuel. Campbell and Laherrere [89] had
predicted the reduction in availability of “cheap fuel” years ago. In a bid to forestall imminent
fall in supply, many countries ventured into research seeking alternative energy sources. This
led to the production of biofuel from various sources including cornstarch, sugar cane, and
now from cellulosic biomass. Biofuels have several advantages over fossil fuel including being
environment friendly, thus reducing pollution. There is also a reduction in the release of
greenhouse gases and consequent global warming [90]. Biofuels are produced from renewable
sources such as rind of various fruits, corn stover, “weeds” including switch grass, winter rye,
and faba bean to mention a few [91]. This section elaborates the extent of research on
bioethanol production from agricultural wastes, exposes possible challenges in bioethanol
production from agro-wastes as well as exposes gaps from various previous research works
efforts thus opening new areas of investigations to researchers.

1.3.1. A drift to biofuel as an alternative energy source

Biofuels are any kind of fuel made from living things or from the wastes they produce [92].
Biofuels can also be referred to as renewable energy produced from organic matter by
converting its complex carbohydrates into energy. The carbon dioxide (CO2) emitted during
biofuel production is not larger than that consumed during photosynthesis. In order words, the
process is CO2 neutral and beneficial to the environment as opposed to combustion of fossil
fuels that leads to increase in greenhouse gases, which causes ozone layer depletion. Biofuels
include biogas, biodiesel, and bioethanol, but bioethanol has enjoyed vast investment and is
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popular as a transport fuel. It is presently the most widely used in the transport industry, and it
is receiving attention at the international and national fronts [93]. Countries at the forefront of
bioethanol production include the United States of America (USA) and Brazil. Blending etha-
nol with gasoline is advantageous because it brings about reduction in consumption of fossil
fuel, and in recent time, bioethanol has provided a means of powering engines without using
fossil fuels. Currently, there are vehicles that can run solely on bioethanol as well as in blends
with gasoline, for example, E5, E10, and E5 implies that 5 parts of bioethanol is blended with
95 parts of gasoline. When gasoline is blended with bioethanol, it has a higher octane number,
which implies that the engine has increased thermal efficiency and works more efficiently.

1.3.2. Second-generation bioethanol

For the production of bioethanol, sugars are fermented using yeast and other microorganisms.
Commercial quantities of bioethanol have been produced from corn, sugar cane, sweet sor-
ghum, and cassava [94]. Bioethanol produced in this manner is referred to as first-generation
ethanol. In a bid to find feedstock that will not compete with (human) food and (animal) feed
and also meet up with global demand for bioethanol production, second-generation
bioethanol production was introduced [93]. This process exploits the use of lignocellulosic
biomass such as agricultural wastes as feedstock because they are renewable, available in
abundance, and relatively cheap. Utilization of such agricultural waste involves pretreatment
of such waste, then hydrolysis of the pretreated material, and finally, fermentation of mono-
meric sugars released to yield bioethanol.

Lignocellulosic materials currently in use include agricultural wastes/residues; forest residues
such as fallen branches, leaves, twigs, and sawdust, municipal solid wastes including paper
and cardboard products as well as industrial wastes and energy crops. Energy crops include
herbaceous crops such as switch grass, fast-growing hybrids of poplar and leucaena trees [95].
Among all these sources of lignocellulose, agricultural wastes/residues are the most abundant
and provide higher quantities of cellulose. Agricultural wastes are parts of the plant that are
left after the main crop has been obtained. Examples are corn stover, sugar cane baggase, spent
sugar beets pulp, sweet sorghum straw, cotton seed hairs, oil palm frond, and banana stem. All
these can be converted into bioethanol to provide energy to drive various engines. These
materials are of great advantage because the crop is grown for dual purpose: first, as a source
of food or feed and second, to provide lignocellulosic biomass, which will serve as feedstock
for bioethanol production. This is of great advantage to the farmer who now obtains economic
value from both the crop and its waste.

1.3.3. Pretreatment technologies

As stated earlier, agricultural wastes undergo pretreatment, and hydrolysis before the fer-
mentation of sugars can be carried out. Pretreatment is a process of solubilization and
separation of one or more components of a biomass. In this case, the lignocellulosic material
breaks down thereby making cellulose more susceptible to enzymatic attack [95]. The cell
wall of agricultural waste consists of cellulose, hemicelluloses, and lignin. Of these three,
cellulose, which is the highest constituent, is responsible for the mechanical strength of the
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cell wall. The glucose monomers of cellulose are connected by β-l,4 glycosidic bonds; hemi-
cellulose is a branched heteropolymer of D-xylose, L-arabinose, D-mannose, D-glucose, D-
galactose, and D-glucuronic acid, while lignin is composed of three major phenolic compo-
nents, namely p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol and other extract-
able components.

Various types of pretreatment ranging from physical, chemical to biological pretreatment
have been described [96, 97]. Pretreatment is aimed at removing lignin and hemicellulose,
reducing the crystallinity of cellulose, and increasing porosity of the lignocellulosic mate-
rials. Physical pretreatment could be a combination of mechanical methods whereby the
waste materials are comminuted by chipping, grinding, and milling, leading to reduced
cellulose crystallinity. Pyrolysis is another form of physical pretreatment that involves
treating the agricultural waste at temperatures above 300°C. Another form of physical
pretreatment of agricultural waste steam is explosion that involves heating the biomass to a
desired temperature for a specified period of time [98]. Chemical pretreatment involves
treating lignocellulosic material with chemicals, for example, ozonolysis necessitates using
ozone to degrade lignin and hemicellulose. Acid [99] and alkaline pretreatments are other
forms of chemical pretreatment using concentrated acids such as H2SO4 and bases, respec-
tively, to treat lignocellulosic materials. Apart from the aforementioned chemical
pretreatment methods, lignin degradation could be catalyzed by a process known as oxida-
tive delignification in the presence of hydrogen peroxide. Combinations of physical, chemi-
cal, and biological pretreatment methods can be used on lignocellulosic agricultural waste
[100, 101]. Examples of such methods are steam explosion (a physical pretreatment method)
and ammonia fiber explosion (AFEX that is a chemical pretreatment method); ultrasonic
(physical) pretreatment of rice hull followed by biological pretreatment with Pleurotus
ostreatus [102].

Biological pretreatment is highly advocated as it can prevent the formation of inhibitory by-
products that can adversely affect subsequent stages of hydrolysis and fermentation. Biological
pretreatment is also said to be cost-effective, environment friendly compared with chemical
methods. Brown rot, white rot, and soft rot fungi are currently used for biological pretreatment
[103, 104].

Advantages of biological pretreatment include mild conditions to undertake the process and
low energy requirements, ecofriendly, less hazardous to health, more economical, and more
effective compared with other chemical and physiochemical methods of pretreatment [105].
White rot fungi has been recognized as efficient for lignin degradation, and their activity is
said to enhance the subsequent enzymatic hydrolysis. These organisms degrade the lignin seal
and thus give access to cellulases attack on cellulose, but this process is often slow, spanning
from 28 days to about 120 days [104]. Apart from longer pretreatment period, biological
pretreatment also requires a large space and carefully controlled growth conditions; some-
times the organisms used act on lignin as well as hemicellulose and cellulose [93, 103]. Agri-
cultural wastes are abundant feedstock for bioethanol production; however, there is need to
focus more on pretreatment preferably biological pretreatment in order to exploit the benefit of
this feedstock for biofuel production.
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1.3.3.1. Hydrolysis

After pretreatment, hydrolysis of cellulose is carried out; this involves the conversion of
cellulose (and hemicelluloses) to monomeric sugars using chemicals or enzymes [97]. Cellu-
lases are often used for enzymatic hydrolysis of the pretreated agricultural waste [103]. Enzy-
matic hydrolysis leads to the release of fermentable sugars from the pretreated waste. This
process of enzymatic hydrolysis is dependent on some factors including pH of the reaction,
temperature, substrates, time, and enzyme activity.

1.3.3.2. Fermentation

When hydrolysis and fermentation are carried out separately, it is called Single Hydrolysis and
Fermentation (SHF), but when enzymatic hydrolysis and fermentation are carried out concur-
rently, the process is termed Simultaneous Saccharification and Fermentation (SSF). In another
process known as simultaneous saccharification and cofermentation (SSCF), enzymatic hydro-
lysis of both glucose and hemicellulose is carried out followed by fermentation of the sugars
(glucose and xylose) produced in the same vessel [104].

Consolidated bioprocessing, on the other hand, integrates cellulase production with hydroly-
sis and fermentation of lignocellulosic material for biofuel production. It has the advantage of
potentially reduced production cost, higher energy input, and higher conversion efficiency. A
major challenge has, however, been finding a suitable consortium of organism to drive this
process. Organisms such as Saccharomyces cerevisiae, Clostridium thermocellum, and C.
phytofermentans are, however, being genetically engineered to perform this purpose [3]. Agri-
cultural residues such as winter rye straw, oilseed rape straw, and faba bean straw have been
shown to yield 66, 70, and 52% (of theoretical calculation) ethanol after pretreatment by wet
oxidation and fermentation by S. cerevisiae [106].

One of the challenges faced in the fermentation of monomeric sugars to ethanol is that ethanol
produced in the medium is inhibitory to some organisms used for fermentation. In addition,
certain products such as furfural and hydroxylmethylfurfural will limit or totally stop the
activities of organisms used for fermentation. Apart from these, other factors such as high
temperature, osmotic stress, and contamination by other organisms can adversely affect the
process. Eventually, the ethanol produced by fermentation is made to undergo distillation [97].

Bioethanol yield of 11.11% was obtained when preheated rice husk was treated with
Trichophyton soudanense that was fermented with palm wine yeast. But without fungal treat-
ment, the heat-treated rice husk did not give up to 5% bioethanol yield [107]. Also, the highest
cellulose and lignin yields recorded from rice husk in their study were 44.50 and 28.90%
obtained from rice husk pretreated with Trichophyton mentagrophyte and a coculture of T.
soudanense and T. mentagrohyte, respectively, while the highest hemicellulose value of 30.50%
was obtained from preheated rice husk treated with T. soudanense .

Agro-waste such as coffee mucilage has also been reported to produce bioethanol. Unlike
some agro-wastes that require pretreatment, it was established that coffee mucilage could
provide up to 60 g/L of reducing sugar, which could be directly converted to bioethanol using
S. cerevisiae Y2034 [108]. Pretreatment of wild cassava peels (Manihot glaziovii) with enzymes
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and a combination of enzyme with alkali followed by simultaneous saccharification and
fermentation (SSF) was reported. Results revealed that the latter treatment led to higher
ethanol production of about 95% theoretical yield [109].

Banana waste composed of approximately 14% of lignin, 14.8% of hemicellulose, and 13.2% of
cellulose was reported to yield 7.45% v/v ethanol [95, 104]. Paulova et al. [110] also reported
increased ethanol production as conversion of cellulose to glucose increased; in the same vein,
as the quantities of furfural and hydroxymethyl-furfural reduced, ethanol yield increased. For
example, 78% conversion of cellulose to glucose brought about 0.34 g/g yield of ethanol in the
presence of 88 mg/l furfural and 6 mg/l hydromethyl-furfural. On the other hand, 64% cellu-
lose to glucose conversion brought resulted in an ethanol yield of 0.04%, while 158 mg/g and
10 mg/g of furfural and hydromethyl-furfural were detected.

In conclusion, utilizing agricultural waste as energy source in the form of bioethanol is a viable
way of converting waste to wealth. These wastes are available in abundance and renewable
hence continuity in production of bioethanol is assured. Nevertheless, there is a need for
further research on how to minimize production cost especially at the pretreatment stage. In
the same vein, future research should focus on how to scale-up second-generation bioethanol
production so that commercial production of bioethanol will not depend on food crops only.
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Abstract

Recent reports from top universities state that in spite of having great national impor-
tance, there are dozens of fields of study that are suffering due to a lack of funding.
Perhaps the greatest tool available to assist researchers with this regard is numerical
simulation. This tool allows cutting costs, decreasing the necessary design cycle and
allows an enormous amount of physical insight on the process itself). Numerical
model's ability to correctly predict a complex system was tested in this chapter by
drawing from a previously developed computational fluid dynamics model for biomass
gasification. Numerical results were compared with both experimental results (pilot
scale plant) and available literature. Results from common Portuguese biomass sub-
strates were found to be within a satisfactory margin of error of 20%. Influence of all
major operational conditions was then investigated and the model was once again able
to predict all the expected trends. All the relevant process products were also analyzed.
Finally, the numerical model was coupled with an optimization model. Maximum
efficiency value was found at 900�C with a SBR of 1.5 for MSWand 1 for forest residues.
Results showed that numerical models could have a preponderant impact on biomass
gasification field.

Keywords: numerical simulation, biomass, municipal solid wastes, gasification,
optimization

1. Introduction

In the last few years, biomass has become an important source of energy and it most often
refers to any organic matter derived from plant-based materials. Biomass includes, among
others, forestry and agricultural residues, organic waste, energy crops, sewage sludge, and
woody plants [1, 2].

Among all the thermochemical conversion processes, gasification has been emerging as a very
promising technology due to being environmental friendly, having high efficiency and flexible
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enough to use different substrates with a wide range of applications for heat, electricity,
chemicals, and transportation purposes [3]. Gasification can be defined as the conversion of a
solid waste to synthetic gas or fuel by the partial oxidation of the feedstock under stoichiomet-
ric combustion conditions. The synthetic gas is generally called “producer gas” or syngas and
contains mainly carbon monoxide and hydrogen. However, some undesired products can be
also found such as tar, alkali metals, chloride and sulfide, among others [3]. Gasification pre-
sents several advantages over waste combustion, namely and among others [3]: (a) effective
response to increasingly environmental restrictive regulations; (b) syngas can be used not only
in highly efficient internally fired cycles but also in producing valuable products as chemicals
and fuels; and (c) flexible use under different operating conditions and reactors.

However, some drawbacks need further investigation. Besides high ranges of operating and
capital costs than those of conventional combustion-based plants, the syngas generated from
biomass and especially from municipal solid wastes (MSWs) gasification is unstable due to
changes in the feedstock properties. Indeed, the high heterogeneous nature of MSW implies
significant variations in syngas yield and quality [4]. The negative impact from the heteroge-
neous nature of MSW can be reduced by implementing strategies as MSW preprocessing,
where undesired MSW components are removed before sending them to the gasifier. Further
improvements can also be found by blending MSW with other feedstock with more favorable
characteristics [5]. Portugal has a major potential considering biomass resources, only forestry
and pruning residues have potential to produce 13,800 GWh, about 13% of the total primary
energy demand in Portugal [6]. Also, operating the MSW gasifier under certain operating
conditions will allow reliable operation with stable and improved syngas generation.

Because experimental runs conducted on industrial gasification plants or even on pilot scale
gasification plants are very expensive, predictable models able to simulate the syngas compo-
sition and other responses of interest are required. Accurate predictions by gasification models
require the simulation of different kinetic and hydrodynamic phenomena and we should not
forget that gasification always involves complex chemistry. Concerning this degree of com-
plexity, and also, the high investment costs involved to perform the experimental studies, the
use of tools involving numerical simulation, such as computer fluid dynamics (CFD), exhibit
utmost importance [7–9].

There are different designs to build a gasifier but one with special relevance is the fluidized
bed configuration [10]. Basically, in this kind of reactor, both fuel and inert bed material act as a
fluid. To obtain this behavior a gas is forced to pass through the solid particles of the reactor.
The great advantages of operating such a system are its ability to handle with different
feedstock due to the easy control of temperature, to deal with fine grained materials and the
fact that generates an intense mixing enhancing the transference of mass and heat. Finally, the
fluidized bed gasifiers are flexible enough to use additives with the goal to remove pollutants
and increase tar conversion [11].

The fluidized bed gasification is essentially a multiphase problem. There are two main strate-
gies that are commonly implemented to handle this kind of gasification: Euler-Lagrange and
Euler-Euler approaches [12]. In the Euler-Lagrange strategy, the dispersed phase is character-
ized by following a wide number of particles through information given from the continuum
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phase. Both phases exchange mass, momentum, and energy. One major assumption relies on
the fact that volume fraction of the dispersed phase is lower than about 10%, even the mass
fraction could be higher.

Snider et al. [13] implemented a 3-D model based on the previous approach to simulate the
behavior of a coal gasifier. The model also included energy transport equations and homoge-
neous and heterogeneous chemistry described by reduced chemistry. The model was able to
identify zones with stagnant particles and then provide important data for reactor design
purposes.

The Euler-Euler approach considers the different phases as interpenetrating continua, meaning
that both volume phases depend on each other regarding time and space. Each phase obeys
the conservation laws and constitutive relations from empirical data are required to close the
equations system. Regarding the Euler-Euler approach, there are three multiphase models: (a)
the volume of fluid; (b) the mixture model and; (c) the Eulerian model, which is indicated to
model the discussed gasification system in this chapter.

Xue et al. [14] followed the Eulerian-Eulerian approach to predict the syngas generation from
wood gasification using air as a fluidization agent. The developed model was able to provide
detailed information on several processes, such as char elutriation, species profiles along the
reactor and gas composition at reactor outlet.

This work aims at presenting an advanced modeling strategy within the framework of the
CFD ANSYS Fluent program combined with suitable experimental data input and user
defined the code to predict a gasification process under several operating conditions and
robust enough to be applied both to biomass and MSW. Model development is detailed
highlighting the set of complex choices that have to be taken and corresponding implications
and consequences. Numerical results for both biomass and MSW were validated against
experimental results, and then, the effect of using different operating conditions is deeply
discussed as well as the main syngas quality indices. The combined use of the developed
numerical model and the design of experiments (DoE) procedure is also discussed for optimi-
zation purposes. Finally, a reflection section is included to highlight the efficiency and effec-
tiveness of using numerical methods to describe physical problems.

2. Experimental setup

The numerical model (presented in Section 3) was developed using experimental data col-
lected in the gasification plant from the School of Technology and Management (ESTG) of the
Polytechnic Institute of Portalegre (IPP). The plant is based on fluidized bed technology, with a
200 kWreactor that produces an average syngas flow rate close to 100 Nm3/h. Figure 1 depicts
a diagram of the biomass gasification unit used in the experiments.

The system comprises two biomass silos connected to a worm screw, which forms the feeding
system. The gasifier itself is just slightly above 4 m high and half a meter wide with a biomass
intake capacity of 100 kg/h. The synthetic gas is cooled by two heat exchangers, with the first

Modeling Biomass Substrates for Syngas Generation by Using CFD Approaches
http://dx.doi.org/10.5772/65857

133



one being also responsible for preheating the gas. The ash and char are removed to the bag
filter, a system with seven filters cleaned with shots taken from synthetic gas through a
compressor downstream of the vacuum pump. The purpose of the third heat exchanger is to
remove tars from the system by condensation, which are then forwarded to a deposit. The last
component of the system is a vacuum pump, which guarantees that the entire system control.

Once the predetermined temperature and biomass input flow are secured, the system stabi-
lizes for about 2 h and then the test starts. The test lasts 2 h each, including syngas collections
(usually taking two different samples) and recording temperatures, flows, ash, and tars. The
schematics as well as an extensive description of the gasification plant can be found elsewhere
[15, 16].

The described system was first used to analyze the gasification process of Portuguese biomass
substrates and their potential for fossil fuel replacement [15, 17]. Recently, to counter the
improper disposal of municipal waste in landfills, the focus shifted from Portuguese biomass
gasification to Portuguese municipal solid waste (referred from now on as PMSW for simplic-
ity) gasification.

The characterization and analysis of Portuguese MSW were carried out using data from the
Oporto metropolitan area obtained from LIPOR, entity responsible for the management, treat-
ment, and recovery of solid waste municipal produced in the city. From the pretreatment of
MSW conducted by LIPOR, usually via shredding and dehydration, a refuse-derived fuel
(RDF) containing only cellulosic and plastics is obtained [18] (chemical composition of the
MSW is presented in Table 1).

However, since at that moment, the reactor could not handle LIPOR’s wastes, the model had to
be validated using data collected from the literature. To properly assess the potential of PMSW,

Figure 1. Schematics of the gasification plant.
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a previously studied Portuguese biomass substrate will be used as benchmark. Forest residues
[17] (in pellet form) were selected for this purpose, since it revealed relevant energetic as well
as economic benefits.

Prior to the actual gasification process, biomass analysis was carried out in the Laboratory of
Chemistry of the High School of Technology and Management located in Portalegre, Portugal,
since biomass characteristics can provide valuable information on how the gasification process
will occur. This kind of analysis also provides crucial data to treat the implemented numerical
model. The instruments used in the performed analysis are: thermal gravimetric analysis—
data for proximal analysis; elemental analysis—determination of biomass composition with
respect to the percentage of C, H, N, and O; humidity—sample moisture content assessment;
calorific value—appraisal of energy contained in biomass. Data regarding proximate and
ultimate analysis for the referred substrates are presented in Table 2.

It should be noted that regarding the experimental gasification runs, as well as the analyses for
the studied substrates, every run was performed twice in order to avoid measurements. When

Category % Weight Chemical formula

Cellulosic material 85.42 *

Polyethylene 10.99 ðC2H4Þn
Polyethylene terephthalate 2.02 ðC10H8OÞn
Polypropylene 0.81 ðC3H6Þn
Polystyrene 0.76 ðC8H8Þn

Table 1. Chemical composition of the MSW in Oporto in 2014.

Substrate properties Forest residues PMSW

Elementary analysis (dry ash free)

N (%) 2.4 ± 0.3 1.4 ± 0.2

C (%) 43 ± 4.1 48 ± 4.4

H (%) 5 ± 0.6 6.3 ± 1.4

O (%) 49.6 ± 5.2 43.6 ± 3.6

Humidity (%) 11.3 ± 1.7 17.6 ± 2.3

Density (Kg/m3) 650 ± 70 247 ± 23

Lower heating value (MJ/Kg biomass) 21.2 ± 1.8 14.4 ± 1.1

Mean particle size (mm) 5 ± 2 20 ± 10

Proximal analysis (%)

Ash 0.2 ± 0.1 14.9 ± 1.2

Volatile matter 79.8 ± 3.1 76.62 ± 2.9

Fixed carbon 20 ± 2.5 8.46 ± 1.5

Table 2. Ultimate and proximate analyses of forest residues and PMSW.
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deviation was higher than 5%, extra runs were performed to ensure reproducibility below 5%,
which is typical for this kind of system.

3. Mathematical model

Experimental studies conducted in pilot scale or industrial reactors like the one presented in
the previous section are fairly absent from the available literature. The reason is due to the
difficulty in regulating operating parameters but primarily due to the high cost of a gasifica-
tion plant, which can reach tens of millions of Euros depending on the generated power [19].

Mathematical models, with the ability to theoretically simulate any physical condition, allow
studying the gasification process without resorting to major investments and/or the need for
long-waiting periods (with all the bureaucratic and logistical problems associated). However,
due to the extreme complexity of the gasification process, largely due to the chemical and
physical interactions that occur throughout, the ability of numerical models to correctly predict
experimental data collected from pilot scale or industrial reactors is usually very limited. In
fact, the lack of reliable models to describe the gasification process in the open literature was
the main motivation for our team to develop a new CFD model able to predict the syngas
generation from biomass gasification in a pilot scale gasifier [20].

3.1. Gas-solid interaction

When modeling bubbling fluidized-bed reactors, like the one described, the two-phase flow
theory of fluidization is usually applied for the description of the process hydrodynamics.
Because of this, correctly modeling the interaction between gas and solid phases is crucial
since they exchange heat by convection, mass over the heterogeneous chemical reactions, and
momentum due to the drag between gas and solid phase. The main equations governing both
phases are depicted in Table 3.

3.1.1. Granular Eulerian model

According to Goldschmidt et al. [21], two-phase flows can be modeled using two different
approaches: the Lagrangian-Eulerian and the Eulerian-Eulerian models. With considerable
similarities, the fundamental difference between them lies in the way the particles are treated.
The former describes the solid phase at the particle level while the latter treats the particles as a
continuum. In industrial applications, typically composed of millions of particles, following
individual particles become excessively time consuming and for this reason the Lagrangian
approach tends to be less used [22].

The Eulerian approach not only requires lower computational resources and calculation times, but
also allows a detailed analysis of the disperse phase flow field, which is convenient for engineer-
ing design applications. For this reason, the granular Eulerian model was applied to our model.
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The granular Eulerian model is described by the following conservation equation for granular
temperature:

3
2

∂ðρsαsΘsÞ
∂t

� �
þ ∇ � ðρsαs v

!
sΘsÞ

� �
¼ ð−psI þ τsÞ : ∇ðv!sÞ þ ∇ �

�
kΘa∇ðΘsÞ

�
−γΘa þ φls (1)

This expression is obtained from the kinetic theory of gases. The term ð−psI þ τsÞ : ∇ðv!sÞ
describes the generation of energy by the solid stress tensor, φls stands for the energy exchange
between the fluid and solid phase, γΘa

stands for the collisional dissipation of energy and
kΘa∇ðΘsÞ stands for the diffusion energy, in which kΘa is the diffusion coefficient.

3.2. Turbulent model

In turbulent flows, like the one being studied, transported quantities like momentum,
energy, and species concentration tend to fluctuate. Modeling fluctuations can be to compu-
tationally expensive, which is why instantaneous governing equations are usually replaced
with their time-averaged, ensemble-averaged, or otherwise manipulated to remove the small
time scales.

The standard k-εmodel was used to simulate the turbulent flow due to its suitability for a wide
range of wall-bounded and free-shear flows. The model is the simplest turbulence two-equa-
tion model in which the solution of two separate transport equation allows the turbulent
velocity and length scales, which are to be independently determined. Turbulence kinetic
energy (k) and dissipation rate (ε) are, respectively, given by:

Gas phase Solid phase

Energy:

∂ðαgρghgÞ
∂t þ ∇ � ðαgρg u

!
ghgÞ ¼ −αg

∂ðpgÞ
∂t

þτg : ∇ðu!gÞ−∇q!g þ Sg þ ∑
n

g¼1
ðQ!sg þ _msghsgÞ

∂ðαsρshsÞ
∂t þ ∇ � ðαsρs u

!
shsÞ ¼ −αs

∂ðpsÞ
∂t

þτs : ∇ðu!sÞ−∇q!s þ Sps þ ∑
n

s¼1
ðQ!sg þ _msghsgÞ

Mass:

∂ðαgρgÞ
∂t þ ∇ � ðαgρg u

!
gÞ ¼ −MC∑ γCRC

∂ðαsρsÞ
∂t þ ∇ � ðαsρs u

!
sÞ ¼ MC∑ γCRC

Momentum:

∂ðαgρg u
!

gÞ
∂t þ ∇ � ðαgρg u

!
g u
!
gÞ ¼ −αg∇pg þ αρgg

þβðug−ugÞ þ ∇ � αgτg þ SsgUS

∂ðαsρs u
!

sÞ
∂t þ ∇ � ðαsρs u

!
s u
!
sÞ ¼ −αs∇ps þ αρsg

þβðus−usÞ þ ∇ � αsτs þ SsgUS

Table 3. Governing equations for gas and solid phases.
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To determine the turbulence kinetic energy as well as the dissipation rate, the following
constants were assumed: Gk = 1.0 and Gε = 1.3 stand for the turbulent Prandtl numbers for k
and ε, respectively, C1ε ¼ 1:44, C2ε ¼ 1:92, and C3ε ¼ 0 are default constants commonly used in
fluent and Sk and Sε are user-defined source terms.

3.3. Chemical reaction model

In this study, two different chemical reaction models were used in the simulation: the finite-
rate/Eddy-dissipation model was used to describe homogeneous reactions while the kinetic/
diffusion surface reaction model was employed for heterogeneous ones. The main distinction
between these two models is associated with how the carbon species are treated. The homoge-
neous gas reaction assumes the carbon species gasified straightaway, and that the carbon is
treated as a gas, while heterogeneous particle-gas reaction treats carbon as solid particles and
they go through finite-rate reaction via a typical reaction at particle surface. Table 4 presents
the main reactions as well as the corresponding reaction rates for these two models.

Above reactions can slightly change if different gasifying agents other than air are considered.
Previously published models using steam [23] and carbon dioxide [24] address those exact
changes.

Reactions Reaction rate

Homogeneous reactions:

COþ 0:5O2 ! CO2 r1 ¼ 1:0 · 1015exp −16, 000
T

� �
CCOC0:5

O2

COþH2O ! CO2 þH2 r2 ¼ 5:159 · 1015exp −3430
T

� �
T−1:5CO2C

1:5
H2

COþ 3H2 $ CH4 þH2O r3 ¼ 3:552 · 1014exp −15, 700
T

� �
T−1CO2CCH4

H2 þ 0:5O2 ! H2O r4 ¼ 2780exp −1510
T

� �
CCOCH2O−

CCO2 CH2

0:0265exp 3968
Tð Þ

� �

CH4 þ 2O2 ! CO2 þ 2H2O r5 ¼ 3:0 · 105exp −15, 042
T

� �
CH2OCCH4

Heterogeneous reactions:

Cþ 0:5O2 ! CO r6 ¼ 596TPexp −1800
T

� �

Cþ CO2 ! 2CO r7 ¼ 2082:7exp −18, 036
T

� �

CþH2O ! COþH2 r8 ¼ 63:3exp −14, 051
T

� �

Table 4. Chemical reaction model.
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3.4. Model expansion for MSW

In the above subsection, we purposely did not address the mathematical treatment for the
devolatilization phenomenon. The reason why being that the devolatilization section was only
properly included when the model was expanded to handle the heterogeneity of MSW. Until
that point, a single rate model, developed by Badzioch and Hawksley [25], was assumed
which computed reliable devolatilization rates in a simple way.

To cope with the heterogeneity of said substrate a pyrolysis model with secondary tar generation
was implemented. MSW is mainly composed of cellulosic and plastic components, and while
cellulosic material can be divided in cellulose, hemicellulose, and lignin [26], plastics comprise
polyethylene, polystyrene, and polypropylene, among others. To distinguish the several compo-
nents that comprise the MSW, the pyrolysis reactions of cellulosic and plastic groups are consid-
ered individually and following an Arrhenius kinetic expression, as shown in Table 5.

3.5. Numerical procedure

Fluent, a finite volume method-based CFD solver, was employed in this work to solve the
stated problem. Regarding the geometry modeling there are some simplifications that one can
make in order to make the computation less expensive. Since the described reactor type is
cylindrical, one can use a 2D axisymmetric problem setup.

Mesh was built using GAMBIT software and a total number of 83,000 quadrilateral cells of
uniform grid spacing were generated. The mesh density in a finite element model is an
important topic because of its relationship to accuracy and cost. In this particular case, the
chosen cell size was about 12 times larger than the average particle size which was shown to be
able to effectively capture the hydrodynamics in fluidized bed gasifier [27].

In such a complex model, it is sometimes difficult to define a good initial condition. For this
reason, the process was first simulated considering only flow and nonreacting heat transfer (also
known as “cold flow”) and after reaching conversion reactive multiphase flow was added.

Substrate and air inlet were defined as “velocity inlets”. Each velocity-inlet surface was identified
bymass fractions, temperature, and a velocity magnitude. The flow direction was kept normal to

Reactions Reaction rate

Cellulose ! α1volatilesþ α2TARþ α3char r9 ¼ Aiexp −Ei
Ts

� �
ð1−aiÞn

Hemicellulose ! α4volatilesþ α5TARþ α6char r10 ¼ Aiexp −Ei
Ts

� �
ð1−aiÞn

Lignin ! α7volatilesþ α8TARþ α9char r11 ¼ Aiexp −Ei
Ts

� �
ð1−aiÞn

Plastics ! α10volatilesþ α11TARþ α12char
r12 ¼ ∑

n

i¼1
Aiexp −Ei

RT

� �" #
ρv

PrimaryTAR ! volatilesþ SecondaryTAR r13 ¼ 9:55 · 104exp −1:12 · 104
Tg

� �
ρTAR1

Table 5. Devolatilization model.
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the surface. Turbulence of the inlet surfaces was detailed by turbulence intensity and hydraulic
diameter. Outlet was set as the pressure outlet, specified by a gauge pressure value of zero.

For the pressure-velocity coupling, the widely used SIMPLE algorithm was enabled. For all
simulations presented in this paper, a first-order upwind scheme was used for all equations. The
standard scheme was used for interpolation methods of pressure. This means that the solution
approximation in each finite volume was presumed to be linear, leading to less computational
expenses. In order to properly justify using a first-order scheme, it was necessary to make sure
that the grid used in this work had adequate resolution to accurately capture the physics occur-
ring within the domain. In other words, the results needed to be independent of the grid resolu-
tion. Nonetheless, for better accuracy, this was later changed to the second-order upwind scheme.

Similarly, the underrelaxation factors were initially set at 0.5 (except for turbulent viscosity,
pressure, and body forces, which were kept the same as default), and were then gradually
conveyed to their default values with convergence. Convergence criteria were set that normal-
ized residuals for all equations must fall under 10−6.

4. Results and discussion

4.1. Model validation for forest residues

The main goal of researchers when it comes to numerical simulation is to increase the system
complexity and accuracy while minimizing, if not complete eliminating, physical testing. There
are two key systematic processes for confirming numerical results: the verification and the
validation processes. The former tries to answer “did I solve the model right?” while the latter
asks “did I solve the right model?” and this is where one checks against experimental data.

In the gasification process, this step becomes crucial since one is dealing with an extremely
complex multiphase model where gas and solid phases exchange heat, momentum, and mass.
To make matters worse, the hydrodynamic phenomena on a laboratory scale fluidized bed are
not the same as on large scales [28]. To overcome this problem, the numerical results were
compared with gasification tests performed in a pilot scale gasification plant, installed in the
Industrial Park of Portalegre, Portugal. Awide range of operational conditions were tested for
several Portuguese biomass substrates. Table 6 shows three of these tested operating condi-
tions for one particular substrate used to validate the numerical model and respective results.

The presented results show that the developed numerical model has the ability to predict the
obtained synthetic gas composition within a satisfactory margin of error of 20%, commonly
found in similar studies [29]. The highest deviation was observed for CH4, which was expected
since smaller fractions tend to produce higher relative errors. Furthermore, all light hydrocar-
bons and tar can lump into CH4, which can explain the disagreement sometimes found in Ref.
[15]. Very similar margins of error were found for different biomass substrates analyzed in the
same pilot scale.

Nevertheless, some differences can be observed due to some simplifying assumptions
followed by our model:
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• A more detailed devolatilization approach should be attempted.

• In addition, tar decomposition and chemical reactions for ash and some light hydrocar-
bons were not included.

• Ideal gas principles apply for the gases.

• Syngas is only formed by H2, CO, CO2, and CnHm and it is at chemical equilibrium.

• Heat losses from the components are neglected.

Some of these simplifications were corrected when the model was expended to deal with the
heterogeneity of MSW as will be shown in the next subsection.

4.2. Model validation for PMSW

As stated in the mathematical model, to cope with the heterogeneity of MSW, the devolati-
lization model had to be restructured. Ideally, one would like to validate the new upgraded
model with the experimental setup used earlier. However, due to unfortunate logistical and
bureaucratic setbacks this was not possible.

To work around the problem, it was decided to validate the model using data collected from the
literature [30]. Table 7 shows the operating conditions used to validate the numerical model.

Figure 2 shows the comparison of the composition of obtained gas, estimated by the model,
with that measured in the experiments.

Comparison between Figure 2 and Table 6 shows that the advancement in the model allowed
a more complex system to perform in a similar manner and in some cases to predict syngas

Experimental conditions Forest residues

Run 1 2 3

Temperature (°C) 815 815 790

Admission biomass (Kg/h) 63 74 63

Air flow rate (Nm3/h) 94 98 98

Syngas fraction (dry and inert basis)

H2 Experimental 8.2 8.4 7.6

Numerical 7.5 7.7 6.8

CO Experimental 18.6 18 17.9

Numerical 20.9 20.6 20.1

CH4 Experimental 4.6 4.4 4.4

Numerical 3.9 3.7 3.7

CO2 Experimental 16.7 17.1 17.1

Numerical 15.9 16.5 16.2

Table 6. Operating conditions for validation proposes and respective results.
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composition slightly better. This was due to a more realistic devolatilization model and the
inclusion of light hydrocarbons.

4.3. Assessment of operational conditions

When scrutinizing a system (whatever it may be) it is imperative to devote a significant effort
determining the influence of the main parameters on the system’s output. In fact, the aim of the
present subsection is to analyze the influence of several gasifier operating conditions including

Run 1 2 3 4 5 6 7 8 9

Temperature (°C) 493 705 602 507 687 593 691 593 507

MSW admission (Kg/h) 2.3 3 3 3 4 4 6 6 6

ER 0.5 0.4 0.4 0.4 0.3 0.3 0.2 0.2 0.2

Preheated air (°C) 290 352 296 281 352 307 352 308 279

Table 7. Operating conditions for the experimental gasification runs [30].

Figure 2. Comparison of the modeled and measured composition for (a) CO2, (b) H2, (c) CnHm, and (d) CO.

Biomass Volume Estimation and Valorization for Energy142



composition slightly better. This was due to a more realistic devolatilization model and the
inclusion of light hydrocarbons.

4.3. Assessment of operational conditions

When scrutinizing a system (whatever it may be) it is imperative to devote a significant effort
determining the influence of the main parameters on the system’s output. In fact, the aim of the
present subsection is to analyze the influence of several gasifier operating conditions including

Run 1 2 3 4 5 6 7 8 9

Temperature (°C) 493 705 602 507 687 593 691 593 507

MSW admission (Kg/h) 2.3 3 3 3 4 4 6 6 6

ER 0.5 0.4 0.4 0.4 0.3 0.3 0.2 0.2 0.2

Preheated air (°C) 290 352 296 281 352 307 352 308 279

Table 7. Operating conditions for the experimental gasification runs [30].

Figure 2. Comparison of the modeled and measured composition for (a) CO2, (b) H2, (c) CnHm, and (d) CO.

Biomass Volume Estimation and Valorization for Energy142

equivalence ratio (ER), steam-to-biomass ratio (SBR), carbon dioxide-to-biomass (CO2/B) ratio,
and reactor temperature on the obtained gas composition.

4.3.1. Equivalent ratio

Perhaps the most common, and the most analyzed, parameter regarding the gasification
process is the air flow rate. Air is the cheapest gasifying agent but it also produces the poorest
gas because it is highly diluted in N2 [31]. To solve this problem, pure oxygen can be used to
obtain a much higher quality gas (since no nitrogen will be present or at least a much lower
fraction). However, implementation is only possible through high investment causing uncer-
tainty when it comes to large facilities [32].

Furthermore, the O2content in an air mixture can sometimes be misleading due to nitrogen
dilution and the effects of small variations on substrate admission in the syngas composition
going unnoticed, hence our decision to study ER. ER is one of the most significant parameters,
which have effect on the gasification process including syngas composition. In accordance
with previous gasification studies [33], the equivalence ratio can be defined as:

ER ¼ oxygen mass=dry MSW mass
stoichiometric oxygen=MSW ratio

(4)

The ratio was maintained between 0.15 and 0.35 since all of the experiments conducted to
validate the model must be in this range and also because the ER values most suitable for
gasification found in the current literature range between 0.2 and 0.4 [34].

The model predictions for the described reactor about the influence of ER on syngas molar
fraction are shown in Figure 3.

A quick analysis shows that increasing ER suppresses the formation of combustible gases (H2,
CO, and CnHm) while promoting the formation of CO2 contents. Since increasing the ER leads to
more inert gas to enter the reactor, the obtained gas will be more diluted in nitrogen resulting in a
poorer gas. A decrease in H2 and CO can also be explained by a decrease in the residence time,
considering that as air flow rate increases, it is no longer sufficient for CO and H2 formation
reactions to occur. Although to a smaller degree, ER negatively affects the CnHm content by
enhancing steam reactions at higher temperatures leading to methane decomposition [35]. Finally,
carbon dioxide fraction is expected to increase since combustion reactions (that consume CO and
H2 to produce CO2) will be promoted. Results are consistent with the current literature [36, 37].

Despite presenting similar trends, studied substrates exhibit significant differences in the
relative syngas molar fraction. One may explain this difference by recurring to the fuel’s
chemical composition. As demonstrated by Silva et al. [15], higher biomass calorific values
result in higher calorific syngas production. This relationship between the biomass calorific
content and the syngas lower heating values (LHV) can be explained considering, first, that the
biomass calorific value is related to the amount of carbon (C) and hydrogen (H) present in the
biomass, and second, a larger amount of these two elements allows production of larger
quantities of hydrogen and carbon monoxide, the major contributors for the calorific value of
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the syngas. Nevertheless, since there are other biomass properties that can greatly influence
the gasification process one must not take these conclusions as absolutes.

4.3.2. Steam-to-biomass ratio

Among oxidizing agents, steam gasification has received special attention since it produces a
fuel gas with medium lower heating values of 12–18 MJ/Nm3 [38], which is considerably
higher than those from air gasification, while being less costly than oxygen gasification.

Steam-to-biomass ratio (SBR) is used in order to emphasize the effects of small variations on
biomass admission, which often go unnoticed [39]. The SBR can be defined as the steam mass
flow rate divided by the fuel mass flow rate (dry basis):

SBR ¼ Steam mass flow rate
Biomass substrate mass flow rate

(5)

Figure 3. Comparison between PMSW (black columns) and forest residues (gray columns) as a function of ER for (a) CO2,
(b) H2, (c) CnHm, and (d) CO (operating conditions: fuel feed rate = 25 kg/h; gasification temperature = 750°C).
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The SBR was varied over a range of values from 0 to 2 by holding the other variables constant.
The range was selected based on previous findings from our research team using the same
facilities (Figure 4).

An increase in SBR leads to an increase in H2 and CO2 and a decrease in CO and CnHm. SBR
will mostly favor char and tar steam reforming as well as the water-gas shift reaction, which in
turn will lead to an increase in CO2 and H2 content at the expense of CO and CnHm. In fact,
according to Hernández et al. [40], for steam gasification, the water-gas shift reaction will
dominate over the Boudouard one and CO will be consumed to produce CO2 and H2. These
results are consistent with the current literature [41].

An increase in the CH4 content relates to the decrease in oxidation of volatile matter, which is
not balanced out by the consumption of CH4 in the reforming reactions. These reactions have
lower rates than oxidation ones but are most favored by low temperatures. However, at higher
steam levels, the steam reforming can in fact shift CH4 consumption will also be affected.

Figure 4. Comparison between PMSW (black columns) and forest residues (gray columns) as a function of SBR for (a)
CO2, (b) H2, (c) CnHm, and (d) CO (operating conditions: fuel feed rate = 25 kg/h; gasification temperature = 750°C).

Modeling Biomass Substrates for Syngas Generation by Using CFD Approaches
http://dx.doi.org/10.5772/65857

145



Excessive steam intake will lead to a significant decrease in gasification temperature, which in turn
will have a negative effect on endothermic reactions, impairing product generation, which explains
the decrease in H2 after SBR=1.5, and producing insufficient heat to promote steam reforming and
primary water-gas reactions. Furthermore, excessive steam could shift the steam reforming and
water-gas reactions backward, consuming CO and H2 to produce CO2 and H2O [42].

4.3.3. Carbon dioxide-to-biomass ratio

Even though steam gasification presents several advantages over air gasification, there are still
some associated setbacks, such as the consumption of H2O, which is an increasingly scarce
resource.

Although poorly studied, carbon dioxide as a gasifier agent has been showing promising
results, for starters, it consumes an unwanted end product (CO2) of various industrial pro-
cesses [43]. Furthermore, it also enhances both char gasification and pyrolysis and has the
ability to act as a catalyst to enhance the thermal cracking of volatiles leading to tar mitigation.

The effect of carbon dioxide as a gasifying agent was studied using carbon dioxide-to-biomass
ratio. The ratio was varied over a range of values from 0 to 1 by maintaining the other variables
constant. To the best of our knowledge, regarding MSW, this ratio has only been investigated
by our team [24], although some work has been published using biomass substrates by other
researchers [44–46].

Results from Figure 5 show that an increase in CO2/B promotes the formation of CO and CO2

while suppressing H2 and CnHm. This can be explained with the fact that a higher CO2 content
mainly promotes Boudouard and reverse water-gas shift reactions, which leads to increase in
CO fraction while H2 decreases. On the other hand, CnHm molar fraction slightly decreases due
to being consumed via CH4reforming to produce CO and H2 [47]. CO2 content increases since
a considerable fraction of the gasifying agent leaves the reactor unreacted.

Despite no results in the literature were found for MSW, those available for biomass are in
agreement with the obtained results [44, 45, 48].

4.3.4. Gasification temperature

Gasification temperature is one of the most influential factors affecting the product gas com-
position and respective properties. The main reactions of the gasification are endothermic and
thus strengthened by increasing temperature. Since the steam reforming, Boudouard, water-
gas, and water-gas shift reactions occur simultaneously, the contents and ratios of considered
species in the product gas are affected by temperature and partial pressures of reactants.
Therefore, the reactor temperature significantly influences the syngas compositions. Figure 6
show the influence of reactor temperature on final syngas composition for both substrates.

According to the Le Chatelier’s principle, an increase in gasification temperature will favor
products in endothermic reactions. Furthermore, promotion of endothermic reactions will lead
to an increase in CO and H2 content formation while decreasing CO2 and CnHm [49].
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Careful analysis shows that above 750°C hydrogen production becomes less pronounced
while carbon monoxide further increases. In fact, in this range, the standard Gibbs free energy
of the Boudouard reaction (responsible for CO production) becomes less than that of the water-
gas reaction (main responsible for hydrogen production at lower temperatures), meaning that
the former dominates over the latter as temperature increases. This is in agreement with the
current literature [50].

Comparison between substrates was intentionally not discussed in the two previous subsec-
tions. The reason behind it is simply that all operating conditions share the same trends when
it comes to different substrates, the underlining key is the biomass properties themselves.

4.4. Syngas quality indices

Syngas quality indices such as CH4/H2 and H2/CO not only give a good indication of process
efficiency, but also give its most suitable application. For instances, syngas with high CH4/H2

ratios tends to be used in domestic purposes while high H2/CO ratios tend to be preferred in
the chemical industry [51].

Figure 5. Comparison between PMSW (black columns) and forest residues (gray columns) as a function of CO2/B for (a)
CO2, (b) H2, (c) CnHm, and (d) CO (operating conditions: fuel feed rate = 25 kg/h; gasification temperature = 750°C).

Modeling Biomass Substrates for Syngas Generation by Using CFD Approaches
http://dx.doi.org/10.5772/65857

147



Besides syngas quality indices, there are other gasification products that can help determine
process quality, namely carbon conversion (CC), cold gas efficiency (CGE), and tar content.

4.4.1. Methane-to-hydrogen ratio

Figure 7 displays the effect of gasification temperature on the syngas CH4/H2 ratio using the
operating conditions from Figure 6.

Figure shows that the CH4/H2 ratio suffers a steep decrease with an increase in temperature.
As can be seen from Figure 6 (and corresponding explanation), an increase in gasification
temperature will promote the formation of H2. Meanwhile, due to the strengthening of the
endothermic steam-methane reactions a decrease in CH4 fraction is also expected.

At higher temperatures, usually above 800°C, one may notice that ratio decrease becomes less
pronounced. This can be explained with the fact that, simply because within the studied

Figure 6. Comparison between PMSW (black columns) and forest residues (gray columns) as a function of gasification
temperature for (a) CO2, (b) H2, (c) CnHm, and (d) CO. Dry and N2-free basis (operating conditions: ER – 0.25; SBR – 1;
CDMR – 0.4; MSW admission – 25 kg/h).

Biomass Volume Estimation and Valorization for Energy148



Besides syngas quality indices, there are other gasification products that can help determine
process quality, namely carbon conversion (CC), cold gas efficiency (CGE), and tar content.

4.4.1. Methane-to-hydrogen ratio

Figure 7 displays the effect of gasification temperature on the syngas CH4/H2 ratio using the
operating conditions from Figure 6.

Figure shows that the CH4/H2 ratio suffers a steep decrease with an increase in temperature.
As can be seen from Figure 6 (and corresponding explanation), an increase in gasification
temperature will promote the formation of H2. Meanwhile, due to the strengthening of the
endothermic steam-methane reactions a decrease in CH4 fraction is also expected.

At higher temperatures, usually above 800°C, one may notice that ratio decrease becomes less
pronounced. This can be explained with the fact that, simply because within the studied

Figure 6. Comparison between PMSW (black columns) and forest residues (gray columns) as a function of gasification
temperature for (a) CO2, (b) H2, (c) CnHm, and (d) CO. Dry and N2-free basis (operating conditions: ER – 0.25; SBR – 1;
CDMR – 0.4; MSW admission – 25 kg/h).

Biomass Volume Estimation and Valorization for Energy148

temperature range, a decrease in CH4 is somewhat constant while at higher temperature
hydrogen production will also be less pronounced [33].

Forest residues presented a higher CH4/H2 ratio, especially for lower temperatures.
Pinpointing exactly why this is can be extremely challenging due to a number of biomass
properties that influence the gasification process. One can argue that since forest residues have
a higher carbon and hydrogen content (according to our data, if we consider the proximate
analysis as received from PMSW, C content is just 33.66 and H 4.42%) which will lead to more
combustible gases. Furthermore, an increase in the CH4 content is related to higher levels of
volatile matter, which also might explain why forest residues present the higher ratio.

4.4.2. Hydrogen-to-carbon monoxide ratio

As estimated by Butterman and Castaldi [43], the H2/CO ratio has an obvious impact on the
ideal application for a given substrate. Higher H2/CO ratios permit for the operation of solid
oxide fuel cells (SOFC) [52] while medium H2/CO ratios are suitable for FT synthesis of liquid
fuels. Mid-to-lower ratios are mainly appropriate for catalyst-based FT synthesis while very
low ratios are particularly appropriate for the production of a specific biomass-derived liquid
chemical [53].

Figure 8 displays the effect of gasification temperature on the syngas H2/CO ratio using the
operating conditions from Figure 6.

Figure 7. Syngas CH4/H2 ratio as a function of the gasification temperature for PMSW (black columns) and forest
residues (gray columns) (dry and N2-free basis).
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Conversely to CH4/H2, the H2/CO ratio presents two distinct trends: from 700 to 800°C,
gasification temperature has a positive influence on the H2/CO ratio whereas an increase
beyond 800°C shows the opposite trend. This can be explained with the fact that at low
temperatures H2 production is enhanced by primary water-gas reaction as well as steam-
methane reforming reactions while at higher temperatures primary water-gas as well as
Boudouard reaction will favor CO production.

Perhaps most importantly, in the range between 750 and 800°C, the standard Gibbs free energy
of the Boudouard reaction (responsible for CO production) becomes less than that of the water-
gas reaction (main responsible for hydrogen production at lower temperatures), indicating
that the former dominates over the latter as temperature increases, leading to a decrease in
the H2/CO ratio, which is in agreement with the literature [54].

To make it useful for the chemical industry to synthesize products such as methanol and virgin
naphtha, H2/CO ratios higher than 1.70 should be presented, which neither of these two sub-
strates were able to achieve, although forest residues were able to reach close to 1.4. The H2/CO
ratio would be increased by an injection of water [51].

4.4.3. Carbon conversion

Carbon conversion can be defined by the fraction of carbon from the substrate converted into
carbon in syngas composition, and can give an good indication of the amount of unconverted

Figure 8. Syngas H2/CO ratio as a function of the gasification temperature for PMSW (black columns) and forest residues
(gray columns) (dry and N2-free basis).
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carbon in syngas composition, and can give an good indication of the amount of unconverted

Figure 8. Syngas H2/CO ratio as a function of the gasification temperature for PMSW (black columns) and forest residues
(gray columns) (dry and N2-free basis).
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materials, thus providing a measure of chemical efficiency of the process. It can be expressed
as:

Carbon Conversion ¼ 12·M
Xc ·m

(6)

whereM stands for the total molar flow rate of carbon in syngas composition, Xc stands for the
carbon fraction in the MSW, and m stands for the MSW flow rate into the gasifier.

Figure 9 displays the effect of gasification temperature on carbon conversion using the operat-
ing conditions from Figure 6.

Figure shows that gasification temperature has a positive effect on carbon conversion. Higher
temperatures will favor tar reforming leading to an increase in gas yield and carbon conver-
sion [55]. Furthermore, an increase in temperature enhances steam reforming reactions, which
in turn promote carbon conversion [41].

Although operational conditions were kept constant to ensure uniform residence time, sub-
strates with different size particles lead to different residence times [47, 52]. In addition, the
increasing residence time promotes gasification and carbon conversion reactions, leading to a
higher gas yield [53]. Since forest residues have a smaller particle it leads to higher carbon
conversion values.

Figure 9. Carbon conversion as a function of the gasification temperature for PMSW (black columns) and forest residues
(gray columns) (dry and N2-free basis).
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4.4.4. Cold gas efficiency

CGE can be defined as the percentage of the heating value of MSW converted into the heating
value of the product gas. It can be computed as follows:

CGE ¼ Gas yield ·HHV of product gas
HHV of fuelþHeat addition

(7)

Figure 10 displays the effect of gasification temperature on CGE using the operating condi-
tions from Figure 6.

Similarly to CC, gasification temperature also has a positive influence on CGE. This is expected
since the main gasification reactions are endothermic and thus strengthened by increasing
temperature as well as gas yield, the two main factors responsible for CGE increase. Results
are in agreement with the current literature [56, 57].

As expected, the calculated CGE for MSW is significantly lower due to a combination of low
gas yield and poor syngas LHV. Efficiency values for both forest residues and MSWare within
range from what is commonly found in the current literature [58].

4.4.5. Tar content

One of the major problems to deal with during biomass gasification is tar formation. At
reduced temperature, tar condenses, blocking and fouling process equipment (such as engines

Figure 10. CGE as a function of the gasification temperature for PMSW (black columns) and forest residues (gray
columns) (dry and N2-free basis).
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and turbines). According to Devi et al. [59], tar should be prevented or eliminated in the
gasifier by manipulating factors such as operating conditions, addition of active bed materials,
and possible reactor design modifications.

Figure 11 displays the effect of gasification temperature on the tar content using the operating
conditions from Figure 6.

Figure shows that gasification temperature strongly influences the tar content. This can be
explained with the fact that a high temperature favors destruction and reforming of tar,
leading to a decrease in tar content [60].

As previously mentioned, a higher volatile content leads to an increase in residence time that,
in turn, favors gasification reactions [61]. According to Aljbour and Kawamoto [62], an
increase in residence time can lead to a reduction in the tar content. Since forest residues have
a slightly higher volatile content, it comes with no surprise that it also consist a slightly lower
tar content.

4.5. Process optimization

As shown all throughout the paper, gasification parameters have a strong influence on the
overall process quality. Trying to have a better understanding of the underpinning mecha-
nisms requires performing several gasification runs studying different operating conditions
and parameters. Without a systematic approach such as the design of experiments this can
become extremely time-consuming as well as expensive. Combining optimization methodolo-
gies such as the DoE with numerical models avoids expensive and time-consuming

Figure 11. Tar content as a function of the gasification temperature for PMSW (black columns) and forest residues (gray
columns) (dry and N2-free basis).
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experiments while obtaining the optimal operational condition set according to the desired
response [63].

To test this hypothesis, an exergy efficiency optimization model was built using data obtained
from the numerical model. The optimization model aimed to establish where the maximum
exergy efficiency is according to the substrate and operating conditions chosen.

Particularly, in order to promote a more hydrogen-rich gas, the optimization model focused on
an exergy flow rate of the produced hydrogen instead of syngas.

The empirical model was built minimizing the sum of the residues square to give the param-
eters of a second-order response model.

Y ¼ B0 þ∑
3

i¼1
Bi ·Xi þ∑

3

i¼1
Bi, i ·X2

i þ∑
3

j¼2
∑
3

i<j
Bi, j ·Xi ·Xj (8)

where Y is the response, the Xi terms are the main factors ð−1≤Xi≤1Þ, temperature (1), steam-to-
biomass ratio (2), and biomass type (3) and the Bi terms are the equation coefficients related to
the main factors. The B0 term is the interception coefficient, the Bi,i terms are the quadratic
effects (give the curvature to the response surface), and the Bi,j terms symbolize the cross-
interactions between factors. The present design does not consider the use of replicates because
the results are obtained by computer simulations. In this case, a test on lack of fit and analysis
concerning pure error are not provided [64]. Despite these circumstances much of the standard
statistical analyses remain relevant, including measurements of model-fit such as PRESS
(predicted residual sum of squares).

ANOVA analysis with high values for PRESS and “R-squared predicted” (not shown) also
reinforced that the exergy efficiency response is well described by the empirical model in the
design space.

Figures 12 and 13 show the hydrogen exergy efficiency as a function of the temperature and
SBR for MSW and forest residues, respectively.

Similarly to what was shown in previous subsections, both substrates present very similar
trends. In general, hydrogen efficiency increases with SBR since adding steam increases its
chemical energy and exergy content. However, adding steam also demands additional exergy.

Regarding influence of gasification temperature one can clearly see that it has a positive effect
on hydrogen efficiency all throughout the studied range. This can be explained by an increase
in gas yield and enthalpy of gas component [56, 65].

The interpolating polynomial indicated in Eq. (8) provides the maximum values for hydrogen
efficiency for both studied substrates. The maximum efficiency value was found at 900°C with
a SBR of 1.5 for MSW and 1 for forest residues, with respective values of 50.6 and 50.2%.

Surprisingly, forest residues and MSW presented virtually the same maximum hydrogen
efficiency. This can be explained with forest residues having the higher hydrogen molar
composition and the higher gas yield, while MSW presenting the lower substrate exergy value,
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leading to the latter having a slightly higher maximum hydrogen exergy value. Perhaps more
important is the fact that forest residues have a much higher CnHm fraction (which is much
more calorific than H2 or CO), leading to a substantially higher CGE. When considering
hydrogen efficiency, we are only considering hydrogen fraction and gas yield, so higher
hydrocarbons do not influence the results. Available literature supports the conclusions made
in this study [56, 65].

Figure 12. Hydrogen exergy efficiency as a function of the temperature and SBR for MSW.

Figure 13. Hydrogen exergy efficiency as a function of temperature and SBR for forest residues.
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Even though results from MSW were not on par with those from forest residues in regard to
CGE, exciting results were seen in both tar content and hydrogen efficiencies.

4.6. Role of numerical simulation in research assistance

Most real-life problems are simply not solved by analytical methods, especially if they involve
interaction between physical processes or when comparison is made with real-experimental
data. The use of numerical simulation is becoming increasingly imperative with the increase in
computing power available by allowing researchers to get results not achievable by other
means.

Most simulators of physical phenomena nowadays are using numerical methods rather than
closed-form solutions. Examples would be solvers for Maxwell's equations (electromagnetic
phenomena), Navier-Stokes equations (fluid mechanics), Schrödinger's equation (quantum
mechanics), Fourier equations (heat conduction), and so on. Even “simple” simulators like the
SPICE circuit simulator use numerical methods for nearly all but the simplest resistor circuits.

Numerical solutions open new possibilities for analysis but solutions can sometimes be diffi-
cult to interpret. Furthermore, simulators such as fluent are not 100% accurate or certain to
give the user a physically real answer, one still has to know the basic physics to even setup
most such simulators and one needs to know something about numerical analysis to know
how and why such methods typically fail to simulate if you want identify or debug simulation
failures.

The key determining factor is the level of complexity the researcher is willing to take (in other
words what computational cost is the researcher willing to take). In the presented work, there
were several choices that were necessary to make in order to ensure work feasibility:

• What kind of geometry simplifications could one make without jeopardizing physical
model?

• What would the optimal grid density be? A very courser mesh could lead to very poor
results, but a very fine mesh could mean dozens or even hundreds of hours extra just to
improve results by a few percentage points.

• Is it better to use faster approaches like PDF flamelet models even though their funda-
mental assumption of infinitely fast chemistry renders them inapplicable for modeling
low-Btu, low-exit velocity flaring?

• Using a radiation model can definitely improve the simulation results but requires a
considerable amount of additional computational time, is it worth?

• When using a chemistry set, some authors opt to use detailed mechanisms (sometimes
containing hundreds of reactions and dozens of species), while others prefer to use
reduced or even simplified versions.

These are just a small fraction of all choices necessary to make when dealing with such a
complex system as the one described in Section 3. Depending on system complexity, even with
all the necessary adjustments to ensure faster convergence, some simulations will require
optimal planning and patience. Some known examples by ANSYS:
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• NETL fluidization challenge problem, able to simulate 16 s of flow time per day on 12
processors with a complete particle size distribution (PSD);

• Flow of solids in a riser, approximately 1 s of flow time simulated in a day in a single
processor.

However, all this effort is rewarded when researchers are able to apply their results in creating
credible model descriptions of new systems, which can be used in new designs or to improve
the parameters on working systems and decision making for its modernization.

Nevertheless, perhaps the greatest benefit of using numerical models is the impact that these
can bring not only for industrial purposes but also in important areas such as financial, social,
and environmental areas.

5. Conclusions

Ideally, researchers would always want to test their hypothesis using the latest equipment in
the most advanced laboratories with a large team of experts available to assist them. However,
only an insignificant fraction has access to such conditions, and even those who do still have to
go through tedious bureaucratic and logistical setbacks. Numerical simulation methods are
used to study the behavior of systems whose mathematical models are too complex to provide
analytical solutions in a time and cost-efficient way.

In this chapter, one of the most challenging energetic systems to predict was analyzed, the
gasification process. In fact, gasification is considered to be one of the most difficult processes
to model due to the chemical and physical interactions that occur throughout. A previously
developed numerical model was used and its results validated using data collected from the
literature and from a semiindustrial gasifier. Forest residues (one of the most abundant sub-
strates in Portugal) and municipal solid wastes (one of the greatest challenges facing modern
society) were analyzed. The model able not only to satisfactory the experimental results but
also to correctly predict the trends of all studied parameters.

Finally, the numerical model was coupled with an optimization model designed to predict the
optimal operation conditions for obtaining a more hydrogen-rich gas. This further states the
ability of numerical simulations not only to assist analyzing the key trends of a given process
but also how they can be used to predict the optimal operating point for a given optimal
response.

Nomenclature

A, B calibration constants
Ai preexponential factor
C1ε, C2ε, C3ε constants
Cp specific heat capacity
D0 diffusion rate coefficient
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Ei activation energy
Gk generation of turbulence kinetic energy due to the mean velocity gradients
Gb generation of turbulence kinetic energy due to buoyancy
hq specific enthalpy of phase
hpq heat transfer coefficient between the fluid phase and the solid phase
k thermal conductivity
Nu Nusselt number
_m biomass flow entering into the gasifier
M total mole flow of carbon in the syngas components
Mi molecular weight of each the species
Mc molecular weight
Mw,i molecular weight of i component
p gas pressure
Pr Prandtl number
ps particle phase pressure due to particle collisions

Q
!

pq
heat transfer between pth and qth phases

q!q
heat flux

qth specific enthalpy
R universal gas constant
Ri net generation rate of specie i due to homogeneous reaction
Re Reynolds number
Rc reaction rate
Si source term of the species i production from the solid heterogeneous reaction
Sk user-defined source terms
Sq source term due to chemical reactions
Sε user-defined source terms
T temperature
ts particle phase stress tensor
U mean velocity
v instantaneous velocity
XC carbon fraction in the biomass (obtained from the ultimate analysis)
Y mass fraction
YM contribution of the fluctuating dilatation in compressible turbulence to the over-

all dissipation rate

Other symbols

α volume fraction
β gas-solid interphase drag coefficient
γc stoichiometric coefficient
γΘa

collisional dissipation of energy

ε dissipation rate
ρ density
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ϕls energy exchange between gas and solid phases
kΘa diffusion coefficient
kΘa∇ðΘsÞ diffusion energy

ð−psI þ τsÞ : ∇ðv!sÞ generation of energy by the solid stress tensor.

τ tensor stress
μ viscosity

Subscripts

g gas phase
s solid phase
i component

Acknowledgements

We would like to express our gratitude to the Portuguese Foundation for Science and Technol-
ogy (FCT) for the support to the grant SFRH/BD/86068/2012 and the project PTDC/EMS-ENE/
6553/2014 as well as IF/01772/2014. We also would like to thank Dr. Paulo Brito for providing
experimental data needed to complete this paper.

Author details

Nuno Couto and Valter Silva*

*Address all correspondence to: vsilva@inegi.up.pt

INEGI-FEUP, Faculty of Engineering, University of Porto, Porto, Portugal

References

[1] V. Silva, E. Monteiro, A. Rouboa, An analysis on the opportunities, technology and
potential of biomass residues for energy production in Portugal, in: A. Méndez-Vilas
(Ed.) Materials and Processes for Energy, Formatex Research Center, Spain 2013, pp.
190–201.

Modeling Biomass Substrates for Syngas Generation by Using CFD Approaches
http://dx.doi.org/10.5772/65857

159



[2] W.C. Tuckenger, Renewable energy technologies, in: U.W. UNDP (Ed.) World Energy
Assessment of the United Nations, USA 2000, pp. 219–272.

[3] U. Arena, Process and technological aspects of municipal solid waste gasification. A
review, Waste Management, 32 (2012) 625–639.

[4] G. del Alamo, A. Hart, A. Grimshaw, P. Lundstrøm, Characterization of syngas produced
from MSW gasification at commercial-scale ENERGOS Plants, Waste Management, 32
(2012) 1835–1842.

[5] M. Lapuerta, J.J. Hernández, A. Pazo, J. López, Gasification and co-gasification of bio-
mass wastes: Effect of the biomass origin and the gasifier operating conditions, Fuel
Processing Technology, 89 (2008) 828–837.

[6] S. Ferreira, N.A. Moreira, E. Monteiro, Bioenergy overview for Portugal, Biomass and
Bioenergy, 33 (2009) 1567–1576.

[7] D. Baruah, D.C. Baruah, Modeling of biomass gasification: A review, Renewable and
Sustainable Energy Reviews, 39 (2014) 806–815.

[8] F. Tabet, I. Gökalp, Review on CFD based models for co-firing coal and biomass, Renew-
able and Sustainable Energy Reviews, 51 (2015) 1101–1114.

[9] S. Kraft, M. Kuba, F. Kirnbauer, K. Bosch, H. Hofbauer, Optimization of a 50 MW
bubbling fluidized bed biomass combustion chamber by means of computational particle
fluid dynamics, Biomass and Bioenergy, 89 (2016) 31–39.

[10] M. Siedlecki, W. De Jong, A.H.M. Verkooijen, Fluidized bed gasification as a mature and
reliable technology for the production of bio-syngas and applied in the production of
liquid transportation fuels: A review, Energies, 4 (2011) 389.

[11] G. Mirmoshtaghi, H. Li, E. Thorin, E. Dahlquist, Evaluation of different biomass gasification
modeling approaches for fluidized bed gasifiers, Biomass and Bioenergy, 91 (2016) 69–82.

[12] R.I. Singh, A. Brink, M. Hupa, CFD modeling to study fluidized bed combustion and
gasification, Applied Thermal Engineering, 52 (2013) 585–614.

[13] D.M. Snider, S.M. Clark, P.J. O'Rourke, Eulerian–Lagrangian method for three-dimen-
sional thermal reacting flow with application to coal gasifiers, Chemical Engineering
Science, 66 (2011) 1285–1295.

[14] Q. Xue, R.O. Fox, Multi-fluid CFD modeling of biomass gasification in polydisperse
fluidized-bed gasifiers, Powder Technology, 254 (2014) 187–198.

[15] V. Silva, E. Monteiro, N. Couto, P. Brito, A. Rouboa, Analysis of syngas quality from
Portuguese biomasses: An experimental and numerical study, Energy & Fuels, 28 (2014)
5766–5777.

[16] N. Couto, V. Silva, E. Monteiro, S. Teixeira, R. Chacartegui, K. Bouziane, P.S.D. Brito, A.
Rouboa, Numerical and experimental analysis of municipal solid wastes gasification
process, Applied Thermal Engineering, 78 (2015) 185–195.

Biomass Volume Estimation and Valorization for Energy160



[2] W.C. Tuckenger, Renewable energy technologies, in: U.W. UNDP (Ed.) World Energy
Assessment of the United Nations, USA 2000, pp. 219–272.

[3] U. Arena, Process and technological aspects of municipal solid waste gasification. A
review, Waste Management, 32 (2012) 625–639.

[4] G. del Alamo, A. Hart, A. Grimshaw, P. Lundstrøm, Characterization of syngas produced
from MSW gasification at commercial-scale ENERGOS Plants, Waste Management, 32
(2012) 1835–1842.

[5] M. Lapuerta, J.J. Hernández, A. Pazo, J. López, Gasification and co-gasification of bio-
mass wastes: Effect of the biomass origin and the gasifier operating conditions, Fuel
Processing Technology, 89 (2008) 828–837.

[6] S. Ferreira, N.A. Moreira, E. Monteiro, Bioenergy overview for Portugal, Biomass and
Bioenergy, 33 (2009) 1567–1576.

[7] D. Baruah, D.C. Baruah, Modeling of biomass gasification: A review, Renewable and
Sustainable Energy Reviews, 39 (2014) 806–815.

[8] F. Tabet, I. Gökalp, Review on CFD based models for co-firing coal and biomass, Renew-
able and Sustainable Energy Reviews, 51 (2015) 1101–1114.

[9] S. Kraft, M. Kuba, F. Kirnbauer, K. Bosch, H. Hofbauer, Optimization of a 50 MW
bubbling fluidized bed biomass combustion chamber by means of computational particle
fluid dynamics, Biomass and Bioenergy, 89 (2016) 31–39.

[10] M. Siedlecki, W. De Jong, A.H.M. Verkooijen, Fluidized bed gasification as a mature and
reliable technology for the production of bio-syngas and applied in the production of
liquid transportation fuels: A review, Energies, 4 (2011) 389.

[11] G. Mirmoshtaghi, H. Li, E. Thorin, E. Dahlquist, Evaluation of different biomass gasification
modeling approaches for fluidized bed gasifiers, Biomass and Bioenergy, 91 (2016) 69–82.

[12] R.I. Singh, A. Brink, M. Hupa, CFD modeling to study fluidized bed combustion and
gasification, Applied Thermal Engineering, 52 (2013) 585–614.

[13] D.M. Snider, S.M. Clark, P.J. O'Rourke, Eulerian–Lagrangian method for three-dimen-
sional thermal reacting flow with application to coal gasifiers, Chemical Engineering
Science, 66 (2011) 1285–1295.

[14] Q. Xue, R.O. Fox, Multi-fluid CFD modeling of biomass gasification in polydisperse
fluidized-bed gasifiers, Powder Technology, 254 (2014) 187–198.

[15] V. Silva, E. Monteiro, N. Couto, P. Brito, A. Rouboa, Analysis of syngas quality from
Portuguese biomasses: An experimental and numerical study, Energy & Fuels, 28 (2014)
5766–5777.

[16] N. Couto, V. Silva, E. Monteiro, S. Teixeira, R. Chacartegui, K. Bouziane, P.S.D. Brito, A.
Rouboa, Numerical and experimental analysis of municipal solid wastes gasification
process, Applied Thermal Engineering, 78 (2015) 185–195.

Biomass Volume Estimation and Valorization for Energy160

[17] N. Couto, V. Silva, E. Monteiro, P. Brito, A. Rouboa, Using an Eulerian-granular 2-D
multiphase CFD model to simulate oxygen air enriched gasification of agroindustrial
residues, Renewable Energy, 77 (2015) 174–181.

[18] S. Teixeira, E. Monteiro, V. Silva, A. Rouboa, Prospective application of municipal solid
wastes for energy production in Portugal, Energy Policy, 71 (2014) 159–168.

[19] Z.A.B.Z. Alauddin, P. Lahijani, M. Mohammadi, A.R. Mohamed, Gasification of lignocel-
lulosic biomass in fluidized beds for renewable energy development: A review, Renew-
able and Sustainable Energy Reviews, 14 (2010) 2852–2862.

[20] N. Couto, V. Silva, E. Monteiro, P.S.D. Brito, A. Rouboa, Experimental and numerical
analysis of coffee husks biomass gasification in a fluidized bed reactor, Energy Procedia,
36 (2013) 591–595.

[21] M.J.V. Goldschmidt, J.A.M. Kuipers, W.P.M. van Swaaij, Hydrodynamic modelling of
dense gas-fluidised beds using the kinetic theory of granular flow: Effect of coefficient of
restitution on bed dynamics, Chemical Engineering Science, 56 (2001) 571–578.

[22] P. Cornejo, O. Farías, Mathematical modeling of coal gasification in a fluidized bed
reactor using a Eulerian granular description. International Journal of Chemical Reactor
Engineering 9 (1) 2011.

[23] N. Couto, V. Silva, A. Rouboa, Assessment on steam gasification of municipal solid waste
against biomass substrates, Energy Conversion Management 124 (15) 2016.

[24] N. Couto, V. Silva, A. Rouboa, Municipal solid waste gasification in semi-industrial
conditions using air-CO2 mixtures, Energy, 104 (2016) 42–52.

[25] S. Badzioch, P.G.W. Hawksley, Kinetics of thermal decomposition of pulverized coal
particles, Industrial & Engineering Chemistry Process Design and Development, 9
(1970) 521–530.

[26] O. Onel, A.M. Niziolek, M.M.F. Hasan, C.A. Floudas, Municipal solid waste to liquid
transportation fuels – Part I: Mathematical modeling of a municipal solid waste gasifier,
Computers & Chemical Engineering, 71 (2014) 636–647.

[27] S.J. Gelderbloom, D. Gidaspow, R.W. Lyczkowski, CFD simulations of bubbling/collaps-
ing fluidized beds for three Geldart Groups, AIChE Journal, 49 (2003) 844–858.

[28] N. Couto, V.B. Silva, C. Bispo, A. Rouboa, From laboratorial to pilot fluidized bed
reactors: Analysis of the scale-up phenomenon, Energy Conversion and Management,
119 (2016) 177–186.

[29] V. Silva, A. Rouboa, Combining a 2-D multiphase CFD model with a response surface
methodology to optimize the gasification of Portuguese biomasses, Energy Conversion
and Management, 99 (2015) 28–40.

[30] G. Xiao, B.-S. Jin, Z.-P. Zhong, Y. Chi, M.-j. Ni, K.-F. Cen, R. Xiao, Y.-J. Huang, H. Huang,
Experimental study on MSW gasification and melting technology, Journal of Environ-
mental Sciences, 19 (2007) 1398–1403.

Modeling Biomass Substrates for Syngas Generation by Using CFD Approaches
http://dx.doi.org/10.5772/65857

161



[31] M. Campoy, A. Gómez-Barea, F.B. Vidal, P. Ollero, Air–steam gasification of biomass in a
fluidised bed: Process optimisation by enriched air, Fuel Processing Technology, 90 (2009)
677–685.

[32] K. Maniatis, Progress in biomass gasification: An overview, in: Progress in Thermochem-
ical Biomass Conversion, Blackwell Science Ltd., United Kingdom 2008, pp. 1–31.

[33] N.D. Couto, V.B. Silva, E. Monteiro, A. Rouboa, Assessment of municipal solid wastes
gasification in a semi-industrial gasifier using syngas quality indices, part 1, Energy, 93
(2015) 864–873.

[34] L. Wang, C.L. Weller, D.D. Jones, M.A. Hanna, Contemporary issues in thermal gasifica-
tion of biomass and its application to electricity and fuel production, Biomass and
Bioenergy, 32 (2008) 573–581.

[35] Z. Wang, T. He, J. Qin, J. Wu, J. Li, Z. Zi, G. Liu, J. Wu, L. Sun, Gasification of biomass
with oxygen-enriched air in a pilot scale two-stage gasifier, Fuel, 150 (2015) 386–393.

[36] S.S. Thanapal, K. Annamalai, J.M. Sweeten, G. Gordillo, Fixed bed gasification of dairy
biomass with enriched air mixture, Applied Energy, 97 (2012) 525–531.

[37] N. Couto, E. Monteiro, V. Silva, A. Rouboa, Hydrogen-rich gas from gasification of
Portuguese municipal solid wastes, International Journal of Hydrogen Energy, 41 (2016)
10619–10630.

[38] P. McKendry, Energy production from biomass (part 3): Gasification technologies,
Bioresource Technology, 83 (2002) 55–63.

[39] Q. Miao, J. Zhu, S. Barghi, C. Wu, X. Yin, Z. Zhou, Modeling biomass gasification in
circulating fluidized beds: Model sensitivity analysis, International Journal of Energy and
Power Engineering, 2 (2013) 57.

[40] J.J. Hernández, G. Aranda, J. Barba, J.M. Mendoza, Effect of steam content in the air–
steam flow on biomass entrained flow gasification, Fuel Processing Technology, 99 (2012)
43–55.

[41] J. Wang, G. Cheng, Y. You, B. Xiao, S. Liu, P. He, D. Guo, X. Guo, G. Zhang, Hydrogen-
rich gas production by steam gasification of municipal solid waste (MSW) using NiO
supported on modified dolomite, International Journal of Hydrogen Energy, 37 (2012)
6503–6510.

[42] C. Franco, F. Pinto, I. Gulyurtlu, I. Cabrita, The study of reactions influencing the biomass
steam gasification process, Fuel, 82 (2003) 835–842.

[43] H.C. Butterman, M.J. Castaldi, CO2 as a carbon neutral fuel source via enhanced biomass
gasification, Environmental Science and Technology, 43 (2009) 9030–9037.

[44] T. Renganathan, M.V. Yadav, S. Pushpavanam, R.K. Voolapalli, Y.S. Cho, CO2 utilization
for gasification of carbonaceous feedstocks: A thermodynamic analysis, Chemical Engi-
neering Science, 83 (2012) 159–170.

Biomass Volume Estimation and Valorization for Energy162



[31] M. Campoy, A. Gómez-Barea, F.B. Vidal, P. Ollero, Air–steam gasification of biomass in a
fluidised bed: Process optimisation by enriched air, Fuel Processing Technology, 90 (2009)
677–685.

[32] K. Maniatis, Progress in biomass gasification: An overview, in: Progress in Thermochem-
ical Biomass Conversion, Blackwell Science Ltd., United Kingdom 2008, pp. 1–31.

[33] N.D. Couto, V.B. Silva, E. Monteiro, A. Rouboa, Assessment of municipal solid wastes
gasification in a semi-industrial gasifier using syngas quality indices, part 1, Energy, 93
(2015) 864–873.

[34] L. Wang, C.L. Weller, D.D. Jones, M.A. Hanna, Contemporary issues in thermal gasifica-
tion of biomass and its application to electricity and fuel production, Biomass and
Bioenergy, 32 (2008) 573–581.

[35] Z. Wang, T. He, J. Qin, J. Wu, J. Li, Z. Zi, G. Liu, J. Wu, L. Sun, Gasification of biomass
with oxygen-enriched air in a pilot scale two-stage gasifier, Fuel, 150 (2015) 386–393.

[36] S.S. Thanapal, K. Annamalai, J.M. Sweeten, G. Gordillo, Fixed bed gasification of dairy
biomass with enriched air mixture, Applied Energy, 97 (2012) 525–531.

[37] N. Couto, E. Monteiro, V. Silva, A. Rouboa, Hydrogen-rich gas from gasification of
Portuguese municipal solid wastes, International Journal of Hydrogen Energy, 41 (2016)
10619–10630.

[38] P. McKendry, Energy production from biomass (part 3): Gasification technologies,
Bioresource Technology, 83 (2002) 55–63.

[39] Q. Miao, J. Zhu, S. Barghi, C. Wu, X. Yin, Z. Zhou, Modeling biomass gasification in
circulating fluidized beds: Model sensitivity analysis, International Journal of Energy and
Power Engineering, 2 (2013) 57.

[40] J.J. Hernández, G. Aranda, J. Barba, J.M. Mendoza, Effect of steam content in the air–
steam flow on biomass entrained flow gasification, Fuel Processing Technology, 99 (2012)
43–55.

[41] J. Wang, G. Cheng, Y. You, B. Xiao, S. Liu, P. He, D. Guo, X. Guo, G. Zhang, Hydrogen-
rich gas production by steam gasification of municipal solid waste (MSW) using NiO
supported on modified dolomite, International Journal of Hydrogen Energy, 37 (2012)
6503–6510.

[42] C. Franco, F. Pinto, I. Gulyurtlu, I. Cabrita, The study of reactions influencing the biomass
steam gasification process, Fuel, 82 (2003) 835–842.

[43] H.C. Butterman, M.J. Castaldi, CO2 as a carbon neutral fuel source via enhanced biomass
gasification, Environmental Science and Technology, 43 (2009) 9030–9037.

[44] T. Renganathan, M.V. Yadav, S. Pushpavanam, R.K. Voolapalli, Y.S. Cho, CO2 utilization
for gasification of carbonaceous feedstocks: A thermodynamic analysis, Chemical Engi-
neering Science, 83 (2012) 159–170.

Biomass Volume Estimation and Valorization for Energy162

[45] L. Garcia, M.L. Salvador, J. Arauzo, R. Bilbao, CO2 as a gasifying agent for gas production
from pine sawdust at low temperatures using a Ni/Al coprecipitated catalyst, Fuel
Processing Technology, 69 (2001) 157–174.

[46] A.M. Parvez, I.M. Mujtaba, T. Wu, Energy, exergy and environmental analyses of conven-
tional, steam and CO2-enhanced rice straw gasification, Energy, 94 (2016) 579–588.

[47] O. Corigliano, P. Fragiacomo, Technical analysis of hydrogen-rich stream generation
through CO2 reforming of biogas by using numerical modeling, Fuel, 158 (2015) 538–548.

[48] Y. Cheng, Z. Thow, C.-H. Wang, Biomass gasification with CO2 in a fluidized bed,
Powder Technology, 296 (2016) 87–101.

[49] C. Loha, P.K. Chatterjee, H. Chattopadhyay, Performance of fluidized bed steam gasifica-
tion of biomass – Modeling and experiment, Energy Conversion and Management, 52
(2011) 1583–1588.

[50] T. Song, J. Wu, L. Shen, J. Xiao, Experimental investigation on hydrogen production from
biomass gasification in interconnected fluidized beds, Biomass and Bioenergy, 36 (2012)
258–267.

[51] P. De Filippis, C. Borgianni, M. Paolucci, F. Pochetti, Prediction of syngas quality for two-
stage gasification of selected waste feedstocks, Waste Management, 24 (2004) 633–639.

[52] M. Marco, M. Giovanni, P. Lorenzo, R. Rosario, A quasi-3D computer model of a planar
SO fuel cell stack, in: 3rd International Energy Conversion Engineering Conference,
American Institute of Aeronautics and Astronautics, San Francisco, CA 2005.

[53] X. Peng, B. Toseland, A. Wang, G. Parris, Progress in development of LPDME process:
Kinetics and catalysts, in: Coal Liquefaction & Solid Fuels Contractors Review Confer-
ence, Pittsburgh, Pennsylvania, 1997.

[54] J. Xiao, L.H. Shen, X. Deng, Z.M. Wang, X.L. Zhong, Study on characteristics of pressur-
ized biomass gasification, Zhongguo Dianji Gongcheng Xuebao/Proceedings of the Chi-
nese Society of Electrical Engineering, 29 (2009) 103–108.

[55] S. Luo, B. Xiao, Z. Hu, S. Liu, X. Guo, M. He, Hydrogen-rich gas from catalytic steam
gasification of biomass in a fixed bed reactor: Influence of temperature and steam on
gasification performance, International Journal of Hydrogen Energy, 34 (2009) 2191–
2194.

[56] Y. Zhang, B. Li, H. Li, B. Zhang, Exergy analysis of biomass utilization via steam gasifi-
cation and partial oxidation, Thermochimica Acta, 538 (2012) 21–28.

[57] Y. Wu, W. Yang, W. Blasiak, Energy and exergy analysis of high temperature agent
gasification of biomass, Energies, 7 (2014) 2107.

[58] K.J. Ptasinski, M.J. Prins, A. Pierik, Exergetic evaluation of biomass gasification, Energy,
32 (2007) 568–574.

Modeling Biomass Substrates for Syngas Generation by Using CFD Approaches
http://dx.doi.org/10.5772/65857

163



[59] L. Devi, K.J. Ptasinski, F.J.J.G. Janssen, A review of the primary measures for tar elimina-
tion in biomass gasification processes, Biomass and Bioenergy, 24 (2003) 125–140.

[60] X. Zhang, S. Deng, J. Wu, W. Jiang, A sustainability analysis of a municipal sewage
treatment ecosystem based on energy, Ecological Engineering, 36 (2010) 685–696.

[61] F. Pinto, R.N. André, C. Carolino, M. Miranda, P. Abelha, D. Direito, N. Perdikaris, I.
Boukis, Gasification improvement of a poor quality solid recovered fuel (SRF). Effect of
using natural minerals and biomass wastes blends, part B, Fuel, 117(2014) 1034–1044.

[62] S.H. Aljbour, K. Kawamoto, Bench-scale gasification of cedar wood – Part II: Effect of
operational conditions on contaminant release, Chemosphere, 90 (2013) 1501–1507.

[63] V. Silva, A. Rouboa, Optimizing the gasification operating conditions of forest residues
by coupling a two-stage equilibrium model with a response surface methodology, Fuel
Processing Technology, 122 (2014) 163–169.

[64] M.J. Anderson, P.J. Whitcomb, RSM Simplified: Optimizing Processes Using Response
Surface Methods for Design of Experiments, Productivity Press, New York, 2005.

[65] A. Abuadala, I. Dincer, Efficiency evaluation of dry hydrogen production from biomass
gasification, Thermochimica Acta, 507–508 (2010) 127–134.

Biomass Volume Estimation and Valorization for Energy164



[59] L. Devi, K.J. Ptasinski, F.J.J.G. Janssen, A review of the primary measures for tar elimina-
tion in biomass gasification processes, Biomass and Bioenergy, 24 (2003) 125–140.

[60] X. Zhang, S. Deng, J. Wu, W. Jiang, A sustainability analysis of a municipal sewage
treatment ecosystem based on energy, Ecological Engineering, 36 (2010) 685–696.

[61] F. Pinto, R.N. André, C. Carolino, M. Miranda, P. Abelha, D. Direito, N. Perdikaris, I.
Boukis, Gasification improvement of a poor quality solid recovered fuel (SRF). Effect of
using natural minerals and biomass wastes blends, part B, Fuel, 117(2014) 1034–1044.

[62] S.H. Aljbour, K. Kawamoto, Bench-scale gasification of cedar wood – Part II: Effect of
operational conditions on contaminant release, Chemosphere, 90 (2013) 1501–1507.

[63] V. Silva, A. Rouboa, Optimizing the gasification operating conditions of forest residues
by coupling a two-stage equilibrium model with a response surface methodology, Fuel
Processing Technology, 122 (2014) 163–169.

[64] M.J. Anderson, P.J. Whitcomb, RSM Simplified: Optimizing Processes Using Response
Surface Methods for Design of Experiments, Productivity Press, New York, 2005.

[65] A. Abuadala, I. Dincer, Efficiency evaluation of dry hydrogen production from biomass
gasification, Thermochimica Acta, 507–508 (2010) 127–134.

Biomass Volume Estimation and Valorization for Energy164

Chapter 7

Sustainability of the Biowaste Utilization for Energy

Production

Thorsten Ahrens, Silvia Drescher-Hartung and

Olga Anne

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65825

Provisional chapter

Sustainability of the Biowaste Utilization for Energy
Production

Thorsten Ahrens, Silvia Drescher-Hartung and

Olga Anne

Additional information is available at the end of the chapter

Abstract

This article presents strategies for the development and practical modelling of biogas
processes under economy market conditions. Herewith, anaerobic digestion results out
of practical tests in different scales (lab to pilot) and different substrate mixtures were
taken into account. Two lab-scale reactors on the one hand and pilot-scale examinations
of chosen substrate mixtures on the other hand led to workable conclusions such as
mixture suitability for biogas production, gas amounts and technical demands for full-
scale  implementation  under  market  economy  conditions.  A  comparison  of  both
laboratory and pilot system performance with a full-scale biogas system has been done;
herewith, the suitability of the corresponding practical process upscaling simulation has
been proven. On the basis of the results, calculations regarding the necessary full-scale
fermenter sizes and the required substrate amounts as well as the disposable (reusable)
fermentation residues were made. The conclusion of outputs on biogas technology
particularly with regard to the demand-driven production of electricity (500 + 250 kW
flexible) as a special request for energy from renewable sources is given. As a further
result,  a  general  outlook  and  estimation  for  the  economical  implementation  on  a
common Baltic Sea region country basis have been developed.

Keywords: biowaste, biogas, pilot scale, full scale, circular economy, waste-to-energy,
sustainability, process simulation
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1. Introduction

The European Union (EU) calls on all parties to the efficient use of energy and accelerates the
integration of energy recovery technologies from wastes that emit less carbon dioxide [1].

Biogas production by anaerobic digestion is a well-known method of energy recovery from
biomass. Nowadays, such technologies are widely implemented in accordance with the EU
policies for green and sustainable energy supply, for example, in all Baltic Sea region countries,
but in different percentages. As an example, in Lithuania, mostly sewage sludge was used for
biogas production till year 2012. Half of the Lithuanian energy demand in 2009 was covered
by fossil fuels, 16% by renewable sources [2]. As different publications of FNR (Fachagentur
Nachwachsende Rohstoffe, Germany) show that the anaerobic digestion is well investigated,
but due to the technology development, there is need of research, especially in terms of market
economy conditions, because funding for such processes will end in the near future [3].
Funding strategies should be taken into account in order to allow the development and pilot
implementation of new technologies. In any case, new technologies need to position them-
selves in market economy, which means that a long-lasting funding (e.g. for more than 20 years)
should not be taken into account. In terms of biogas processes, long-lasting funding took place
and market demands were not considered in most cases, corresponding solutions for the future
technology development shall be addressed in this article. For example, in order to identify
substrate potentials (especially from waste materials) for biogas production in connection with
suitable operational strategies for different parts of the Baltic Sea region, two EU financed BSR
programme research projects were performed—regional mobilizing of sustainable waste-to-
energy production (REMOWE ) and ABOWE (implementing advanced strategies for biological
utilization of waste) [4, 5]. The technological and economic efficiency analyses of the biogas
development were fulfilled within above-mentioned projects. Therefore—besides to opera-
tional data—costs (investment and operating costs) and expected revenues from the products
were considered, because efficiency analyses constitute the basis for the process and evaluation
of decision-making process [6]. A standard method for the execution of company evaluations
is the calculation of discounted cash flow via assessing the value of future cash flows via
discounting to the valuation date and deduction of the initial net investment [7]. The energy
demand, which is presented by load profiles in the article, shows the difficulty of the energy
management from different renewable energy sources like wind and solar power. From the
authors point of view, an adapted feeding and demand-driven operation of biogas plant
provides a possibility to solve this problem.

2. Renewable energy production: initial situation

The production of renewable energy currently plays an important role in the European Union
and will gain importance in the future. Renewable energy sources are wind power, solar power,
hydroelectric power, tidal power, geothermal energy, biomass and renewable parts of waste.
Between 2003 and 2013, the production of renewable energy within the European Union
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increased by 84.4%. Thereby, the most important source was biomass and renewable waste.
The renewable electric energy production had a share of 25.4% of the gross electricity con-
sumption in the EU. Here the main growth could be registered in three renewable energy
sources, which are wind turbines, solar power and biomass [8]. In Germany, the production
of renewable energies had a share of 30% of the gross electricity production; in Lithuania, a
rate of 16% is reached. Until 2025 the share, for example, in Germany should be increased up
to 40–45% and until 2035 up to 55–60% [9].

2.1. Load profiles vs. renewable energy from wind and solar power

The term load profile relating to electricity describes a detailed listing of the yearly energy
consumption or demand [10]. That means the load profile provides a pattern of the electricity
usage of one or more and also different customers. Herewith, the current collection will be
projected at 15-min intervals. Unless the energy consumption is not being measured directly,
there are standard load profiles available, which will be used for forecasting calculations [11].
Based on measured data or standard load profiles, the yearly electricity demand of a certain
region or customer group can be determined. An example of an annual load profile is being
shown in Figure 1. The figure constitutes a simplified version. The curve was straightened and
therefore shows no 15-min-pattern.

Figure 1. Load profile electricity demand.

As shown in Figure 1, the electricity demand is not evenly during the year. In current energy
management concepts, the fluctuating demand is being compensated by the quick ramp-up
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of natural gas power plants [12]. The production of electricity from renewable energy sources
had a high growth in between the last year. The relative share of electricity in the total quantity
of electricity which was produced from biomass (incl. renewable waste) rose to 17.8%, the share
of wind power to 26.5% and the share of solar power to 9.6% [8]. Anyhow wind and solar
power are fluctuating producing electricity systems. Energy storage (for wind and solar power)
is one of the possibilities to solve this problem [13]. Because of the increasing rate of fluctuating
energies, it becomes more important to modify the electricity system, respectively, to find
possibilities for energy storage or adapted energy production. Figure 2 shows in an exemplary
presentation how the covered amount of electricity produced by wind and solar power could
exemplary look like. Data about the share of these techniques on the total energy demand are
herewith being considered in percentage rates.

Figure 2. Load profile and energy shares from wind and solar power, data from Refs. [11, 14], adapted.

The annual load profile shows the variations in the electricity demand, which are not consis-
tent. The problem of the electricity from renewable sources becomes obvious as it has been
described above. Energy production from wind and solar power cannot be adapted, and it is
fluctuating. The operation of biogas plants and production of biogas could be adapted with
suitable operational methods, but nowadays the energy production is mostly even at a 24/7
rate. In order to solve the problem of adapted electricity production from renewable sources,
there are essentially two possibilities available: (a) to store it or (b) to operate biogas plants
adapted to the energy demand. Option (b) means that the production of electricity from biogas
provides more features than wind or solar power. The produced biogas or also the produced
electricity could be stored for later use. Moreover, a biogas plant provides the option to be
operated energy demand oriented. Here the production of electricity depends on the feeding
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quantity, and therefore, an adapted feeding would lead to a demand-adapted production of
electricity.

3. Substrate demand for adapted biogas scenarios

For production of biogas, many different substrates are used [3]. Primarily, manure or sewage
sludge was used, but the kind of substrates used for biogas production changed in the last
years. Many organic materials, for example, by-products in industrial or agricultural processes
or also organic fractions from wastes like residual waste or biowaste from households, can be
used. Many data concerning new substrates were collected during European-funded projects
REMOWE and ABOWE at Ostfalia University [15]. Because some substrates are arising
fluctuating and also with changing biogas yields, a targeted substrate management for an
adapted operation of biogas plants is required.

3.1. Optimal operation of biogas plants adapted to the annual load profile

Based on load profiles (graph of the variation in the electricity demand of a region/city/single
electricity consumer or other), the operation of a biogas plant can be planned and adapted, so
that the electricity will be produced demand-based. Load profiles are provided by the power
supplier or can be determined by use of standard load profiles (see Chapter 2.1). The substrate
amounts, which are necessary for the calculation (see Chapter 7), will be determined on the
basis of regional structural data or known arising substrates. As a conclusion, the exact quantity
of demanded energy can be determined. Consequently, the biogas plant can be operated
according to a well-structured substrate management.

3.2. Substrate management adapted to the annual load profile

Ostfalia University performed extensive studies concerning the energy demand and the
adapted operation of biogas plants within several non-published student thesis works,
including the consideration of the substrate demand. Herewith, the load profiles of different
energy demands were used for the determination of regional-specific load profiles. The results
of an exemplary adapted operation are shown in Figure 3.

In Figure 3, the exemplary adapted feeding of a biogas plant with biowaste and corn is
demonstrated. The biowaste, which arises regularly but not evenly and furthermore with
different biogas potentials (dependent on the time of year), has to be fed constantly because it
cannot be stored for a longer period.

Therefore, energy crops like ensiled corn, which can be stored over a longer period of time,
are being used for the additional feeding. The amount of corn, which has to be fed to reach the
amount of the energy demand (based on an exemplary load profile), is being calculated in
reference to laboratory substrate assessment results in Chapter 4 of the article.
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Figure 3. Load profile vs. energy potentials from wind, solar and biomass, data from Refs. [11, 14] and own calcula-
tions.

4. Biogas plant operation: from laboratory tests to large-scale plant
operation

In order to be able to estimate the gas potentials of pure substrates as well as from substrate
mixtures, practical data assessment is required. The following explanations are about samples
being exemplary chosen by their availability in the Šilutė region of the country of Lithuania.

Figure 4. Substrates used in Lithuania. Cow manure (top left), distillery leftovers (top middle), algae (top right), food
waste (original, mashed, sanitized) (from bottom left to right) [16].
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The Šilutė region is widely settled by farmers mostly cow farms; furthermore, there is a spirit
distillery factory which produces considerable amounts of bioethanol process leftovers and
residues of food (food waste) from catering business. Other sources for biomass are macro-
and microalgae. These have been collected at different locations at the Curonian Lagoon near
Klaipeda. The cow manure was delivered by a local farmer, and the distillery leftovers were
provided by a local spirit distillery factory. The food waste has been collected in Lithuanian
kindergartens.

The substrates are shown in Figure 4, and the physical properties are listed in Table 1.

Substrate Methane potential (mN
3

CH4/Mg FM)
Methane content
(%) 

Dry matter content
(DM) (%)

Organic dry matter
content (oDM) (%)

Food waste 85 57 23.5 22.7

Distillery leftovers 40.5 57 12.3 11.5

Algae, fresh 14.4 55 22.8 14.1

Cow manure 19.3 57 24 10.7

Table 1. Physical properties of the substrates used for the scenario in Lithuania.

4.1. Laboratory tests: batch and continuous

For the determination of anaerobic fermentation data of different substrates, two basic steps
have to be done. These are batch fermentation tests to determine the maximum biogas potential
and continuous tests to investigate the long-term fermentation behaviour of the tested
substrate or substrate mixture. The batch tests are performed in 5-l flasks over a period of 35
days. The vessels for the continuous tests have a volume of 15 l and are being operated
constantly over a longer period of time. In Figures 5 and 6, batch and continuous fermentation
reactors in laboratory scale can be seen.

Figure 5. Batch tests in heating cabinet.
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Figure 6. Continuous lab fermenter.

4.2. Pilot-scale digester

The pilot plant used during the research is a 550-l plug flow dry digester that was designed
for long-term continuous operation to estimate the biogas potential of various substrates. The
digester is situated inside a 20-ft container that is equipped with all necessary laboratorial
equipment for daily diagnostic of anaerobic digestion conditions, and thus, this pilot plant is
totally mobile (Figures 7 and 8).

Figure 7. Plug flow dry digestion fermenter with components [16].
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Figure 8. Schematic figure of the pilot plant [17].

Due to its size, real-size material (as for full-scale plants) can be used. This allows the process
simulation of full-scale biogas plants.

5. Experimental proof of concept for fermentation strategies

The information obtained from plant operation is compared with the results of a parallel
laboratory analysis of the substrates used during the testing period regarding materials and
methods. Figure 9 represents the methane yields of the continuous tests and the expected
yields calculated from the batch tests. The results show that these tests correlate to each other.
Therefore, the comparability of the continuous tests—relating to the benchmarking of fermen-
tation performances—with the estimated results from previous batch tests is proven [16].

Figure 9. Comparison of methane yields of continuous lab tests with estimated yields calculated from batch tests (sub-
strates: cow manure, food waste, algae, distillery leftovers) [16].
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As well as the continuous lab tests, also the measured methane yields from the pilot plant tests
correlate to estimated methane yields. The results are shown in Figure 10. Accordingly, the
comparability of the pilot plant with estimated results from previous performed batch and
continuous tests is proven. Because of previous overfeeding, the amount of methane produced
in the first 4 weeks is high, but the almost parallel development of the two curves is clearly
visible and obvious [16].

Figure 10. Comparison of methane yields of pilot plant with estimated yields calculated from batch tests (substrates:
cow manure, food waste, algae, distillery leftovers).

Finally, the methane yields of the pilot plant were compared with the yields from a German
full-scale biogas plant under comparable substrate and operation conditions. As Figure 11
shows, the comparability of both plants was proven as well. The results of the full-scale plant
were thankfully provided by the plant operator (input engineers) and adapted by Bansen [18].

Figure 11. Comparison of methane yields of full-scale plant vs. pilot plant.
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The experimental conditions for the lab-scale as well as pilot-scale tests are shown in Table 2.

Temperature (°C) Retention time (days)

Continuous lab test 42* 56*

Pilot-scale test 42*/55** 50–333*/40**

Full-scale plant 55 40

*For Lithuanian tests;
**for comparison of pilot-scale with full-scale plant.

Table 2. Experimental conditions of lab-scale, pilot-scale and full-scale tests.

A successful process simulation of the fermentation in pilot scale vs. the full scale has been
also obtained by Cavinato [19] biogas production tests in 2010 and by Scano et al. [20] where
fruit and vegetable wastes were used. Besides applicable experimental results, an economic
analysis showed the possible profitability of the planned biogas project. It is important to
emphasize that an improvement in the biogas yield was assessed by the operation of the pilot-
scale fermenter, which means that the operation of plant engineering in pilot scale is absolutely
suitable for technical and economic simulation and development of upscaling scenarios.

6. Financial implementation of biogas technology under market economy
conditions

The implementation of biogas technology without any public funding provides the basis for
the following considerations concerning the profitability. Implementing biogas technology
requires the assessment of many aspects concerning the economic efficiency. The main financial
and economic aspects of biogas plant exploitation include investment costs, plant operating
cost and possible revenues achieved by the production and use of biogas, utilization of wastes
and use of digestate as fertilizer. The resulting operative cash flow (OCF) calculation is based
on the difference between annual revenues and annual expenses as well as investments. The
discounted cash flow (DCF), that is, the calculation of future cash flows’ present value, was a
result of the annual OCF multiplied by a discount factor.

The result for the investor is just the amount of money, which could be received after a period
of time. Thereby, the time value of money has to be taken into account [21]. The possible cost
factors of biogas plants depend on the different sizes, and noticeable biogas plant character-
istics concerning the size of the plant and the substrates, which will be used as input materials,
are specified.

6.1. Cost factors

For building the biogas plant, investment costs as well as operational plant costs (both in
extracts) have to be considered:

Sustainability of the Biowaste Utilization for Energy Production
http://dx.doi.org/10.5772/65825

175



• Investment costs: engineering, permission of the authority (application costs), connection
to the public grid, land costs, vehicles, offices and functional units such as substrate delivery
and pre-treatment, digester, gas storage, biogas treatment, CHP unit, pumps, piping,
digestate storing and others.

• Operational expenses: substrate costs, costs for analysis, process energy, consumables, costs
for maintenance and repair, labour costs, land costs and others [3].

In particular, the specific investment costs vary, depending on the size of the biogas plant [22].

For the calculation of average investment costs of biogas plants, key values were determined
by referring to investment costs of different German agricultural biogas plants and publica-
tions during project ABOWE [4, 16].

The operation of biogas plants with substrates, which require special treatment like municipal
solid waste or biowaste, causes additional costs for pre-treatment and other necessary
modifications. The use of household biowaste especially demands special treatment such as
the sanitation of the material [16]. The hygienisation of biowaste used for anaerobic treatment
is regulated by EU hygiene regulation (VO 1774/2002/EG) [23] and country-specific by,
amongst others, the German Biowaste Ordinance [24]. Accordingly, biowaste could be
sanitized by heating it up to 70°C for a time period of 1 h. Consequently, it has to be taken into
account that investment costs for biogas plants with plug flow fermenter and the use of
biowaste as substrate are about one-third higher than for the use of renewables [25]. For
biowaste or MSW, the garage fermenter system makes biogas production with less pre-
treatment of the substrate possible, which potentially reduces the operational as well as the
investment costs.

In any case, the specific investment costs tend to decrease with larger plant capacities. When
assessing the different types of the investment expenses, it becomes obvious that part of the
costs for planning and construction of the biogas plant is personnel expenses. These costs
should be considered separately, because, as it was pointed out in project ABOWE, there are
considerable variations in different countries [4].

Another point is that some parts of the biogas plant have to be replaced regularly, because
certain components such as pumps, stirrers and also the CHP unit have a short operational
lifespan. The estimated lifetime of pumps is 4 years and that of CHP units about 6 years [26].

One of the most important aspects when implementing biogas technology is to ensure reliable
availability of substrates. Biogas plants demand a continuous supply with substrates. Fur-
thermore, the utilization of the produced energy or the conditioned biogas itself as well as the
resulting heat or the electric energy generated by the CHP unit need to be guaranteed.

In addition, it has to be taken into consideration that substrates with a high-energy potential
should be used, so that costs and expenses for transport are kept low [4, 16].

Considering further economic aspects, the biogas plant (pumps, stirrer and others) itself
demands electrical energy amounting to 5–20% of the total of electrical energy produced by
CHP technology [25]. The heat demand of the biogas plant (for the heating of the fermenter),
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which is about 5–25% [25] (according to FNR even at 28% [22]) of the produced heat, can be
covered by the heat of the CHP unit. Here it might be economical to sell all of the energy
produced and buy the energy needed from the national energy supplier (depending on the
feed-in tariff of the electricity generated) [27].

6.2. Country-specific aspects

For the economic and financial implementation, the different cost items vary according to the
country in which the biogas plant shall be built.

The calculation done in the project is based on specific data, which vary according to the
relevant countries. Therefore, some prior general considerations are necessary:

• Investment costs: it has to be considered which parts of the plant can most cost-effectively
be manufactured in the country in which the plant shall be operated.

• Operational costs: most specific costs depending on the relevant countries; the personnel
costs in particular are varying strongly.

• Revenues: the feed-in tariffs for electricity and heat are country-specific, also the price for
the sale of digestates [4, 16, 17].

General data were collected with respect to the investment and operational costs of biogas
plants in EU developing counties and furthermore with data of plant operators as well as plant
construction companies.

Based on all above-mentioned aspects, results of the pilot plant operation in certain EU
developing and developed countries, lab tests at Ostfalia University and a numerous collection
of data (own investigations, literature sources, data from biogas plant operators), many key
values were determined and used for the calculation of the operative cash flows over a period
of 20 years. The cumulative discounted cash flow then gives an impression of the profitability
of a planned biogas project. Spoken fundamentally, a detailed calculation and estimate of the
operative cash flows are only possible by defining real system models. Based on these data
(referring to commercial offers) and on the investigation of the economic aspects of a planned
biogas plant, detailed cash flow calculations are possible.

7. Full simulation of a practical application: implementation of a biogas
plant from energy demand to profitability

For illustration of above-constituted considerations concerning the implementation of biogas
technology with no public funding, necessary substrate management and load profile adapted
operation a scenario were developed. Substrates mentioned in Chapter 4 were used for a
complete implementation scenario of biogas technology in Lithuania.
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Herewith, food waste, distillery leftovers and algae serve as basic substrates for the production
of biogas during the year. Cow manure is available as additional substrate and will be fed as
compensation substrate to get an adapted feeding for the production of the needed electricity.

According to the previously described strategy, the following amounts (in Table 3) of sub-
strates and methane potentials were used for further calculations. For the scenario, the size of
the biogas plant was chosen with 500 kWel.

Substrate Methane potential (Nm3 CH4/Mg FM) Quantity used (Mg/a)

Food waste 85 8000

Distillery leftovers 40 5000

Algae, fresh 14 2000

Cow manure 19 10,000

Table 3. Substrates used for an implementation scenario (Ostfalia lab).

Table 3 shows the biogas yields, which arose from batch tests of food waste, distillery leftovers
and algae (see Chapter 4.1). Starting from the assumption that the waste is arising constantly
with a constant biogas yield (algae occur from April/May to September/October), the electricity
production would be evenly because of a constantly daily feeding amount. The load profile,
which constitutes the electricity demand, would therefore not be covered (sum of electricity
from food waste, distillery leftovers and algae). Consequently, cow manure will be used as
additional feeding material, see Figure 12.

Figure 12. Power from methane production (scenario).
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Based on the results of the performed batch tests and the developed scenario, the substrate
amounts and mixtures were tested in continuous fermenter tests. The long-term fermentation
behaviour is therefore proven, before tests with these substrates will be proceeded in the pilot-
scale fermenter. The results of this test procedure lead to the planning of a demand-driven
supplied biogas plant by meanings of an adapted production of electricity, no demand for
long-time storing capacities and strict avoiding of energy undersupply.

The corresponding calculations were done in reference to basic data, (especially concerning
the substrates and feed-in tariffs and other incentives). These data concerning substrate
amounts and tariffs are stated by the prospective customer or need to be determined. There-
fore, all data are exchangeable and can easily be adapted to other scenarios besides the
exemplarily chosen Lithuanian scenario. Assumptions made for the following calculations are
summarized in Table 4.

Tariffs (€/Mg)
Costs Income

Substrates:
Food waste
Distillery leftovers
Algae
Cow manure

8.66
–

20
–
25–50

Digestate 5

Electricity Public grid: 0.126 (€/kWhel) or less Feed-in: 0.09 (€/kWhel)

Heat 0.04–0.06 (€/kWhth) (by season)

Produced energy 3,929,083 kWel/a and 3,929,083 kWth/a; efficiency rate ɳ = 40%

Digestate 22,646.55 Mg/a

Biogas plant: plug flow fermenter system, investment costs plus 30% for waste hygienisation (assumption based on
Ref. [25]).

CHP unit, 1 × 500 kWel, 1 × 250 kWel: production of electricity and heat, each re-invested after 72-month operating
time.

Substrates: food waste, distillery leftovers, fresh algae, cow manure.

Sale of electricity and heat (minus own demand).

Table 4. Tariffs and further background assumptions.

The operational strategy resulting from Figure 12 requires a flexible operation of the biogas
plant. Thus, the biogas plant should be operated with two CHP units, one with an installed
power of 500 kWel and another with 250 kWel. The 500 kWel system is in continuous operation
and the other is operated in modulation and on-demand. In any case, a suitable dimensioned
gas storage facility needs to be provided.

With respect to this substrate scenario, an exemplary financial implementation of the biogas
system is developed. The results of the corresponding economic calculations are shown in
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Figure 13 as a cumulative discounted cash flow curve progression starting with the initial
investment costs and cumulating the operative cash flows over a period of 20 years.

Figure 13. Cumulative discounted cash flow—comparison of two exemplary sale scenarios.

Assuming that the biogas plant operator gets gate fees from the acceptance of waste and all of
the produced electricity and heat (minus own heat demand) will be sold, the biogas plant
operation reaches the zero line after about 4.5 years. The second curve results in the supposition
that the heat could not be sold. Here the zero line would be reached after about 6 years. This
example of the variation of just one parameter shows that it is really easy for the user to create
scenarios, to vary parameters, to find the most influencing parameters and to get first infor-
mation about the profitability of a planned project.

The chosen scenario as well as the calculated model biogas plant constitutes a theoretical
exemplary situation. The corresponding assumptions are not being meant for a generalized
use, because they depend on scenario-specific aspects and were just chosen for the exempla-
ry developed scenario. Nevertheless, all economic influencing variables can easily be
changed and adapted to other scenarios and regions, and the resulting impacts are illustrat-
ed in the same way as described above. This calculation model provides a good impression
of the profitability of a planned biogas implementation project. Therefore, the essential fea-
ture of the presented model is a suitable opportunity for easy and rapid profitability calcula-
tion for the usual users, respectively, investors such as farmers or rural area authorities.

8. Perspectives towards sustainability and impact to global
environmental problems

From the sustainability and circular economy point of view [28], the idea of the biogas
production from biowaste is in line with industrial symbiosis mechanism that is essential for
achieving social-economic and environmental benefit [29]. Except economic and social aspects
that have close relationship and depend on profitability and subsequent improvement in the
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quality of life, the environmental aspects should be discussed as well. LCA is often used as a
tool to evaluate a process, service or product impact to the global environmental problems.
The method of LCA is described in ISO standards [30] and starts from the finding of the study
system boundaries. The magnitude of the environmental impact of the biomass anaerobic
digestion and CHP unit depends on numerous factors, such as fermentation conditions
(mesophilic, thermophilic), kinds of substrates (cow manure, bioethanol residue, algae, food
wastes), biogas yield, energy demand for the own process of digestion and sanitation,
transportation, digestate storage and method of utilization and climate condition. The scientific
results related to influence of the renewable energy production and transportation processes
to global problem, especially greenhouse effect, sometimes differ a lot [31–33]. Nevertheless,
there are some common features, which allow determining the main tendency of the above-
mentioned processes and products contribution towards sustained environment.

Global warming potential. The main impact of the GHG emissions is expected from biogas
combustion at CHP and methane emissions from the storage of the digestate. Anaerobic
biomass digestion itself does not pollute environmental air and does not use oxygen/air for
biogas production.

Ozone depletion potential. During biogas burning process at the energy production plant, some
amount of CFC/HCFC can get in to the air. In addition, the manufacturing of the fermenter
and energy plant could cause CFC/HCFC release in the atmosphere.

Photochemical oxidation potential. This kind of impact relates to the secondary methane emission
source—emission from the digestate storage.

Acidification potential. Environmental acidification potential expressed as sulphur dioxide
equivalent is the biggest for hydrogen sulphide and ammonia and mostly connected with
ammonia emissions due to the digestate storage.

Eutrophication potential. Nitrogen and phosphorus compounds contribute to an increased
biomass production in aquatic environment, and these results in additional oxygen consump-
tion for biomass decomposition. Release of ammonia from the digestate storage can increase
the eutrophication potential.

Abiotic depletion potential. This kind of depletion can be decreased due to the usage of digestates
instead of traditional fertilizers. Anaerobic digestion demand of additional energy consump-
tion increases abiotic depletion, but use of traditional fossil fuel for traditional energy pro-
duction plant does not reduce abiotic depletion as well. The recycling of the fermenter and
CHP plant constructions after usage prevents damage for the environmental and resources.

The environmental impact assessment does not take the digestate spreading into consideration
because spreading of fertilizers exists in any case, but the method of the spreading can have
significant impact to soil acidification and aquatic body eutrophication. The evaluation of
environmental aspects of the study shows that biomass anaerobic digestion and CHP system
for energy production have savings in global warming and abiotic depletion potentials.
Scientific publications [34–36] regarding biomass anaerobic digestion and energy production
support present study environmental results and recommendations.
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9. Conclusions

9.1. Technical conclusions

Digestion technology adapted for a Lithuanian scenario with lab-scale examination in batch
and continuous tests was realized. Four different kind of substrates were applied: cattle
manure, bioethanol distillery waste, food waste and Curonian Lagoon algae.

The similarity of the fermentation process in lab-scale, pilot-scale and full-scale plant was
shown.

The technological adequateness of biogas technology for substituting fossil energy resources
with respect to fluctuating energy demand and fluctuating supply of renewable energy has
been demonstrated, and the possibility of demand-driven operation of a biogas plant has been
proven.

9.2. Financial-economic conclusions
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Abstract

Sweet sorghum (Sorghum bicolor) is a promising alternative crop for bioethanol produc-
tion in developing countries. However, to extend the cultivative area of this crop, it needs 
to develop an appropriate growing protocol for farmers. This chapter describes the 
examination of different doses of fertilizers combined with manure and micronutrients, 
in various applied times, on biomass, sugar content and ethanol production of sweet sor-
ghum. It was observed that the application of 90 N + 90 P2O5 + 60 K2O provided maximum 
stem yield and optimum contents of sugar and ethanol yield, however nontreatment of 
any among P, P2O5 and K2O caused significant reduction of biomass and ethanol produc-
tion. Higher fertilization >90 N may provide greater productivity of this crop but it may 
cause lodging and economic deficit for farmers in developing countries. It was also found 
that the applied times of fertilization should be at 3–4 to 7–8 leaf stage. In contrast, when 
the fertilization was as close to the flowering stage caused remarkable reduction of stem 
yield and ethanol production. The supplementation of (NH4)2MO7O2.4H2O at 5 kg/ha 
provided an increase of 10–12 tons/ha of stem yield and a remarkable enrichment of etha-
nol production. Findings of this study are useful for farmers and agricultural extension-
ists to promote biomass and ethanol productivity of this crop for bioethanol production. 
This research also highlights a greater possibility of exploiting sweet sorghum cultivation 
in infertile and hilly, abandoned areas for ethanol production.

Keywords: sweet sorghum, fertilizer, stem yield, biomass, ethanol yield, growing 
protocol, biofuel crops
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1. Introduction

It has been estimated that there are 700 million light duty vehicles, automobiles, light trucks, 
SUVs and minivans on roadways around the world. These numbers may increase to 1.3 
billion by 2030 and to over 2 billion vehicles by 2050, with most come from developing 
countries [1]. This growth will affect the stability of ecosystems and global climate as well as 
global oil reserves [2]. The use of biofuels can contribute to the mitigation of greenhouse gas 
emissions, provide a clean and sustainable energy source and may promote the agricultural 
income for rural poor in developing countries. Currently, biofuels are predominantly pro-
duced from biomass resources, because they are the renewable resource that could be sus-
tainably developed, resulting in no net release of carbon dioxide and very low sulfur content 
and economic potential as fossil fuel prices can be increased in the future [2]. The principal 
sources of biofuels are liquid or gaseous fuels made from plant matter and residues, includ-
ing agricultural crops, municipal wastes and agricultural and forestry by-products.

Bioethanol has a high octane number (108), broader flammability limits, higher flame speeds 
and higher heats of vaporization. It helps for a higher compression ratio and shorter burn 
time, which lead to efficiency advantage over gasoline in an IC engine [3]. Bioethanol can be 
directly used or it can be blended with gasoline in different ratio from 3 to 25%, depending 
on countries. The most common that has been widely used is E10 (10% bioethanol blended 
with 90% gasoline), however in Brazil, bioethanol 100% (E100) or bioethanol 25% (E25) are 
used [4].

Recently, the production of bioethanol has focused on crops, such as maize, sugarcane and 
soybean. It includes three major groups: sucrose-containing feedstocks (sugarcane, sugar 
beet, sweet sorghum and fruits), starchy materials (corn, milo, wheat, rice, potatoes, cas-
sava, sweet potatoes and barley) and lignocellulosic biomass (wood, straw and grasses) 
[5]. Major countries produced bioethanol include Brazil (sugarcane 100%), the USA (corn 
98%, sorghum 2%), China (corn 70%, wheat 30%), EU (wheat 48%, sugar beet 29%) and 
Canada (corn 70%, wheat 30%) [2]. Although the production of bioethanol can provide 
environmental and economic benefits, but food security in developing countries has been 
a key factor to the instability, whereas a large amount of bioethanol is produced from 
crops in developed countries, that has been the crucial social controversy for bioethanol 
production.

Sweet sorghum (Sorghum bicolor) is a C4 crop and is considered as one of the most impor-
tant food and fodder crops in arid and semiarid regions of the world [6]. This crop occupies 
approximately 45 million ha in Africa and India, accounts for >80% of the global cultivated 
area. Similar to grain sorghum, sweet sorghum has rapid growth and wide adaptability 
[7], good drought resistance [8], salinity tolerance [9] and high yield of biomass [10]. Sweet 
sorghum has played an important role in promoting the development of agricultural pro-
duction, livestock husbandry [11], biofuel [12, 13], refining sugar and paper making [10]. 
Carbohydrates in sweet sorghum can be nonstructural as sugars and starch, or structural such 
as cellulose, hemicellulose and pectic substances [14]. The major sugars in sweet sorghum are 
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the monosaccharides, glucose and fructose; the disaccharides, sucrose and maltose; and the 
trisaccharide, raffinose. Depending on the kind of sugar in the stalk, there are saccharin and 
syrup types of sweet sorghum [14]. Sugars in sweet sorghum stalk are mostly sucrose and 
invert sugars are glucose, fructose, maltose and xylose [15]. It was reported that other sugars 
such as mannose, galactose and arabinose were not found in juice of the crop; therefore, the 
production of bioethanol from sweet sorghum is appropriate, as the carbohydrates present 
are easily converted to bioethanol. The bagasse and grain of the crop are also possible to pro-
duce bioethanol, but they are not economically efficacy [16].

Although sweet sorghum has been suggested as a potential crop for bioethanol production in 
developing countries [6, 17, 18], but it is still acknowledged as a new crop in many countries. 
To earn permission for cultivation in a large area for bioethanol production, the cultivation 
protocol for this crop should be critically examined. In our previous report, we have selected 
a cultivar 4a from 66 sweet sorghum cultivars through 3 years of cultivation in Vietnam and 
evaluated the effects of sowing times, densities and soils to biomass and bioethanol produc-
tion [19]. In this chapter, we describe the application of different fertilizers, including the 
combinations, doses and time of fertilization and examined their effects on the productivity 
of biomass, sugar content and ethanol production of sweet sorghum.

2. Materials and methods

The cultivar 4a (India origin) was selected from a previous experiment as the most potential 
of high biomass and sugar content [19]. Seeds of this cultivars were tested and their germina-
tion rate was >95%.

The experiments were conducted in three different locations in northern Vietnam including 
Phu Tho, Hoa Binh and Bac Giang provinces, in continuous cropping seasons from 2010 to 
2013. In Vietnam, all major ethanol factories are currently using cassava as a material for 
production, with exception of Phu Tho factory where both cassava and sugarcane can be pro-
duced for ethanol production. Therefore, Phu Tho province is the first priority to be chosen 
as a place of sweet sorghum production. Bac Giang and Hoa Binh are selected because their 
close distance to the ethanol factory in Phu Tho province (less than 100 km). In addition, the 
three provinces have a large area of hilly and abandoned areas which can be exploited for 
cultivation of sweet sorghum.

2.1. Applied doses

Different ratios of N, P2O5 and K2O from 30, 60, 90 kg/ha with 2 tons/ha of manure were com-
bined. The commercial fertilizers were purchased from Ha Bac nitrogenous fertilizer & chem-
icals company limited (Bac Giang city, Vietnam). The details of fertilizer ratios are presented 
in Table 1. Each treatment was conducted in thrice in a plot of 30 m2 and repeated in three 
provinces Hoa Binh, Phu Tho and Bac Giang provinces, Vietnam. Effects of different-treated 
doses on stem yield, sugar content and ethanol production of the cultivar 4a were measured.
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2.2. Chemical composition of soils in locations selected for the experiment

The criteria for selecting locations in each Hoa Binh, Phu Tho and Bac Giang provinces are 
where there are abandoned and difficult for cultivating food crops because of their low nutri-
ent soils, to examine the possibility of exploiting the cultivation of sweet sorghum for ethanol 
production. There were nine villages were selected (total 27 villages) and soils in the selected 
area in each villages were taken and analyzed for pH, contents of percentages of N, P, K, OC 
(organic carbon), CEC (cation exchanged capacity) (cmol(+)/kg), Zn (mg/kg), Fe (mg/kg) and 
Al (mg/kg) (Table 2). The analysis of these criteria was conducted by  conventional methods.

2.3. Applied time of fertilization

This experiment was conducted in a plot of 30 m2 in thrice, in the three locations in Hoa Binh, 
Phu Tho and Bac Giang provinces in summer-autumn cropping season 2010 and repeated in 
2011. The dose of fertilizers per ha included 90 N +60 P2O5 +60 K2O + 2 tons manure. Applied 
times of fertilization are presented in Table 3.

2.4. Improvement of biomass and ethanol production by micronutrient fertilizers

This experiment was conducted to examine the role of micronutrient fertilizers by an 
additional application of (NH4)2MO7O2.4H2O including 54% Mo (5kg/ha) on biomass and 

Doses Fertilizer combinations

1 0 N + 60 P2O5 + 60 K2O + 2 tons/ha manure

2 30 N + 60 P2O5 + 60 K2O + 2 tons/ha manure

3 60 N + 60 P2O5 + 60 K2O + 2 tons/ha manure

4 90 N + 60 P2O5 + 60 K2O + 2 tons/ha manure

5 90 N + 0 P2O5 + 60 K2O + 2 tons/ha manure
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7 90 N + 90 P2O5 + 60 K2O + 2 tons/ha manure
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Hoa Binh 6.4 0.234 0.059 1.392 0.286 8.06 265.48 58116.93 85879.64

Phu Tho 5.1 0.219 0.062 0.561 0.174 5.48 89.84 93138.45 75458.45

Bac Giang 5.6 0.027 0.224 0.135 0.962 5.46 64.01 66112.50 78512.50

Table  2. Chemical compositions of soils for sweet sorghum cultivation in different locations.

Biomass Volume Estimation and Valorization for Energy190



2.2. Chemical composition of soils in locations selected for the experiment

The criteria for selecting locations in each Hoa Binh, Phu Tho and Bac Giang provinces are 
where there are abandoned and difficult for cultivating food crops because of their low nutri-
ent soils, to examine the possibility of exploiting the cultivation of sweet sorghum for ethanol 
production. There were nine villages were selected (total 27 villages) and soils in the selected 
area in each villages were taken and analyzed for pH, contents of percentages of N, P, K, OC 
(organic carbon), CEC (cation exchanged capacity) (cmol(+)/kg), Zn (mg/kg), Fe (mg/kg) and 
Al (mg/kg) (Table 2). The analysis of these criteria was conducted by  conventional methods.

2.3. Applied time of fertilization

This experiment was conducted in a plot of 30 m2 in thrice, in the three locations in Hoa Binh, 
Phu Tho and Bac Giang provinces in summer-autumn cropping season 2010 and repeated in 
2011. The dose of fertilizers per ha included 90 N +60 P2O5 +60 K2O + 2 tons manure. Applied 
times of fertilization are presented in Table 3.

2.4. Improvement of biomass and ethanol production by micronutrient fertilizers

This experiment was conducted to examine the role of micronutrient fertilizers by an 
additional application of (NH4)2MO7O2.4H2O including 54% Mo (5kg/ha) on biomass and 

Doses Fertilizer combinations

1 0 N + 60 P2O5 + 60 K2O + 2 tons/ha manure

2 30 N + 60 P2O5 + 60 K2O + 2 tons/ha manure

3 60 N + 60 P2O5 + 60 K2O + 2 tons/ha manure

4 90 N + 60 P2O5 + 60 K2O + 2 tons/ha manure

5 90 N + 0 P2O5 + 60 K2O + 2 tons/ha manure

6 90 N + 30 P2O5 + 60 K2O + 2 tons/ha manure

7 90 N + 90 P2O5 + 60 K2O + 2 tons/ha manure

8 90 N + 60 P2O5 + 0 K2O + 2 tons/ha manure

9 90 N + 60 P2O5 + 30 K2O + 2 tons/ha manure

10 90 N + 60 P2O5 +90 K2O + 2 tons/ha manure

Table  1. Applied doses of fertilizers.

Locations pH N (%) P (%) K (%) OC (%) CEC 
(cmol(+)/kg)

Zn (mg/kg) Fe (mg/kg) Al (mg/kg)

Hoa Binh 6.4 0.234 0.059 1.392 0.286 8.06 265.48 58116.93 85879.64

Phu Tho 5.1 0.219 0.062 0.561 0.174 5.48 89.84 93138.45 75458.45

Bac Giang 5.6 0.027 0.224 0.135 0.962 5.46 64.01 66112.50 78512.50

Table  2. Chemical compositions of soils for sweet sorghum cultivation in different locations.

Biomass Volume Estimation and Valorization for Energy190

 ethanol production of the sweet sorghum 4a. The based fertilization (BF) was 90 N + 60 P2O5 
+ 60 K2O + 2 tons/ha manure. Four trials were conducted: (i) BF, (ii) BF + (NH4)2MO7O2.4H2O, 
(iii) BF + 60 kg/ha P2O5 and (iv) BF + 60 kg K2O. This experiment was also conducted in the 
designated areas in the three provinces in the cropping season of summer-autumn 2010 and 
repeated in 2011.

2.5. Determination of biomass, sugar content (Brix %) and ethanol production

Sweet sorghum at flowering stages in different trials was harvested in random. The bio-
mass weight, sugar content (Brix %) and ethanol production were determined by a method 
described in Ref. [19].

3. Statistical analysis

All trials of the study were conducted in a completely randomized design with three replica-
tions. Means and differences between the treatments were determined by using a two-way 
analysis of variance (ANOVA) with values of least significant difference (LSD) at P ≤ 5% level 
from IRRISTAT program version 5.0.

4. Results

4.1. Effects of different applied doses of fertilizers on stem yield, sugar content and 
ethanol production of sweet sorghum

There were 10 different applied doses were used in the designated locations in Hoa Binh, Phu 
Tho and Bac Giang provinces. The effects of these different fertilization doses on stem yield, 
sugar content and ethanol production of the cultivar 4a are presented in Table 4.

It is observed that the stem yield of sweet sorghum varied between 44.7 and 77.3 tons/
ha, depending on applied doses of fertilizers and locations (Table 1). The most effective 
dose was 90 N + 90 P2O5 + 60 K2O, followed by 90 N + 60 P2O5 + 60 K2O. It was found that 

Trials Applied time

1 1st fertilization: plants at 3–4 leaf period: 1/2 total N + 1/2 total % K2O
2nd fertilization: plants at 7–8 leaf period: 1/2 total N + 1/2 total % K2O

2 1st fertilization: plants at 3–4 leaf period: 1/3 total N + 1/3 total % K2O
2nd fertilization: plants at 7–8 leaf period: 1/3 total N + 1/3 total % K2O, trimming seedlings at 20 cm 
space per plant
3rd fertilization: after the 2nd fertilization 20 d, provided the remained fertilizers

3 1st fertilization: plants at 3–4 leaf period: 1/3 total N
2nd fertilization: plants at 7–8 leaf period: 1/4 total N + 1/2 total K2O
3rd fertilization: before flowering period: 1/2 total N + 1/2 total % K2O

Table  3. Times of fertilization application.
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 nonapplication of any N, K2O and P2O5 caused severe marked reduction of stem yield, up to 
20 tons/ha and the amount of N played a more significant role on the yield of this crop, than 
either K2O or P2O5 application (Table 1). Accordingly, the ethanol yield was the highest in 
the doses of 90 N + 90 P2O5 + 60 K2O and 90 N + 60 P2O5 + 60 K2O. Nontreatment of N, K2O 
and P2O5 also resulted in a critical decrease of ethanol yield and the lowest ethanol yield was 
the nontreatment of nitrogen fertilizer (2963.6 l/ha). Differently, the applied doses did not 
strongly influence on sugar contents of the cultivar 4a. The dose 90 N + 90 P2O5 + 60 K2O also 
recorded the highest sugar quantity, but the treatment of 90 N + 60 P2O5 + 60 K2O showed a 
significantly lower sugar content (12.0–13.3%). In addition, the dose 90 N + 60 P2O5 + 90 K2O 
did not provide the highest stem yield (53.2–59.5 tons/ha), but it has a remarkable high sugar 
content and ethanol yield than other doses. Regarding to the location, in general, Bac Giang 
province has a significantly higher sugar content and ethanol yield than Hoa Binh and Phu 
Tho provinces (Table 4).

Doses Evaluated categories

Stem yield (tons/ha) Sugar content (Brix %) Ethanol yield (l/ha)

Hoa Binh Phu Tho Bac 
Giang

Hoa Binh Phu Tho Bac Giang Hoa Binh Phu Tho Bac 
Giang

90 N + 60 P2O5  
+ 60 K2O

64.6 66.0 66.9 12.0 12.0 13.3 4283.0 4375.8 4916.0

0 N + 60 P2O5  
+ 60 K2O

44.7 45.0 47.7 12.0 12.0 12.7 2963.6 2983.5 3347.0

30 N + 60 P2O5  
+ 60 K2O

53.2 53.2 55.6 13.0 13.0 13.0 3821.1 3842.6 3993.5

60 N + 60 P2O5  
+ 60 K2O

58.0 58.0 61.0 12.0 12.0 13.3 3845.4 3845.4 4482.4

90 N + 0 P2O5  
+ 60 K2O

46.0 46.0 54.3 12.0 12.0 10.3 3049.8 3049.8 3090.1

90 N + 30 P2O5  
+ 60 K2O

48.7 48.5 66.4 12.0 13.0 11.7 3228.8 3483.5 4292.3

90 N + 90 P2O5  
+ 60 K2O

68.6 69.0 77.3 14.0 14.0 13.7 5306.2 5337.2 5851.0

90 N + 60 P2O5  
+ 0 K2O

49.2 53.0 50.5 12.0 12.0 12.0 3262.0 3513.9 3315.0

90 N + 60 P2O5  
+ 30 K2O

52.6 52.0 54.4 13.3 13.3 10.0 3778.0 3734.9 3005.6

90 N + 60 P2O5  
+ 90 K2O

53.2 53.5 59.5 14.0 14.0 13.3 4408.9 4138.2 4372.2

LSD (5%) 8.76 0.15 1.1

CV (%) 9.7 3.3 5.1

Table  4. Effects of applied doses of fertilizers on sugar content, sugar yield and ethanol production of the sweet sorghum 
variety 4a.
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4.2. Effects of applied times of fertilizers on stem yield, sugar content and ethanol 
production of sweet sorghum

There were three trials of fertilizer application in different times and fertilizer doses 
(Table 4), applied in the three locations in Hoa Binh, Phu Tho and Bac Giang provinces 
(Table 5). It indicated that times of fertilizer application at 3–4 to 7–8 leaf stages pro-
vided the highest stem yield and ethanol yield in every location and their values were 
markedly different as compared among the 1st, 2nd and 3rd applied times (Table 5). 
However, when the amount of fertilizers were divided into three times of application, of 
them, the third fertilization was either after 20 d of the second application (trial 2) and 
before flowering, the yields of stems and ethanol production were significantly reduced, 
as compared with other treatments (Table 5). The stem yield was markedly decreased >20 
tons/ha, whereas the amount of ethanol production was significantly reduced > tons/ha. 
For location, Phu Tho province obtained higher yields of stems and ethanol production 
than Hoa Binh and Bac Giang provinces. For the sugar content (Brix %), different times 
of fertilizer application did not influence on the sugar content of sweet sorghum, as no 
significant difference among treatments were observed (Table 5).

4.3. Effects of micronutrient fertilizers on stem yield, sugar content and ethanol 
production of sweet sorghum

In this experiment, the control was the based fertilization (BF) that included 90 N + 60 P2O5 + 
60 K2O + 2 tons/ha manure. Other treatments consisted of BF + (NH4)2MO7O2.4H2O (Mo), BF 
+ 60 K2O and BF + 60 P2O5. The effects of these treatments on stem yield, sugar content and 
ethanol productivity are presented in Table 6.

Locations Trials Stem yield (tons/ha) Sugar content (Brix %) Ethanol yield (l/ha)

Hoa Binh 1 68.6 14.0 5306.2

2 62.7 14.0 4849.9

3 47.5 14.0 3674.1

Phu Tho 1 72.5 14.0 5607.9

2 65.5 14.0 5066.4

3 49.5 14.0 3828.8

Bac Giang 1 69.5 14.0 5375.8

2 61.5 14.0 4757.0

3 46.6 13.0 3347.0

LSD (5%) 0.4 1.4 60.0

CV (%) 0.7 5.8 0.7

Note: Trials 1–3 are different applied times as indicated in Table 3.

Table  5. Effects of different times of fertilizer application on stem yield, sugar content and ethanol production of sweet 
sorghum.
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It was found that by the application of based fertilization, the stem yield of sweet sorghum 
was 62.4–66.0 tons/ha. However, the supplemented application of Mo significantly increased 
the stem yield 10–12 tons/ha and it was higher than either the supplementation of P2O5 or 
K2O (Table 6). For the sugar content, there was no remarkable difference among treatments 
(14.8–15.5 Brix %). Following the promoted amount of stem yield, the ethanol productivity 
was the maximum with Mo application, followed by P2O5 and K2O supplementation. They 
were all significantly higher than the application of unique-based fertilizers (Table 6).

5. Discussion

Although sweet sorghum is well adaptable to many soils and climates and has a strong resis-
tance to pests and diseases, an effective fertilization protocol is crucial to farmers and agricul-
tural extensionists to promote the biomass and ethanol productivity of this crop. Trials of this 
study were replicated in the three locations in three different provinces, where are the most 
suitable for ethanol production in the North of Vietnam [19]. Among different doses of fertil-
izers, this study found that the application of 90 N + 90 P2O5 + 60 K2O was the best for maxi-
mum biomass and ethanol productivity of the crop. Their values were significantly higher 
than those of other treatments (Table 4). Nontreatment of N, P2O5 and K2O was examined 
and the lack of fertilization of any among these nutrients caused severe markedly reduction 
of stem yield, sugar content and ethanol production; however, N was the most important for 
biomass and ethanol productivity (Table 4).

It has been described that sweet sorghum can become a profitable crop for farmers in 
developing countries, however its agronomic practices should be optimized to improve 
the productivity. Among them, nitrogen is the most important nutrient element as this 
crop responds well to N fertilization [20]. Turgut et al. [21] investigated the optimum 
N input for maximizing sweet sorghum yield in a clay loam soil. Reddy et al. [22] also 
studied the effects of N input on sweet sorghum growth. Uchino et al. [20] reported that 
the amount of N from 90 to 120 kg/ha was the optimum for ethanol productivity, but the 

Treatments Stem yield (tons/ha) Sugar content (Brix %) Ethanol yield (l/ha)

Hoa Binh Phu Tho Bac Giang Hoa Binh Phu Tho Bac Giang Hoa Binh Phu Tho Bac Giang

Based 
fertilization 
(BF)

64.4 66.0 62.4 14.8 15.0 14.8 5266.0 5469.8 5012.5

BF + Mo 74.3 79.0 75.9 14.9 15.0 14.9 6116.6 6547.1 6248.3

BF + P2O5 70.4 75.4 71.5 15.5 15.0 15.5 6028.9 6248.8 6123.1

BF + K2O 68.5 69.5 70.5 15.5 15.0 14.9 5866.2 5759.8 5073.7

LSD (5%) 0.9 0.8 138.7

CV (%) 0.7 3.1 11.3

Table  6. Effects of micronutrient fertilizers on stem yield, sugar content and ethanol production of sweet sorghum.
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amount of N >150 kg/ha may cause lodging. In this study, the application of N >90 kg/ha 
was not studied as it may cause economic troublesome for farmers in developing coun-
tries such as Vietnam.

This research also verified the application of K2O and P2O5 in combination with nitro-
gen and manure (Table 4) to reduce the dependency on nitrogen application. The use of 
manure, K2O and P2O5 with reduced quantity of nitrogen fertilizers are efficacy for soil 
health and maintain the biomass and ethanol productivity of sweet sorghum. The time of 
application was also examined to optimize the time of application and doses of fertilizers. 
The best time for fertilization was found to be on 3–4 to 7–8 leaf stage (Table 5). Findings 
of this study indicate that fertilization should not be conducted after 7–8 leaf stage, as 
the application of fertilizers at 20 d after the second application (7–8 leaf stage) to flower-
ing stage caused significant reduction of stem yield and ethanol production, although the 
sugar content (Brix %) was not influenced (Table 5). This also helps to save the labor costs 
as the too much fertilization may attribute to heavy fieldwork and economic deficit in sweet 
sorghum cultivation.

In this study, for micronutrient fertilization, 5 kg/ha of (NH4)2MO7O2.4H2O (Mo) was used 
as supplement to the base fertilizer application of 90 N + 60 P2O5 + 60 K2O + 2 tons/ha manure. 
The supplements of 60 kg/ha of P2O5 and K2O were also conducted to compare with that of 
the Mo supplement. Interestingly, the use of Mo was the most effective in enhancing the bio-
mass and ethanol production and it was higher than that of either P2O5 or K2O supplements 
(Table 6). The use of Mo was found to be more effective than the adding of P2O5 and K2O. In 
addition, the application of Mo at 5 kg/ha provided less heavy fieldwork than the supple-
mentation of 60 kg of either P2O5 or K2O. The application of micronutrients such as ZnSO4 
and sodium borate was effective on the stalk yield of the sweet sorghum ICSV 93046 variety, 
which is widely cultivated in India and Philippines [23]. The supplements of micronutrients 
of Zn and Fe significantly promote the stalk yield of sweet sorghum [24]. It is therefore pro-
posed that the application of micronutrient fertilizers is effective to improve the productiv-
ity and profitability of sweet sorghum than the supplement of unique either P2O5 or K2O.

The influences of fertilization including times of application and applied doses on energy 
crops have been extensively studied. It has been reported that the application of N fertilizer 
significantly improves the production of bioenergy crops, such as switchgrass (Panicum 
virgatum L.) and corn (Zea mays L.) [25]. Individual applications of N, P, or K fertilizers 
markedly improved cassava (Manihot esculenta Crantz) yield. The best yield performance in 
this research to increase the yield of cassava (62.8 t/ha) was the use of 400, 200 and 400 kg/
ha of N, P, K fertilizers, respectively, although the use of P fertilizer incorporation with high 
levels of N and K fertilizers was not effective to improve cassava yields [26]. In addition, 
Olugbemi and Ababyomi [27] examined different treatment of nitrogen fertilizer on the 
growth and ethanol yield of four sweet sorghum varieties and found that the application of 
120 kg N/ha was the best for ethanol production. There are also several research studies on 
optimizing the nitrogen requirements of sweet sorghum for various environments and soil 
types [20–21]. The applied doses on sugarcane were important on the yield and ethanol pro-
duction in Brazil [28]. Appropriate doses of fertilizers are useful to increase the yield and 

Effects of Fertilizers on Biomass, Sugar Content and Ethanol Production of Sweet Sorghum
http://dx.doi.org/10.5772/66814

195



ethanol production of biofuel crops, but the overuse of fertilizers may cause critical envi-
ronmental pollution [29]; therefore, the examination of applied doses and times of applica-
tion as conducted in this research is indispensable for the cultivation of biofuel crops.

6. Conclusions

Sweet sorghum is a promising alternative crop for bioethanol production in developing coun-
tries to reduce the social criticisms on the use of food crops for biofuel production. Findings 
of this study, together with a previous work, examined the sowing times, densities and soil 
chemicals [19] to determine the cultivar 4a which was continuously examined in this research 
for different doses of fertilizers and times of application. Achievements of the two research 
studies are useful to establish a protocol of sweet sorghum cultivation for farmers and agri-
cultural extensionists in developing countries, as the fertilization of different doses and times 
was examined in different locations with low nutrient contents that were difficult to cultivate 
other crops. This study also highlighted the higher possibility of using sweet sorghum in 
infertile soil in hilly areas than other bioenergy crops. The combination of manure and micro-
nutrients with a reduced amount of inorganic fertilizers is crucial to establish a sustainable 
agriculture in sweet sorghum production.
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of this study, together with a previous work, examined the sowing times, densities and soil 
chemicals [19] to determine the cultivar 4a which was continuously examined in this research 
for different doses of fertilizers and times of application. Achievements of the two research 
studies are useful to establish a protocol of sweet sorghum cultivation for farmers and agri-
cultural extensionists in developing countries, as the fertilization of different doses and times 
was examined in different locations with low nutrient contents that were difficult to cultivate 
other crops. This study also highlighted the higher possibility of using sweet sorghum in 
infertile soil in hilly areas than other bioenergy crops. The combination of manure and micro-
nutrients with a reduced amount of inorganic fertilizers is crucial to establish a sustainable 
agriculture in sweet sorghum production.
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Abstract

Industrial production of a wide range of value‐added products heavily relies on fossil
resources.  Lignocellulosic  biomass  materials  are  receiving increased attention  as  a
renewable, economical, and abundant alternative to fossil resources for the production
of various value‐added products. Biomass feedstocks utilized for these productions
include energy crops, agricultural biomass residues, forest biomass, and food‐based
biomass wastes. Various conversion technologies are used for production value‐added
products from biomass. Efficiencies of conversion technologies highly depend on the
types of biomass used as raw materials that differ in contents and compositions of
cellulose,  hemicellulose,  and  lignin  structures  in  biomass.  In  some  conversion
technologies, such as chemical, biochemical, and hydrothermal conversion techniques,
biomass materials must be first broken down into smaller molecular weight components
(e.g., oligosaccharides and monosaccharides) in order to be efficiently converted into
target products. In this matter, pretreatment and hydrolysis play critical roles on the
yield of the product(s). The chapter describes lignocellulosic materials that are used for
production  of  top  value‐added  products  and  conversion  technologies  to  produce
products  in  high  yields.  Future  developments  in  the  conversion  of  lignocellulosic
biomass  into  value‐added  products  are  directly  correlated  to  improvements  of
conversion technologies and selection the right types of biomass in the process.

Keywords: biomass types, value‐added products, biofuels, bioproducts, conversion
methods

1. Introduction

Being a nonedible  portion of  the plant,  lignocellulosic  biomass materials  are attractively
growing the attention as sustainable and renewable energy sources. Biomass materials can be
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used for  producing  a  wide  range  of  value‐added products,  including  biofuels  (ethanol,
hydrogen,  etc.),  bioproducts  products  (sugar  and  sugar  alcohols,  etc.),  and  industrially
important chemicals  (e.g.,  solvents)  [1].  Conversion can be performed using a variety of
methods, including chemical, biochemical, and thermochemical processes. Each method offers
several advantages or disadvantages for high yielding of a certain product.

Biomass can be derived from forestry wastes such as residues of the trees and shrubs, energy
crops like sorghum, miscanthus, kenaf, switchgrass, corn, sugarcane, and any agricultural
residues such as corn stovers, wheat straw, etc. The diversity in the chemical composition of
biomass (cellulose, hemicellulose, and lignin constituents) can affect the conversion technol‐
ogies employed for production of high‐value products.

2. Top value‐added products from biomass

2.1. Biofuels

Ethanol is a renewable fuel made from corn, sugarcane, sweet sorghum, and other variety of
carbohydrate containing sources. In the United States, the ethanol fuel industry is largely based
on corn. The production consists of the fermentation of sugars to produce a dilute alcohol
solution, which is followed by distillation and dehydration to produce fuel‐grade ethanol.
Ethanol is blended with gasoline in various amounts for use in vehicles (E10, E15, and E85). It
was reported that the use of 10% ethanol (E10) blends decreases greenhouse gas emissions by
12–19% compared to petroleum‐based fuels [2].

Butanol is also a biomass‐based renewable fuel that can be produced by alcoholic fermentation
of biomass feedstocks [3]. Butanol is commonly produced using fossil fuels, but it can also be
produced from biomass. Butanol can blend with gasoline better than ethanol since it has longer
hydrocarbon chain thus, has lower polarity. Butanol has an energy density similar to that of
gasoline [4]. However, because of limitations and difficulties in its production it is not consid‐
ered a viable biofuels like ethanol. Biobutanol is produced by ABE (acetone‐butanol‐ethanol)
fermentation process using various substrates. ABE fermentation suffers from limitations and
difficulties including low butanol titer, low butanol yield, high substrate cost (grain and
molasses), end‐product inhibition, and high product recovery cost by distillation [5].

Methanol is another alcoholic fuel that has a high octane rating, easily distributable, and has
low volatility. Methanol has chemical and physical fuel properties similar to ethanol. Methanol
is mostly produced by the catalytic conversion of syngas from fossil sources but it can be also
produced from lignocellulosic biomass materials [6]. Methanol can be used directly as fuel or
fuel in fuel cells or as a feedstock for the gasoline additive methyl tertiary butyl ether.

Biodiesel is another most widely used liquid biofuel; however, its production does not rely on
lignocellulosic fraction of biomass. Biodiesel is produced from vegetable oil or animal fat with
an alcohol and a catalyst through transesterification reaction.

Producer gas is the mixture of gases produced by the gasification of biomass materials. It is
composed of CO, H2, CO2, and low molecular weight hydrocarbons such as CH4. Producer gas
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can be utilized as a fuel gas for heat or for electricity generation [7]. Syngas (synthesis gas) is a
mixture of CO and H2. Syngas has the ability to replace natural gas as a more thermally efficient
liquid fuel. Electricity can be generated from the power provided by the combustion of syngas.
It can also be used as a fuel source or as an intermediate for the production of other chemicals
[8, 9].

Hydrogen is considered as a promising gas fuel. Hydrogen has the highest specific energy
content of all conventional fuels. Its main use as fuel is in fuel cells. Fuel cells are being
considered an attractive option for power generation, because of their high efficiency with no
pollution [10]. Its only waste or byproduct is pure water, while hydrocarbon fuels produce
massive amounts of carbon dioxide, a greenhouse gas. The development of less expensive and
convenient methods for hydrogen production is challenging issue that limits its use. Among
other various conversion methods, aqueous‐phase reforming (APR) technique is a promising
method for high‐yielding hydrogen gas production [11, 12].

2.2. Bioproducts and industrially important chemicals

Nonedible lignocellulosic biomass materials are attracting increasing attention as renewable,
economical, and abundant resources to reduce dependency on petroleum resources and
minimize energy and material feedstock costs. In addition to energy and fuels, biomass can be
used to create valuable carbon‐based chemicals and materials, known as bioproducts. These
products are sugars and sugar alcohols, glycerine, furfurals, cellulose fiber and derivatives,
carbonaceous materials, resins, bioplastics, etc.

Activated carbons have been used for many applications including wastewater treatment (as
adsorbent and filter) [13], catalyst [14], catalyst support [15], storage material [16], etc., and can
be prepared from lignocellulosic biomass. Mesoporous carbons play important roles as catalysts
supports as well as adsorbents, membranes, supercapacitors, chemical sensors, etc. [17, 18].
Mesoporous carbons can be prepared from lignin and enhance its mesoporosity by physical
and chemical activation methods.

Furfural is a natural precursor to furan‐based chemicals. It has been considered an important
building block for the production of nonpetroleum‐derived chemicals, a new generation of
bioplastics, and potential biofuels or fuel additives. Furfural and its derivatives have been used
to make jet and diesel fuel range alkanes, to serve as gasoline blend stock, and to develop a
new generation of biofuels and bioplastics [19, 20].

Sugar alcohols are important products in the food industry. For instance, xylitol is a pentose
sugar alcohol used as a sugar substitute in the food industry because of its low caloric and
anticarcinogenic properties [21]. In addition, xylitol is a building block for a variety of
commodity chemicals.

Addition to sugar alcohols, following C5 and C6 sugar‐derived platform chemicals can be
transformed into new families of useful molecules: 1,4‐diacids (succinic acid, fumaric acid, and
malic acid), 2,5‐furan dicarboxylic acid, 3‐hydroxy propionic acid, aspartic acid, glucaric acid,
glutamic acid, itaconic acid, levulinic acid, 3‐hydroxybutyrolactone, and glycerol [22].
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Biomass feedstocks are converted into plenty of other intermediate platforms, building blocks,
secondary chemicals, and products that are used in industry, transportation, textiles, food supply,
environment, housing, etc. For instance, 1,3‐butadiene is the building block for the production
of rubbers, which are used in the production of tires for light vehicles. Ethyl lactate is a
biodegradable solvent produced by the esterification of ethanol and lactic acid, which are
produced from biomass. It is used in industrial applications to replace volatile organic
petroleum‐derived compounds. Lactic acid, which is mostly produced by microbial fermen‐
tation of carbohydrates, is used in many applications, including in food, pharmaceuticals,
polymers, etc. Succinic acid, which is a dicarboxylic acid, is precursor for the synthesis of high‐
value products such as commodity chemicals, polymers, surfactants, and solvents.

Lignocellulosic biomass‐based polymers have been considered as good candidates for sustain‐
able development as well as ecofriendly environment. A wide range of polymers can be
prepared from biomass‐derivatives by different reaction routes [22]. For instance, C5 and C6
sugars and their derivatives can be either incorporated in polymer backbone or be used as
pendant groups to prepare glycopolymers that mimics structural and functional responsibil‐
ities of glycoproteins [23].

3. Parameters affecting the product yield

3.1. Pretreatments

Despite their potential, the complex and rigid structures of biomass materials limit their use
in many applications. Biomass materials must first be broken down into components with
smaller molecular weights (e.g., oligosaccharides and monosaccharides) in order to be
efficiently converted into a range of products. The goal of pretreatment is to make the cellulose
accessible to breakdown process (hydrolysis) for conversion to fuels or value‐added products.
Various pretreatment techniques change the physical and chemical structure of lignocellulosic
biomass and improve hydrolysis rates. Pretreatment makes biomass accessible to deconstruc‐
tion by altering structural features of biomass such as removing lignin and reducing cellulose
crystallinity, thereby increasing porosity. Successful production of biofuels and other bioprod‐
ucts from lignocellulosic biomass depends on the pretreatment and deconstruction methods
applied as well as the physical and chemical properties of the biomass. An efficient pretreat‐
ment method followed by solubilization in aqueous media without using toxic and hazardous
chemicals is necessary to obtain reduced molecular weight of carbohydrates from biomass to
produce various biofuels and bioproducts other value‐added products.

In ammonia fiber explosion (AFEX) pretreatment method, liquid ammonia is mixed with biomass
under moderate pressure (0.7–2.8 MPa) and temperature (70–200°C) before rapidly releasing
the pressure. The temperature of the reaction, residence time, and ammonia concentration are
main parameters that affect the dissolution [24]. The sudden release of pressure in the system
explosively ruptures the biomass fibers and eventually breaks down the cellulose, hemicellu‐
lose, and lignin polymers into smaller components, and increases the size and the number of
micropores in the cell wall.
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Steam explosion is one of the most common and widely employed physicochemical pretreat‐
ments for lignocellulosic biomass. Biomass is treated with high‐pressure (0.69–4.83 MPa)
saturated steam at high temperature (160–260°C) for a short time (several seconds to a few
minutes) and then the pressure is rapidly released. This treatment destroys the fibril structure
and makes the materials undergo an explosive decompression [25]. After the treatment,
hemicellulose is degraded, part of lignin is solubilized, and cellulose binding is reduced. Partial
degradation of hemicellulose and formation of toxic compounds are the main drawbacks of
steam explosion process. Toxic and/or inhibitory compounds can affect and reduce the
performance of fermentations steps [26]. Substances that may act as inhibitors of microorgan‐
isms include phenolic compounds and other aromatics, aliphatic acids, furan aldehydes,
inorganic ions, and bioalcohols or other fermentation products [27].

Alkali pretreatment involves the use of bases, such as sodium, potassium, calcium, and ammo‐
nium hydroxides, for pretreatment of biomass. Sodium hydroxide is the most common base
used in this application. Alkali pretreatment can be carried out at ambient conditions, but
pretreatment times take hours or days rather than minutes or seconds [28]. Alkali pretreatment
disrupts the lignin structure, causes partial decrystallization of cellulose, removes acetyl, and
the various uronic acid substitutions on hemicellulose and increases the accessibility of
enzymes to cellulose and hemicellulose [29]. A neutralizing step to remove lignin and
inhibitors (salts, phenolic acids, furfural, and aldehydes) is required before enzymatic
hydrolysis. Compared with acid processes, alkaline processes cause less sugar degradation,
and many of the caustic salts can be recovered and/or regenerated [28].

Acid pretreatment is based on mixing biomass with concentrated or diluted acids at tempera‐
tures between 130°C and 210°C. The use of concentrated acid can count as a treatment method
rather than pretreatment as explained in the hydrolysis section in the detail. The most
commonly used acid in the acid pretreatment is dilute sulfuric acid (H2SO4). Other acids such
as hydrochloric acid (HCl), phosphoric acid (H3PO4), and nitric acid (HNO3) can also be used.
As an alternative to these inorganic acids, organic acids such as maleic acid and fumaric acid
can also be used for dilute acid pretreatment [30]. The application time could take from a few
minutes to hours depending on the type of acid, concentration, and temperature used in the
process. This pretreatment method solubilizes hemicellulose fraction and releases monomeric
sugars and soluble oligomers from the cell wall matrix into the hydrolysate. After removing
hemicellulose, increase in porosity improves enzymatic digestibility. However, the sugars
released from hemicellulose can be further degraded to furfural and hydroxymethyl furfural,
which takes role as inhibitors in fermentation process.

Other common pretreatment methods used for biomass are oxidative delignifications. These
methods are (a) lignin biodegradation catalyzed by the peroxidase enzyme in the presence of
H2O2, (b) lignin degradation caused by ozone, which attacks and cleaves aromatic ring
structures, while hemicellulose and cellulose are hardly decomposed (ozonolysis) [25], (c) the
internal lignin and hemicellulose bonds in presence of an organic are broken by using
methanol, ethanol, acetone, ethylene glycol, triethylene glycol, or tetrahydrofurfuryl alcohol
or aqueous organic solvent mixture in presence of inorganic acid catalysts such as HCl and
H2SO4 or organic acid catalysts such as oxalic, acetylsalicylic, and salicylic acids (organosolv
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process) [28], and (d) biomass is treated with oxygen or air as an oxidizer in combination with
water at elevated temperature (e.g., 195°C) and pressure (e.g., 1.2 MPa) (wet oxidation). Wet
oxidation mainly solubilizes hemicellulose and removes lignin from biomass structure. Lignin
is decomposed into carbon dioxide, water, and carboxylic acids. In this method, the formation
of strong inhibitors such as furfural and 5‐hydroxymethylfurfural is very low.

There are also some methods that use ultrasound, microwave, and radiofrequency radiations as
pretreatments methods. These pretreatments are used in conjunction with other methods.
Ultrasound produces sonochemical and mechanoacoustic effects, which affect the chemical
and physical composition of biomass. The mechanoacoustic alters the surface structure of the
biomass while the sonochemical production of oxidizing radicals is effective on biomass
components [31]. It was reported that sonication of biomass‐water mixture under 20 kHz ± 50
Hz ultrasound for 8 min did not change the hydrolysis that was performed in subcritical water
after sonication. Although hydrolyzed solid biomass fraction remained the same, the molar
mass of polysaccharides fractions in the hydrolysates notably decreased because of degrada‐
tion. The amount of monosaccharides in sonicated hydrolysates was high that confirming the
positive effect of sonication on degradation of polysaccharides. For instance, hydrolysis of
kenaf biomass at 250°C subcritical water treatment resulted in 10% of more xylose release in
the sonicated hydrolysate compared to nonsonicated one [32].

On the other hand, microwave treatment has enhanced the surface disruption and the
breaking of lignin structures in switchgrass and improved enzymatic saccharification 53%
more compared to conventional heating [33]. Microwave pretreatment has positive effect on
solubilization of switchgrass in subcritical water. Hydrolysis percentages and total organic
carbons released into solution are higher in microwave‐treated biomass samples. When mi‐
crowave pretreatment is applied at higher temperature, solubilization significantly increases
(Table 1).

Biomassa Hydrolysisb (%) TOC (mg L−1)

Untreated 49.01 ± 0.9 1132 ± 13

MW—120°C 57.09 ± 0.6 1541 ± 14

MW—150°C 62.91 ± 0.7 1679 ± 17

aMW: microwave‐treated biomass.
bDetermined by weighing microwave‐treated biomass samples before and after solubilization in subcritical water
treatment.

Table 1. Solubilization of microwave pretreated samples in subcritical water.

Microwave pretreatment was used for solubilization of lignocellulosic biomass in combination
with acid and alkali treatments followed by enzymatic hydrolysis [33–35]. Chimentão et al.
[36] investigated hydrolysis of dilute acid‐pretreated cellulose in a conventional oven and
under microwave heating. Although the method was called “mild hydrothermal conditions,”
the hydrolysis process was accelerated using acids (sulfuric and oxalic acids).
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Radio frequency (RF) heating is another promising dielectric heating technology, which is used
as an initial breakdown of the lignocellulosic matrix. Dielectric heating transforms electro‐
magnetic energy into heat that is effective on breakdown of biomass structure. The electro‐
magnetic field could generate nonthermal effects, which can also accelerate the destruction of
the crystallinity structure [37]. RF heating prevents uncontrolled heating and overheating that
protects the product from degradation. RF has large penetration depth (10–30 m) and higher
energy efficiency than microwave [38–40]. Efficiency of pretreatment highly depends on
temperature, frequency, and type of product/biomass (water content, chemical composition,
etc.). Radio frequency‐assisted dielectric heating was usually combined with alkaline pre‐
treatment for destruction of biomass materials [41, 42].

Biological pretreatments are attractive approaches for delignification of lignocellulosic biomass.
Advantages of these processes are mild operation conditions, environment friendly, and low
energy requirement [43]. The formations of toxic materials (furfural, hydroxymethylfurfural,
etc.) are low. However, these pretreatments are time consuming [44]. The microbial treatment
includes fungi, such as white‐rot fungi, brown‐rot fungi, and soft‐rot fungi, actinomycetes,
and bacteria to degrade recalcitrant polymeric structures in biomass [45]. Brown rots are
mainly effective on polysaccharides with minimal lignin degradation, whereas white and soft
rots attack carbohydrates and lignin. Most of the brown‐rot fungi degrade cellulose and
hemicellulose more rapidly than lignin in lignocellulosic biomass. White‐rot fungi are the most
effective for biological pretreatment of lignocellulosic materials since they are able to efficiently
degrade all components of plant cell walls, both carbohydrates and lignin. Enzymes such as
peroxidases and laccase take roles on lignin degradation by white‐rot fungi. Bacteria and
actinomycetes are not as efficient as white‐ and brown‐rot fungi in pretreatment of biomass.
Lignocellulosic biomass materials such as wheat, corn and rice straws, corn stover, corn stalks,
beech wood chips, pine wood chips, and switchgrass were successfully pretreated by these
methods using white‐rot fungi, brown‐rot fungi, and soft‐rot fungi [46–48].

Many applications have combined one pretreatment with other one for effective breakdown of biomass
structure.

3.2. Hydrolysis of biomass materials

The major hydrolysis processes typically used for the solubilization of biomass require either
use of toxic, corrosive, and hazardous chemicals (e.g., acid and alkali treatments) or longer
retention times (e.g., enzymatic hydrolysis), which collectively make the process environmen‐
tally unsafe and/or expensive. Mineral acids are commonly used to dissolve hemicelluloses,
whereas lignin is typically dissolved by alkaline or organosolv pretreatments [45, 49]. Recovery
of the chemical catalyst is often crucial to the success of these processes [24]. On the other hand,
generally harsh conditions (e.g., high temperatures and high acid concentrations) are needed
to release glucose from biomass complex structures. Pyrolysis and other side reactions at
higher temperatures become very important, and the amount of undesirable byproducts (tars)
increases as the temperature is increased above 220°C [50].

Concentrated acid hydrolysis has been applied to breakdown lignocellulosic efficiently. The
hydrolysis reaction for cellulose conversion into sugars is principally the degradation of

Biomass as Raw Material for Production of High‐Value Products
http://dx.doi.org/10.5772/65507

207



chemical bonds in cellulose, involving the hydrolytic cleavage of beta‐1,4‐glycosidic bond,
which is catalyzed by H3O+ ions of an acid. The reaction rate depends on the H3O+ ion con‐
centration, the reaction temperature, and the chemical environment of the glycosidic bond [51].
The acid hydrolysis process usually employs sulfuric acid and hydrochloric acid at concen‐
trations of 1–10% using a moderate temperature (in the range of 100–150°C) [52]. A two‐step
sulfuric acid hydrolysis is a widely used technique for releasing sugars from biomass. Biomass
is first treated with concentrated sulfuric acid at a low temperature and then hydrolyzed with
diluted sulfuric acid at an elevated temperature. Concentrated acid recrystallizes cellulose to
less crystallized oligosaccharides followed by less concentrated and higher reaction tempera‐
ture for converting recrystallized oligosaccharides to monosaccharides. Advantages of
concentrated acid hydrolysis process are higher conversion from polysaccharides to mono‐
saccharides with minimum formation of reaction byproducts with careful control of reaction
conditions. The use of concentrated acid for biomass hydrolysis has also several drawbacks
such as energy consumption, equipment corrosion, handling of nonsafe chemicals, an added
necessary step of acid neutralization, the formation of byproducts that create an inhibitory
effect in the fermentation [53, 25], and other negative environmental impacts. On the other
hand, hydrothermal treatments (subcritical and supercritical water) are alternative ways to
hydrolyze lignocellulosic biomass in an environmentally friendly manner by only operating
temperature and pressure conditions. The main shortcoming of these applications is their very
high investment cost. Figure 1 shows morphological changes occur in biomass structure
(kenaf) after subcritical water hydrolysis treatment [32].

Figure 1. SEM images of untreated (a), 200°C (b) and 250°C (c) subcritical water treated kenaf samples.

Before treatment biomass exhibits rigid and highly ordered fibrils. The cell walls are visible
creating a “brickwork‐like” appearance to surface (a). The compacted outer layer is partially
removed at 200°C and a range of discrete droplet morphologies that contain lignin is appeared
on the cell. The 250°C‐subcritical water treatment reduces and degrades lignocellulosic
structure, leaving highly degraded solids. The maximum solubilization yield of wheat straw
and kenaf biomass were found to be 70–75% in subcritical water medium (under 250°C and
27.58 MPa carbon dioxide pressure conditions) [11, 32]. However, the hydrolysates obtained
in this process contained high molecular weight polysaccharides that were difficult to utilize
for producing value‐added products such as gas biofuel hydrogen.
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3.3. Chemical composition of biomass materials

Chemical composition of biomass and structures of biopolymers (cellulose, hemicellulose, and
lignin) are two important factors affecting the yield of the biofuels, bioproducts, and chemicals
produced from biomass. Composition of lignin, cellulose, and hemicellulose in biomass
materials significantly differ among biomass species. For instance, some biomass materials
such as hardwoods contain more cellulose in their structures, whereas others such as straws
and leaves have more of hemicelluloses. It is known that lignin content of herbaceous plants
such as grasses is very low compared to softwoods, which are known to have highest amount
of lignin in their structures [54]. On the other hand, polymerization degree and(or) structures
of biopolymers can also considerably varies among biomass species. For instance, the chemical
structure of lignin is based on syringyl (S), guaiacyl (G), and p‐hydroxyphenyl (H) units.
Softwood lignins are mainly composed of residues derived from guaiacyl units (lignin type
G), whereas hardwood lignins contain both syringyl and guaiacyl units with minor amount
of p‐hydroxyphenyl (lignin type GS). Lignins from grasses are composed of the three basic
precursors (lignin type HGS) [55, 56]. Hemicellulose fractions of softwoods mainly have D‐
mannose‐derived structures such as galactoglucomannans, whereas hemicelluloses in
hardwoods have D‐xylose‐derived structures such as arabinoglucuronoxylan. Xylan is a
polypentose hemicellulose structure in biomass materials that displays a wide range of
compositions, molecular sizes, and structures depending upon its source [57, 58]. This diversity
among biomass materials can significantly affect the yield of value‐added products directly
produced from biomass as raw materials. On the other hand, this diversity can also affect
solubilization efficiency of the biomass materials and, therefore, contents and compositions of
the biomass components in the hydrolysates. The differences in the hydrolysates will consid‐
erably change the yield of the target compounds and byproducts produced from these biomass
hydrolysates. For instance, molecular weight distribution of carbohydrates in the hydrolysates
can significantly affect the method employed for biofuel or useful chemicals production. The
more degraded organics containing hydrolysates are preferable for the production of certain
various value‐added products from biomass. For example, high‐yielding hydrogen gas
production from biomass hydrolysates requires reduced molecular weight oxygenated
compounds containing biomass hydrolysates as feeds in aqueous‐phase reforming gasification
process [59].

3.4. Conversion methods

3.4.1. Chemical

Sugars released from biomass can be hydrogenated to C5‐6 polyols (sugar alcohols) by using a
chemical reducing agent such as sodium borohydride (NaBH4). Biomass hydrolysates can also
be utilized for direct production of derivatives, such as furfural, hydroxymethyl furfural, and/or
levulinic acid. It is also possible to produce C2‐3 glycols from biomass hydrolysates by hydro‐
genolysis. Sugar containing hydrolysates are further upgraded via oxidation or halogenation
reactions [60]. Sugars obtained from biomass hydrolysis can be converted to N‐heterocyclic
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components, pyrones, and aromatics that can be further converted into a variety of chemical
intermediates.

Furfural is a valuable compound for a variety of chemical applications and it serves as a
precursor for the synthesis of many fine chemicals and biofuels. It is produced industrially by
acid‐catalyzed hydrolysis and dehydration of pentoses (mainly xylose) in lignocellulosic
feedstocks (sugarcane bagasse, corn cobs, sunflower stalk, etc.) at temperatures ranging from
153 to 240°C [61]. During the initial stage, the hemicellulose is hydrolyzed to xylans, which
generate pentose carbohydrates to be further converted into furfural. Commercially, furfural
is produced using sulfuric acid as a homogeneous catalyst. Significant quantities of steam are
used in the process in order to strip the furfural and to avoid its further degradation.

Xylitol is currently produced through chemical reduction of xylose derived from birch wood
chips and sugarcane bagasse hemicellulose hydrolysate. The chemical process adapted for
xylitol production from xylan‐rich biomass demands high production costs in terms of
temperature and pressure input, as well as the formation of byproducts that require expensive
separation and purification steps [62].

3.4.2. Thermochemical

Thermochemical conversion processes are combustion, pyrolysis, gasification, and liquefac‐
tion.

Combustion of biomass is the least complex conversion method to transform biomass into
energy. Combustion process takes places at 800–1000°C. Complete combustion involves the
production of heat as a result of the oxidation of carbon and hydrogen‐rich biomass to CO2

and H2O. The biomass with high moisture content is not suitable for this process, predrying
may be necessary in some cases. The high‐pressure steam formed in the process can be utilized
as hot air, hot water, steam, or electricity to produce hot gases. Combustion systems for
electricity and heat production are similar to most fossil‐fuel fired power plants. Combustion
technologies can produce high NOx emissions.

Pyrolysis is thermal degradation of lignocellulosic biomass in the absence of oxygen around
500°C. The products are combination of solid (biochar) and gaseous fractions and liquid biooil
(biocrude). These products can be used directly or after processing as fuel. Biochar and biooil
can also be utilized for production of chemicals and value‐added products [63]. Pyrolysis is a
part of gasification and combustion, which consists of a thermal degradation of the initial solid
biomass into gases and liquids without an oxidizing agent. Thermal decomposition of organic
components in biomass starts at 350–550°C and goes up to 700–800°C in the absence of air/
oxygen [64]. Pyrolysis can be fast or slow process depending on time taken for processing the
feed into pyrolysis products. In slow pyrolysis, primarily biochar is produced at lower
temperatures. At higher temperatures biooils are produced through fast pyrolysis. In slow
pyrolysis, biomass is typically heated at slow heating rates (up to 10–20°C min–1 with sufficient
time allowed for repolymerization reactions to maximize the solid yields while fast pyrolysis
uses much higher heating rates ˃ 10–200°C s–1), higher processing temperature and short vapor
residence times (less than 2 s) that produce 50–70 wt% biooil yield (dry biomass basis). Fast
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pyrolysis usually requires a finely ground biomass feed (<1 mm); however, slow hydrolysis
accepts a wide range of particle sizes (5–50 mm) [65].

Gasification is the conversion of biomass into a combustible gas mixture at 700–1600°C. The
produced gas is rich in CO, H2, CH4, and CO2. This combustible gas mixture can be used for
different purposes after cleaning. The clean gas can be used directly as an engine fuel or
upgraded to liquid fuels or converted into chemical feedstocks by different methods including
biological fermentation or catalytic upgrading through the Fischer‐Tropsch process [7, 19].

Lignocellulosic biomass can also be converted into liquid and gaseous fuels by hydrothermal
gasification processes. Hydrothermal gasification processes are applied in either gaseous phase
(steam reforming), in supercritical water, or in liquid phase (aqueous phase reforming). Steam
reforming needs the lignocellulosic material to be dried prior to gasification. The temperatures
applied in this conversion are also high, i.e., 800°C or above and considerable tar and char are
formed. The thermodynamic critical points for water are 374.3°C and 221.2 bar for temperature
and pressure, respectively. Effective gasification of lignocellulosics in supercritical water needs
to go quite higher values than the critical points, e.g., above 600°C for complete gasification
[66]. APR gasification process is a promising process since conversion reactions take place at
moderate temperatures (225–265°C, and at pressures of 27–54 bar) in presence of a reforming
catalyst (such as precious metal, Pt). The water‐gas shift reaction (CO + H2O ↔ H2 + CO2) is
thermodynamically favored at processing temperatures. Biomass hydrolysates, which are
composed of biomass‐derived mixed oxygenated hydrocarbons, are successfully converted
into gaseous products that are rich in hydrogen [12, 59, 67].

Hydrothermal liquefaction of biomass is the thermochemical conversion of biomass into liquid
fuels at 280–370°C and 10–25 MPa in aqueous medium [68]. In this process, water is an
important reactant and catalyst. It is still in liquid state and has a range of promising properties
at the liquefaction conditions [68]. In this process, lignocellulosic biomass is break down into
soluble low molecular weight products that undergo further condensation, cyclization, and
polymerization reactions forming biooil that is soluble in organic solvents. These biooils are
most commonly used as a replacement for petroleum fuels but they can be also served as
feedstock for production of a wide range of value‐added products. For instance, lignin‐derived
phenolics can be converted into aromatic chemicals by hydrogenation [69], and carbohydrates
are utilized for catalytic production of hydrogen or consumed in fermentation [70].

Various value‐added products can be produced or synthesis from biomass or biomass‐derived
compounds by thermochemical methods. For instance, sugars can be reduced into sugar
alcohols by thermochemical reduction. In industrial reaction, sorbitol production by thermo‐
chemical reduction of glucose is mainly carried out discontinuously in stirred tank reactors at
100–180°C under 5–15 MPa of H2 pressure in the presence of a catalyst, usually raney‐type
nickel, or ruthenium catalysts. Table 2 shows thermochemical sugar alcohol production from
glucose, simple biomass model compound, at various processing temperatures under 2.0
MPa H2 pressure in the presence of carbon supported ruthenium catalyst. The reaction time
was 60 min [71].
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The results showed that 80°C hydrogenation temperature is not enough for complete reduction
of glucose solution. Further increase of the process temperature causes complete reduction of
all glucose; however, the contents and compositions of reduced products (sugar alcohols)
significantly change as temperature increased. The main reduction product of glucose is
sorbitol and its highest yield is at 100°C at the processing conditions described above.

Temperature (°C) Sugar alcohols (% concentration)

Glucose Mannitol Sorbitol Xylitol Other products b

80 8.8 0.9 90.3 n.d. n.d.

100 n.d.a 2.2 97.3 n.d. n.d.

120 n.d. 5.9 88.6 n.d. 5.5

140 n.d. 16.5 59.7 2.7 21.1

160 n.d. 21.8 41.0 3.6 33.6

180 n.d. 23.4 20.7 4.1 51.8

200 n.d. 19.7 12.1 2.1 66.1

an.d., not detected.
bTotal of other reduced products (glycerol, erythritol, etc.).

Table 2. Thermochemical sugar alcohol production from reduction of glucose at various temperatures.

Other types of value‐added products that can be produced by a thermochemical method are
carbonaceous materials. Nonsolubilized residue containing mostly lignin and lignin destruc‐
tion products can be utilized for production of carbon‐based materials such as activated carbon
and mesoporous carbons, etc. [72].

3.4.3. Biochemical

Biochemical conversion can also be used for breaking down biomass into sugars that can then
be converted into biofuels (gaseous or liquid fuels) and bioproducts through the use of
microorganisms and enzymes. This process is usually used for treating high moisture con‐
taining organic wastes. Biochemical processes are relatively slow processes that require more
time for conversion of biomass into useful compounds [73]. The most popular biochemical
technologies are anaerobic digestion and fermentation [74]. Biomass from various sources is
biochemically degraded by anaerobic digestion in highly controlled, oxygen‐free condition
circumstances to produce biogas containing mostly methane and carbon dioxide. Biogas can
be burned directly for heat or steam or converted to electricity. It can also be upgraded to
biomethane or reformed into hydrogen fuel. In anaerobic digestion, bacteria are used to
hydrolyze carbohydrates into sugars that are digestible by other bacteria. Methane and carbon
dioxide are produced from those digestible components.

Fermentation is used commercially on a large scale to produce ethanol from carbohydrate
containing materials. Structural carbohydrates in biomass are broken down into sugars by
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using enzymes. Then, released sugars are transformed into alcohols, organic acids, or hydro‐
carbons by microorganisms in fermentation. The intermediate sugars can also be utilized to
obtain other value‐added chemicals. Conversions in this process take place at 25–70°C under
atmospheric pressure conditions.

Not only biofuels but also a wide range of value‐added products such as food‐based sugar alcohols (e.g.,
xylitol) can be produced by combined processes such as thermochemical process combined with a chemical
or biochemical method [62].

4. Comparison of various types of biomass materials for high‐yielding
value‐added products

4.1. Energy crops

Energy crops are specifically grown for its fuel value or to produce bioenergy. These plants
usually require low cost and low maintenance to grow and they are utilized to make biofuels
or directly exploited for their energy contents. Energy crops can be food crops (corn, sugarcane,
sugar beet, sweet sorghum, etc.) or nonfood crops (poplar trees, switchgrass, miscanthus,
kenaf, etc.). A major focus among them is nonfood energy crops.

Perennial grasses (C4 species) such as switchgrass and miscanthus are promising potential
lignocellulosic biomass sources for biofuel production. They require less fertilizer, water, and
energy for production. Since these grasses regrow from their roots, they do not need to be
replanted each year. Switchgrass and miscanthus are being developed as bioenergy crops
because they have high yield potential and desirable agronomic traits. Switchgrass is a native
prairie plant that grows about 10 feet tall. Annual dry matter yields are 15–30 t ha–1. It exhibits
adaptation to relatively wet and fertile soils. Switchgrass is very tolerant of poor soils, flooding,
and drought. It greatly reduces soil erosion. Giant miscanthus is a perennial warm‐season (C4)
sterile hybrid grass. It is native to subtropical and tropical regions of Africa and southern Asia,
which has also been used as an ornamental plant in many countries. Giant miscanthus can
grow best in the soils that are well drained and have a pH between 5.5 and 7.5 under medium
to high fertility [75]. Giant miscanthus has produced more than double the biomass of upland
switchgrass per acre. Yield estimates from 10–15 tons per acre. Harvestable stems of miscan‐
thus are usually more than 9 feet long [76].

Kenaf (Hibiscus cannabinus L.), is a warm season annual herbaceous crop that belongs to
Malvaceae family and grows best in the tropics and subtropics where the mean daily temper‐
atures during the growing season exceed 20°C. Kenaf is a good candidate for bioenergy
because it grows fast without special care and produces large amount of biomass. Under good
conditions, kenaf will grow to a height of 5–6 m in 6–8 months and produce up to 30 t ha−1 y−1

of dry stem material [77].

Corn is one of the most important crops in the world, and the United States is the largest corn
producer in the world. The total production of corn in the United States for the year 2014–2015
was reported to be 14.215 billion bushels [78]. A major use of corn in the United States is ethanol
production (30.5%). Other uses beyond animal feed include the production of high fructose corn
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syrup (3.6%), sweeteners (2.1%), starch (1.8%), cereals (1.5%), beverage alcohol (1.0%), etc. [78].
The amount of cropland devoted to growing corn has considerably increased in recent years
and now, the United States has excess corn production. Ethanol production capacity from corn
has reached about 15.25 billion gallons in 2014/15, exceeding projected capacity demand of 15.1
billion gallons per year [79]. Most ethanol in the United States is made from corn because it is a
relatively low‐cost source of starch that can easily be converted into sugar, fermented, and
distilled into ethanol. Today, more than 10% of vehicle fuel comes from ethanol. Producing
ethanol increases the cost of corn, which leads to higher prices for other commodities such as
dairy, meat, and livestock feed that farmers rely on. Since ethanol use has increased incredibly
since 2000, the demand and the price of corn have increased. This has forced the farmers to use
more pristine lands to plant corn. This land conversion and the associated use of agricultural
fertilizers and pesticides have caused significant increases in greenhouse gas emissions. Even
more emissions were released when ethanol consumed as fuels. Because ethanol has less energy
content than gasoline, vehicles have to consume more fuel and thus produce more emissions.

Sugarcane (Saccharum spp.) is an efficient tropical/subtropical grass with nitrogen‐fixing
symbionts, thus needing little fertilizer. Brazil is the largest producer (31 million tons year–1)
and produces 25% of the world's sugarcane [80]. Commercial average of sugar cane yield
(Australia, Colombia, and South Africa) and total dry matter (biomass) production are
reported to be 84 and 39 t ha−1 yr−1, respectively [81]. A cycle of sugarcane planting and
harvesting is about 12 months. The average sugarcane yield from four cycles is about 60 t ha
−1 yr−1 [82]. The sugarcane industry's waste product, bagasse, can also be used to produce
biofuels. Bagasse is the fibrous residue left over when sugarcane is squeezed for its juice. It
was reported that energy balance of sugarcane‐based ethanol is seven times greater than that
of corn‐based ethanol. Energy balance defined as the difference between the energy consumed
to produce ethanol from crop and the energy released when it is consumed as biofuel. Only
certain percent of corn starch can be converted into ethanol that required an initial breakdown
process to release sugars from starch first. This step significantly increases the operation costs
compared to sugar‐based ethanol [83].

Poplar trees are already known to be good candidates for bioenergy because of their fast growth
rates (up to 4 m annually and matures in about 6 years) and large biomass production. Poplar
can grow on 2–3 year rotations, growing back after it is harvested, with seven or more cycles
possible before replanting. After harvest, the tree resprouts from the same root stalk, a very
efficient way to produce biomass. Hybrid poplars have been planted for their potential as an
energy crop due to their high yield rates and adaptability to many growing conditions. Hybrid
poplar growth and biomass yield could vary significantly depending on climatic conditions,
soil characteristics, and species genotype [84, 85]. Poplar plantations have many environmen‐
tally desirable applications, including use as buffer strips to decrease erosion and nitrate in
run‐off from highly erodible fields, treatment, and removal of toxic materials from landfills
and other soil contaminations, and an excellent sink of atmospheric CO2 [86]. Poplar woods
do not need to be stored like other bioenergy crops such as grasses; it can be harvested
throughout the year. Poplar requires less water and other inputs than crops such as corn. The
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higher pest resistance, increased site adaptability, and development of poplar genotypes with
improved yield make poplar trees important biomass materials for biofuel production.

Sweet sorghum (Sorghum bicolor L. Moench) is a widely adapted sugar crop that can be produced
at less cost than corn [87]. It is a highly productive and versatile crop that can be cultivated in
temperate climates. Sweet sorghum can be grown in many regions of the United States. Under
favorable growing conditions, sorghum can produce high biomass yields with low rates of
nitrogen fertilizer. Individual stalks can be over 10 feet tall. Two fractions of sweet sorghum
can be used for biofuel production. The stalk and seed are used directly for biomass energy,
and their high sugar content allows them to be fermented to make ethanol. Rather than
producing starch, sweet sorghum carbohydrates are stored in the stalk as sugar, with sugar
concentrations of 8–20% [88]. As the plant matures, carbohydrates are translocated from the
stalks to the head to make starch in the seeds. Conversion of these sugar components into
ethanol requires less energy than starch for same reason discussed for sugarcane. Sweet
sorghum has the potential to produce up to 6000 L ha−1 of ethanol equivalent to corn grain
yields of approximately 20 Mg ha−1 [89]. The main drawback in sweet sorghum is; since sugars
in the sweet sorghum are not stable and rapidly degrade it is required to squeeze the juice out
immediately for conversion. This reduces flexibility in harvesting and can increase transpor‐
tation costs [90].

4.2. Agricultural biomass residues

Agricultural residues from well‐established production chains are important sources of
biomass that can provide a substantial amount of biomass for production of a wide range of
value‐added products. Since these residues are a natural byproduct of the food crop, they can
be used as promising low‐cost feedstocks without increasing the amount of land used for
agriculture. Agricultural biomass includes bagasse, straw, stem, stalk, leaves, husk, shell, peel, pulp,
stubble, etc. is produced annually worldwide and is not utilized to any significant extent.

Cereal straw is a typical example of an agriculture byproduct. Rice straw (includes stems, leaf
blades, leaf sheaths, and the remains of the panicle after threshing) and wheat straw (includes
nongrain portion of the wheat plant; stems, leaves, and chaff) are two of the most abundant
cereal‐based lignocellulosic wastes in the world. Wheat is the second most important grain
that is cultivated in the United States, following only corn. The United States is a major wheat‐
producing country ranked third in production volume of wheat in the world. Total wheat
production in United States was about 55 million tons in 2015. A good wheat crop yields
between 1 and 1.2 tons of straw per acre on a dry matter basis. The annual global rice straw
production is 731 million tons and Asia alone produces 667.6 million tons [1]. One ton of rice
paddy produces approximately 290 kg rice straw. Rice husk is one of the major byproducts
from the rice milling process and constitutes about 20% of paddy by weight. One ton of rice
paddy produces roughly 220 kg rice husk [2].

High‐yielding corn production activities generate large amounts of corn stover that is roughly
80% of all agricultural residues produced in the United States [91]. It has been estimated that
corn in the United States produces 1.7 times more residue than other cereals. Corn stover
contains 27.5% stalk, 8.2% cob, and 7.0% husk [92].
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Biomass Advantages and disadvantages

Switchgrass and
miscanthus

Nonedible
Require less fertilizer, water, and energy for production
Do not need to be replanted each year
Miscanthus produces more biomass than switchgrass

Kenaf Nonedible
Grows fast in the tropics and subtropics
Does not need special care for production
produces large amount of biomass

Corn Edible
Mostly used for ethanol production because of relatively low‐cost source of starch
Large amount of cropland devoted to corn
Excess corn production in the United States

Sugarcane Edible
Grows in tropics and subtropics
Needs little fertilizer
Sugarcane juice is directly used in conversion techniques (no pretreatment needed)
Waste product, bagasse, is an important feedstock for value‐added products

Sweet sorghum Needs little fertilizer
Sugars in the juice can be directly utilized for value‐added products (no pretreatment needed)
Required to squeeze the juice out immediately (not stable)
Limited flexibility in harvesting and transportation costs

Poplar trees Nonedible
Grow fast
Produce large amount of biomass
Can be harvested throughout the year
Have many environmentally desirable applications such as reducing erosion

Cereal straw Nonedible
Natural byproduct of the food crops rice, wheat, corn, etc.
Produce large amounts of biomass

Corn stover Nonedible
Natural byproduct of the food crop, corn
Produce large amounts of biomass (more than cereals)

Forest biomass Nonedible
Largest source of lignocellulosic biomass
High costs of harvesting and transportation
Widely used in combustion process but not in gasification, pyrolysis, and fermentation

Food biomass wastes Edible/nonedible
Have low values
Released in large amounts from food industries

Table 3. Comparison of biomass materials for production of value‐added products.
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4.3. Forest biomass

Forests are the largest source of lignocellulosic biomass that can be substitute for fossil fuels
in the production of energy and other value‐added products. Since it is a nonfood type of
biomass, it is a promising feedstock for these conversions [93]. Forest biomass includes material
left on logging sites (trunks, crowns, and branches), unused wood from forests and wood manufac‐
turing, and processing residues. The wastes from wood industries are sawdust, off‐cuts, trims,
and shavings. Forest biomass utilization has some challenges that restrict fully production of
value‐added products from forests. The main issue is high costs of harvesting and transpor‐
tation of these biomass materials. Second, forest biomass has been widely used in combustion
process, however, other potential conversion technologies such as gasification, pyrolysis, and
fermentation are not applied to forest biomass [94].

4.4. Food biomass wastes

The food industry produces a large number of residues and byproducts that can be used as
biomass energy sources.

Bagasse is a promising biomass material that is produced during sugarcane processing. After
sugarcane is milled for juice extraction, bagasse is obtained as a residue, which is about 25%
of the total weight and contains 60–80% carbohydrates [95].

Pomace is also important food waste‐based biomass candidate from wine industry that remains
after the grapes are pressed and consists of skins, seeds, and a small percentage of stems. It is
the most abundant wine‐making waste representing about the 20% (w/w) of grapes used for
the production of wine. It is rich in carbohydrates [96].

Nuts hulls, peanuts shells, corn stover, rice hull/husk, and other grain biomass residues can also be
considered food biomass wastes. On the other hand, corn bran, a byproduct of the corn milling
process, can also be counted as lignocellulosic biomass. A large starch producer in the United
States releases approximately 9 × 105 tons of corn bran per year [97]. However, this byproduct
currently has low value and is often used for animal feed alone or combined with corn germ
cake or meal.

Table 3 summarizes advantages and disadvantages of biomass materials for utilization as raw
materials for production of value‐added products.
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Abstract

Biomass is a significant non-conventional energy reserve, which has been considered as 
a promising alternative over other renewable sources such as solar, wind or hydroelec-
tric storage due to its comparatively ample availability. A variety of biomass types can 
be converted into useful products via bioenergy technologies. The deep understanding 
and knowledge of these processes are necessary for optimization and advancement in 
a cost-effective way. A comprehensive comparison and discussion is conducted with 
respect to biochemical and thermochemical conversion technology such as microbic 
digestion and fermentation, pyrolysis, liquefaction and gasification. Pyrolysis is the 
process of converting biomass into bio oil, charcoal and gaseous factions by heating 
anaerobically to above 500°C. Liquefaction is a low temperature (LT) and high-pressure 
thermochemical process to produce marketable liquid over suitable catalysts under 
hydrogen or reductive environment. Gasification is the conversion of biomass into pre-
ferred combustible gas mixture (syngas) via the partial oxidation at high temperature, 
typically in the range of 800–900°C. The product gas is more versatile and can be burned 
in gas turbine for electricity production or synthesis of high-value chemicals. The para-
metric impact, mechanism, development status and future direction have been sum-
marized for each of these technologies with the aim to pave the way for optimization of 
future investigation.

Keywords: biomass, pyrolysis, gasification, liquefaction

1. Introduction

The declining reserves and fluctuating prices of fossil fuels necessitate a switch from con-
ventional to renewable power sources, for instance, solar, wind, biomass and hydroelectric 
generation [1]. Biomass is considered the fourth largest source of energy in the world, cur-
rently supplying more than 10% of primary energy. It also provides a potential source of 
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valuable chemicals, such as reducing sugars, furfural, ethanol and other products by using 
 biochemical or chemical and thermochemical procedures [2, 3]. Due to its widespread avail-
ability,  renewable nature and neutral relation to global warming, the potential of biomass 
to meet the need for the world energy has been widely recognized. Furthermore, biomass 
utilization has an advantage over other renewable sources on account of its topographical 
independence and easy storage and transportation.

Biomass is the term for all biologically produced matter, including land and water-based 
vegetation, as well as organic wastes, which can be used directly or indirectly by convert-
ing it into liquid or gaseous fuel. As the necessity for a renewable and sustainable energy 
becomes more significant, research interest in biomass conversion to fuel or high value-
added chemicals has increased dramatically. The distinction between the energy carriers 
originated from biomass can be made based on their ability to provide heat, electricity and 
engine fuels. The famous Van Krevlen diagram is usually used for comparing biomass and 
fossil fuels in terms of their O/C and H/C ratios. The lower the respective ratios, the greater 
the energy content of the material. More details about this diagram can be obtained from the 
literature [4].

Currently, there are a number of different approaches used for biomass conversion, such as 
direct combustion for heat or electricity, thermochemical conversion to bio-oil, chemicals and 
syngas, and biochemical transformation of biogas or bioethanol. Combustion can be widely 
used on various scales to obtain heat or electricity from biomass; however, the energy effi-
ciency of this conversion is low. Co-combustion of biomass in coal fire plants is an attrac-
tive option to improve the conversion efficiency. Biochemical processing involves anaerobic 
digestion, the decomposition of biomass via bacterial activity without oxygen to yield biogas 
and alcoholic fermentation, which is used commercially on a large scale to produce ethanol 
from sugar and starch crops. In this chapter, more attention has been concentrated on the 
thermochemical conversion of biomass, including gasification, pyrolysis and liquefaction, 
due to the diversity of products and high conversion efficiency in the process. The differences 
of the three process conditions are shown in Table 1.

An in-depth survey is carried out regarding the mechanism, parametric impacts, products, 
techno-economics, development status and future direction for each of the three thermo-
chemical technologies. There are a wealth of articles regarding biomass conversion, and this 
chapter provides a comprehensive overview with a direct comparison of the current tech-
nologies highlighting the benefits and drawbacks of each with emphasis on catalytic biomass 
conversion.

Process Temperature, K Pressure, MPa Drying Catalyst

Pyrolysis 650–800 0.1–0.5 Unnecessary Yes

Liquefaction 525–600 5–20 Necessary No

Gasification 873–1273 1–2 Necessary Yes

Table 1. Comparison of thermochemical process conditions [5].
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2. Biomass valorization

2.1. Pyrolysis

2.1.1. Mechanism

Pyrolysis is the thermal decomposition of biomass in the absence of oxygen, as illustrated 
in Figure 1. Slow pyrolysis occurs when there is a slow heating rate over a longer residence 
time (5–30 min). The extended residence time and slow heating rate facilitate the increased 
production of char products and have been used throughout history for the production of 
charcoal. Fast pyrolysis occurs when there is a much faster heating rate with much shorter 
residence times. Increased heating rates and faster residence time result in greater liquid and 
gas products, making fast pyrolysis more desirable for the purposes of producing bio-oil and 
valuable chemicals [7]. Typically, decomposition occurs in just a few seconds at atmospheric 
pressure and relatively low temperatures between 300 and 600°C [8, 9]. The quick reaction 
time and mild operating conditions make pyrolysis an attractive option for producing bio-oil 
and valuable chemicals from the cheap feedstock of biomass.

A mixture of a complex feedstock and multiphase products make it difficult to study the exact 
mechanism of pyrolysis, but there is a general understanding. Initially upon heating, water 
is removed, resulting in a dry fuel that undergoes primary pyrolysis. Decomposition occurs 
upon the transfer of heat from the surrounding area to the biomass particles resulting in 
solid char, bio-oil, gas and water, constituting the primary stage of pyrolysis [8]. An increased 

Figure 1. Process schematic of biomass pyrolysis and upgrading [6].
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surface area results in better heat transfer, which causes a faster and more complete reaction 
[9, 10]. For this reason, biomass is typically mechanically ground into a fine powder prior to 
the reaction. During the secondary stage, further decomposition occurs in addition to various 
other reactions resulting in an increase in gaseous products. A summary of these processes 
can be seen in Figure 2. Fast pyrolysis can have a biomass to bio-oil conversion of 70–80%. 
Liquid yield can be maximized by a fast residence time, preventing the secondary decomposi-
tion of products. Due to the importance of residence time and heat transfer in pyrolysis, much 
research has gone into reactor design which is reviewed in reference [9].

2.1.2. Products

Pyrolysis results in a wide range of products that can be divided into the categories of solid 
char, liquids (water and bio-oil) and gases. Char is the term used for all of the solid products 
including organic matter (high carbon content) and ash [8]. Water is produced as a product 
of pyrolysis as well as during the initial drying stage via evaporation [8, 9]. The bio-oil com-
ponent is a brown, polar liquid comprised of a mix of oxygenated compounds, which differs 
with feedstock and reaction conditions [9, 10]. At moderate temperatures, gas products are 
mainly comprised of CO, CO2 and CH4, with H2 and CXHY gases also being produced at higher 
temperatures [8, 10]. The amount of solid, liquid and gas produced varies greatly depend-
ing on the biomass composition as well as the reaction temperature. The temperature has a 
greater effect on the amount of product in each phase, while the feedstock composition has a 
greater effect on the bio-oil elemental composition. A higher C/O ratio in the feedstock results 
in a higher liquid yield and lower gas yield, while the char yield remains relatively unaf-
fected. An increase in hydrogen in the feedstock results in more water formation, more bio-oil 
and less carbon dioxide and CxHy gases [8]. At low temperatures (<350°C) and slow residence 
times, char is the favoured product [8–10]. Longer residence times allow for the reaction of 
gas and liquid products to form char [7]. The best yields of liquid product are achieved at 
moderate temperatures (400—550°C) and fast residence times. These conditions allow for pri-
mary pyrolysis to occur, but the fast residence time allows for products to be collected before 
secondary reactions can take place [8–10]. At very high temperatures (HT) (>800°C), a higher 

Figure 2. Primary and secondary pyrolysis including arrows indicating reaction pathway [8].
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yield of gas products is observed due to the presence of secondary reactions, which further 
break down the liquid and char components into gases.

The liquid product composition generally mimics the biomass carbon, hydrogen and oxygen 
composition. Due to the high oxygen content in biomass, the liquid product of pyrolysis is made 
up of a large portion of oxygen-containing compounds. The oxygen-containing compounds 
including alcohols and acids make the bio-oil reactive and acidic causing issues for storage and 
transportation through established pipelines [11–14]. As a result, bio-oil must be upgraded before 
it can be transported or used as a fuel. An increase in temperature leads to a slight decrease in 
oxygen content and a slight increase of carbon and hydrogen content in the bio-oil. This results 
in a small increase of aromatic compounds, which marginally improves the oil quality [8].

2.1.3. Developmental status

The majority of research on pyrolysis involves optimizing the upgrading process to acquire 
a higher quality product. Hydrodeoxygenation and catalytic cracking are the most popu-
lar processes currently being utilized for upgradation [12]. Hydrodeoxygenation involves 
removing oxygen from the liquid product in the form of water through a hydrogen supply 
[9, 15]. This process is expensive due to the high operating pressures (up to 20 MPa) and the 
high cost of hydrogen [9, 15]. Catalytic cracking is a fairly new technology, which uses a cata-
lyst to promote a range of reactions including dehydration, decarboxylation, aromatization, 
alkylation and polymerization [12]. Zeolite catalysts have found to be particularly effective at 
aromatization and have been found to remove oxygen in the form of carbon dioxide [9, 14]. 
The addition of metals such as silver or nickel can increase selectivity and allow for optimized 
products [12]. Catalytic cracking is significantly cheaper than hydrodeoxygenation due to 
the relatively mild operating conditions and absence of hydrogen; however, the coking of 
catalysts is a significant concern and due to the lack of hydrogen supply, the product suffers 
from a low H/C ratio [12, 16].

At the current time, the combination of pyrolysis and catalytic cracking in one process has 
been attracting more attention [10]. One research group is combining pyrolysis with catalytic 
cracking under a methane environment, in a novel process called methanolysis [16, 17]. This 
process is operated at atmospheric pressure and moderate temperatures on a zeolite catalyst 
with a supply of methane. Methanolysis is economically attractive due to the relatively low 
operating conditions and the wide availability and low cost of natural gas of which meth-
ane is the major component. The aim of this research is to develop a catalyst that will allow 
pyrolysis to occur in a methane environment, while at the same time upgrading the liquid 
product. Promising results were found during feasibility studies, where it was shown that 
not only was the bio-oil produced of greater quality, but the methane was incorporated into 
the  product [16, 17]. Table 2 compares pyrolysis in inert gas, hydrogen and methane envi-
ronments with and without catalysts for a sawdust feedstock. An increased oil yield accom-
panied by a decrease in oxygen content and an increase in H/C ratio can be observed in a 
methane environment using a catalyst. It is also clear that the metal used in the catalyst can 
affect both oil yield and quality. These results are very promising for creating a high quality 
bio-oil in an economical and environmentally friendly way.
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2.1.4. Future direction

The next steps of pyrolysis research are optimizing product yield and quality, which can be 
achieved through the use of catalytic cracking. This involves gaining a better understanding 
of the complex mechanism involving the catalyst by using model compounds. Once there is 
a clear understanding of the catalyst’s role, an industrially viable catalyst and process can be 
developed to produce high-quality fuels that are cost competitive with oil-derived alternatives. 
Methanolysis is considered a promising new technology, which can be a sustainable alterna-
tive to traditional fuel sources. In addition to developing an optimal catalyst, work must be 
done to improve methane conversion and incorporate catalyst regeneration into the reaction.

2.2. Liquefaction

2.2.1. Mechanism

Liquefaction is the thermochemical conversion of biomass to primarily yield liquid fuel at 
moderate temperature and high pressures. This is a chemical reforming process of organic 
matters, usually with a high hydrogen partial pressure and catalysts to enhance the rate 
of reaction and/or to improve the selectivity of the product. This approach is summarized 
in Figure 3. In the process of liquefaction, the carbonaceous materials of biomass are ulti-
mately converted into liquefied products through a series of complex physical and chemical 
reactions [18, 19]:

• Micellar-like substructures are formed by solvolysis;

• Smaller and soluble molecules are generated via depolymerization;

• New molecular rearrangements occur through thermal decomposition, including dehy-
dration, decarboxylation, C-O and C-C bonds rupture.

• Hydrogenolysis and hydrogenation of functional groups.

Trials Oil* yield 
(wt %)

Water formed 
(mg/g)

Oil quality

H/C ratio O content (wt %) O/C atomic ratio

Biomass, inert 5.47 97.0 1.62 5.25 0.226

Biomass, inert, Ag/ZSM-5 4.07 135.6 1.29 0.18 0.009

Biomass, 30% H2 4.17 73.4 1.46 3.41 0.145

Biomass, 30% H2, Ag/ZSM-5 3.42 100.2 1.45 0.45 0.024

Biomass, 30% CH4 4.68 119.0 1.38 0.22 0.009

Biomass, 30% CH4, Ag/ZSM-5 4.85 128.3 1.76 0.07 0.003

Biomass, 30% CH4, Ag/P-Ce-ZSM-5 6.89 110.9 2.26 7.35 0.356

30% CH4, Ag/ZSM-5 0 0 – – –
*Moisture-free liquid collections with boiling point less than 150°C.

Table 2. Results of the pyrolysis of sawdust under different environments [16].
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Another remarkable feature of liquefaction is that it maximizes the liquid-yields with high 
quality. One important quality index of product oil is the H/C ratio, which can be increased 
by removing the oxygen content. The lower oxygen content makes the oil more chemically 
stable and requires less upgrading to the hydrocarbon product [20]. Generally, biomass 
contains typically 40–50 wt.% (DAF basis) of oxygen, which can be removed via dehydra-
tion and decarboxylation as the form of H2O and CO2, respectively. Thermodynamically, 
removal of H2O and CO2 from biomass can be considered as the best option to reduce 
the oxygen content. Removal of H2O ultimately forms carbon as the remaining product 
such as charcoal while removal as CO2 is prone to generate the product with high H/C 
ratio. Under hydrothermal upgrading reaction conditions, the decarboxylation selectivity 
is almost constant, 0.52 [21]. Dehydration and decarboxylation reactions are conceptually 
described as follows:

Dehydration of saccharides to 5-hydroxymethylfurfural [22]

Figure 3. Process schematic of biomass liquefaction and upgrading [6].
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Simplified decarboxylation network of stearic acid to diesel products [23]

2.2.2. Conversion of biomass components

As we know, biomass is a broad definition and contains a wide range of substances with dif-
ferent compositions. The main components are categorized four groups: carbohydrates, lig-
nin, protein and lipids. The protein and lipids are prevalent in the dried distiller grains with 
soluble (DDGS) and slaughterhouse waste [24, 25], which are not further discussed in this 
chapter. More concerns are focused on the conversion of carbohydrates and lignin.

2.2.2.1. Carbohydrates

The most abundant carbohydrates contained in the biomass are polysaccharides, cellulose, 
hemicellulose and starch. Carbohydrates first are hydrolyzed to glucose and other saccha-
rides and further degraded into small molecule compounds at higher temperature. The 
hydrolysis rate varies with the components. Generally, the hydrolysis rate of hemicellulose 
and starch is much faster than cellulose, since the cellulose has relatively stable crystalline 
structure. The conversion of cellulose can achieve 100% at 280°C within 2 min. The addition 
of carbon dioxide increases cellulose hydrolysis rate, and this is most likely attributed to the 
formation of carbonic acid, acting as an acid catalyst. However, the beneficial effect is insignif-
icant above 260°C [26]. Hemicelluloses are readily soluble and hydrolyzed above 180°C [27] 
and close to 100% conversion of hemicellulose is obtained for various wood and herbaceous 
biomass materials at 230°C within 2 min [28]. Several attempts have been made to reveal the 
general degradation mechanism of carbohydrates. Glucose is commonly chosen as the model 
compound because it is one of the main hydrolysates. Even though the employed models are 
different in details, the overall pattern is quite similar [29, 30]. An overall degradation route 
for glucose is presented in Figure 4.

2.2.2.2. Lignin

Lignin is an aromatic heteropolymer, which is relatively difficult to be degraded chemically 
or enzymatically [27]. The hydrothermal degradation of lignin can occur at high temperature 
of 350—400°C, and the main products are catechol, phenols and cresols [37, 38]. However, 
it can be catalytically hydrolyzed into various phenols and methoxy phenols by cleavage 
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icant above 260°C [26]. Hemicelluloses are readily soluble and hydrolyzed above 180°C [27] 
and close to 100% conversion of hemicellulose is obtained for various wood and herbaceous 
biomass materials at 230°C within 2 min [28]. Several attempts have been made to reveal the 
general degradation mechanism of carbohydrates. Glucose is commonly chosen as the model 
compound because it is one of the main hydrolysates. Even though the employed models are 
different in details, the overall pattern is quite similar [29, 30]. An overall degradation route 
for glucose is presented in Figure 4.

2.2.2.2. Lignin

Lignin is an aromatic heteropolymer, which is relatively difficult to be degraded chemically 
or enzymatically [27]. The hydrothermal degradation of lignin can occur at high temperature 
of 350—400°C, and the main products are catechol, phenols and cresols [37, 38]. However, 
it can be catalytically hydrolyzed into various phenols and methoxy phenols by cleavage 
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of  ether-bonds under alkaline environment. The reaction temperature for hydrothermal 
 processing of lignin is 200–300°C. The hydrothermal degradation pattern of lignin is shown 
in Figure 5.

2.2.3. Impact of parameters

Biomass liquefaction can be influenced by numerous parameters, including temperature, 
pressure, catalyst, residence time, heating rate, particle size, solvent, reducing agent and the 
type of biomass. In this chapter, the effect of temperature, pressure, catalyst and residence 
time on biomass liquefaction will be discussed separately.

Figure 5. Simplified scheme of lignin degradation [39].

Figure 4. A simplified reaction mechanism for carbohydrate hydrolysis at sub- and supercritical conditions [69].
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2.2.3.1. Temperature

The influence of temperature on the oil yield has been investigated by many researchers 
[31–36]. The results are illustrated in Figure 6. It is obvious that the maximum oil yield can be 
achieved in the intermediate temperature range. The reason is that temperature enhances the 
synergetic effect on the yield of liquids due to more biomass fragmentations generated with 
temperature. When temperature is sufficiently high to provide the activation energy for bond 
rupture, depolymerization occurs extensively, increasing more free radicals and fragmented 
species for further repolymerization at higher temperature. Therefore, the dominant reaction 
is depolymerization of biomass in initial stage, and repolymerization is prevailing in the later 
stages, and intermediate temperature is expected to yield higher amounts of bio-oil [40].

2.2.3.2. Pressure

Pressure is another factor affecting hydrothermal liquefaction (HTL). The hydrolysis rate and 
biomass dissolution are controlled by maintaining the pressure above the critical pressure 
of medium, which may enhance the favourable reaction pathways thermodynamically for 
production of liquid fuels or gas yield [40]. In addition, the density of medium solvent can be 
increased with pressure, which makes the medium more efficiently penetrates into molecules 
of biomass components, promoting the decomposition and extraction. However, the influence 
of pressure on the yield of oil or gas is negligible under supercritical conditions [41–44]. It is 
reported by Sangon et al. [41] that the oil yield was slightly increased with pressure increase 
from 7 to 12 MPa during the coal liquefaction in supercritical conditions. Kabyemela et al. 
[43, 44] observed that pressure rise had a certain degree of adverse effect on the degradation 
of glucose. The same phenomenon was witnessed in the process of hydrolysis and pyroly-
sis of cellobiose liquefaction at 400°C. This is because under the supercritical conditions, the 
increase in pressure results in the cage effect for C–C bonds, which inhibits the breakage of 

Figure 6. Oil yield dependence of temperature as reported by different research groups [31–36].
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bonds and ends up with low degree of biomass fragmentation. Therefore, variation of pres-
sure in supercritical region plays an insignificant role for overall oil yield.

2.2.3.3. Catalyst

Generally, homogeneous catalysts, such as alkali salts, organic and inorganic acids, are sig-
nificantly more active than heterogeneous catalysts in the process of biomass liquefaction. 
Heterogeneous catalysts, such as Ni-containing catalysts, are frequently used in low-temper-
ature water gasification of biomass. Homogeneous catalysts in the form of alkali salts have 
been commonly used in biomass liquefaction. For example, sodium carbonate has the cata-
lytic effect of increasing oil yield and reducing char, and potassium carbonate can promote 
the water-gas shift reaction and lessen solid residue, while the catalysts sodium hydroxide 
and potassium hydroxide can enhance decarboxylization and increase isomerization of glu-
cose. The heterogeneous catalysts Ni,Ru have the enhancement of H2 and CH4 yield in the 
hydrothermal conditions. According to the studies [45–48], the organic acid catalysts exhibit 
better catalytic activity than inorganic acid catalysts with respect to the solid residue content. 
Salts (phosphates, sulphates, chlorides, acetates, carbonates) don’t have as good of catalytic 
performance as alkali (NaOH, KOH) at typical liquefaction temperatures.

2.2.3.4. Residence time

The effect of residence time on hydrothermal liquefaction is mainly demonstrated in two 
aspects: the overall conversion of biomass and the composition of products. According to the 
study of Boocock and Sherman [49], the bio-oil yield was reduced with increase in residence 
time. Other researchers [33, 36] witnessed the same results. It is observed by Yan et al. [50] that 
there is no significant increase in liquid yield for longer residence time. Therefore, the short 
residence time favours more liquid products in the liquefaction. There may be many reasons 
to explain the effect of residence time. One convincing explanation is that decrease in oil yield 
may be as a result of secondary and tertiary reactions for longer residence time when biomass 
conversion reached the saturation point.

In addition, the duration of liquefaction influences the composition of oil product. The sig-
nificant difference between the decomposition products obtained for longer and shorter resi-
dence time was observed by Karagoz et al. [50]. For instance, some furan carboxaldehydes, 
benzoic acid and phthalate were gained for 60 min, which were not observed in the case 
of shorter residence time (15 min). Obviously, the preasphaltenes and asphaltene can be 
 decomposed into lighter products for longer residence time, enhancing the yield of light oil 
and gases. Therefore, it is necessary to inhibit the further disintegration of lighter products in 
order to obtain high oil yield. One way to prevent oil decomposition is addition of reducing 
agents like tetraline, hydrogen and syngas. This strategy not only stabilizes the radicals and 
lighter products but also favours the high oil yield.

2.2.3.5. Feedstock

Theoretically, any biomass can be converted into bio-oil via liquefaction regardless of water 
content, including forestry, agriculture residues, sewage sludge and food waste. Due to the 
different behaviours of major biomass components (such as lignin, hemicellulose and cellu-
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Figure 7. Process schematic of biomass gasification and upgrading [6].

lose) on the temperature variations, the liquid products and overall yield can be influenced 
significantly by the heterogeneity of biomass stock. More bio-oil can be obtained from feed-
stock with a higher content of cellulose and hemicellulose. In addition, the physical properties 
of bio-oil depend on the feedstock type. The bio-oil produced from liquefaction of the loosely 
structured biomass usually has poor quality and HHV and a low viscosity. This is because the 
oxygen and moisture contents are high in the liquid products. Therefore, modifications are 
necessary before the product can be used in engines, turbines and boilers. It is also unsuitable 
for long-term storage due to the complexity of the oil [51].

2.3. Gasification

Gasification is a high temperature partial oxidation process to optimize gas production, and 
it involves the extremely complex catalytic conversion of solid/liquid organic compounds 
into the gas or solid phase in the presence of a gasifying agent (air, steam, oxygen, CO2). 
The gas phase, usually called “syngas”, is a mixture of hydrogen, carbon monoxide, car-
bon dioxide, methane and small hydrocarbons. The solid phase, called “char”, is actually 
composed of unconverted organic fraction, fixed carbon as well as ash. Gasification has 
been considered as a cost-effective way to increase the use of biomass for energy produc-
tion, allowing widespread biomass utilization [52]. Especially in the beginning of this cen-
tury, rising oil price and concerns over climate change resulted in the expansion of more 
advanced biomass gasification projects around the world. One typical biomass gasification 
process is shown in Figure 7.
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2.3.1. Mechanism

It is believed that gasification involves several sequential and parallel reactions in an oxygen 
deficient environment. And the primary steps include drying, pyrolysis, reduction and oxida-
tion, shown in Figure 8. Initially, the moisture of biomass is evaporated quickly during the 
drying, and this process is considered complete at 150°C. With the temperature increased, 
matrix carbonaceous materials, such cellulose and lignin, are decomposed into small species 
by cracking of chemical bonds within a temperature range of 250–700°C, which can be simply 
schematized with the following overall reaction:

( )2 2 2Biomass H CO CO Hydrocarbons H O g Tar Char→ + + + + + +

Several complex phenomena, such as heat and mass transfer and reaction kinetics, are 
involved in this stage. The reaction kinetics is the determining step at low temperatures, while 
the heat or mass transfer becomes the limiting step at higher temperatures. Then the reduc-
tion stage comes into play. It involves all the products of the preceding stages. The final syn-
gas is formed through the complicated reactions between gas mixture and char. The principal 
reactions include carbonation of char, water gas shift reaction, methanation, tar decomposi-
tion and steam reforming [1, 52].

Figure 8. Main stages and the reactions involved in the gasification process [1, 52].
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2.3.2. Parametric impact

There are many factors influencing the product distribution of biomass gasification, such as 
feedstock type, quality and moisture, particle size and density, operative conditions, the ratio 
of steam (or other gas) to biomass and catalysts.

2.3.2.1. Particle size and density

The smaller the particle size, the better would be the heat diffusion, which can make the 
temperature uniform throughout the particle, benefiting the reactions. The effect of parti-
cle size on reaction rate is more significant when there is a limitation on size above which 
heat transfer would be controlling [3]. In addition, the reduction in particle dimension can 
enhance the carbon conversion and hydrogen yield, improve the syngas efficiency and sup-
press the formation of tar and char [53, 54]. However, the particle size reduction requires 
intense energy [55].

Biomass is normally of low density due to the porous structure. The presence of the pores 
facilitates the heat transfer throughout the pellet, which in turn results in the homogeneous 
gasification and uniform product composition. As for the dense materials, there is a tem-
perature difference between the exterior and interior of particle, leading to the simultane-
ous drying, pyrolysis and gasification. Accordingly, a non-homogeneous gas composition is 
produced.

2.3.2.2. Operating conditions

The operating conditions, including pressure, temperature, heating rate and other vital fac-
tors, have the potential to affect the gas yield and biomass conversion [54, 55]. The pressure 
is closely associated with bio-char reactivity and an increase in temperature would involve a 
faster heating rate, which generates a greater temperature difference over feedstock particles. 
While the fast and slower heating rate operations largely contribute to the design of gasifier 
and the desired products. The faster heating rate favours more gas production and less tar 
yield owing to the volatilization and degradation of the active tars by transforming them 
to the product gases. The slower heating rate contributes to lower gas yield and higher tar 
yield because of the recombination of lower-volatility hydrocarbons on the surface of the 
char particles.

2.3.2.3. Steam-to-biomass ratio

The ratio of steam to biomass (S/B) can determine the input energy requirements, outlet gas 
quality and yield of products. Increasing S/B ratio can positively enhance the reforming, 
cracking and water gas shift reactions, leading to higher hydrogen yield and consequently 
generating the syngas with high calorific content [56, 57]. However, there is a threshold limit 
beyond which increasing S/B will generate excess steam, resulting in the enthalpy loss and 
reduction in process efficiency [58]. This issue necessitates optimizing the ratio in steam bio-
mass gasification.
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2.3.2.4. Catalysts

Catalysts can provide an alternative lower-energy pathway for the reactions to follow. The 
catalysts used in the biomass gasification are categorized alkaline (Na, K) metal, alumina and 
zeolites, dolomites and limestones, Ni-based, Zn-based, as well as some rarer metals such as 
platinum- and ruthenium-based, specifically in relation with gasifier design or the type of 
biomass feed. Among them, alkaline metal oxides, dolomite and Ni-based catalysts have been 
testified to greatly promote the reformation reaction [59], and alumina silicates are found to 
enhance the char gasification effectively, whereas Ni-based catalysts are identified to facilitate 
the conversion of lighter hydrocarbons [60]. It is essential to develop more efficient and eco-
nomical catalysts with the ability of enhancing the quality and yield of the desired product 
while minimizing the residual char and tar [1].

2.3.2.5. Feedstock.

In the case of gasification, due to the indispensable role these constituents play during the pro-
cess of gasification, the proportion of cellulose and hemicellulose is closely related to the yield 
of the gaseous products, while the lignin has significant influence on the production of bio-oil. 
Generally, the higher the ratio of cellulose (including hemicellulose) to lignin in the feedstock, 
the higher the gaseous products yields. The moisture content of biomass affects the charac-
teristics of the final gas products significantly. A feedstock with more than 30 wt% moisture 
would result in less gas production, higher tar content and more energy input. Gasification 
technology can be a good solution for energy production from renewable sources; however, 
the water and impurities in the gas products can be problematic in downstream FT processes, 
where a clean gas feed is required [6].

2.3.3. Application

The versatility of gasification manifests in that it can meet the demand for the electricity or 
thermal energy and industrial purposes. The products obtained from the biomass gasification 
are shown in Figure 9. The gas products, typically including H2, CO, CO2, CH4, H2O and other 
gaseous hydrocarbons, can be used to generate heat or electricity by direct firing in diesel 
engines, gas turbines and boilers. Alternatively, the gas mixture can be further reformed to 
produce usable fuels such as methanol or hydrogen, which can be transported with high 
energy densities, enabling the generation of electricity or heat to be centralized based on dis-
perse gasification systems. Renewable biomass is considered as a potential material for gasifi-
cation to produce syngas, hydrogen or other liquid fuels; however, the economics of current 
processes favour the use of light hydrocarbons (in natural gas) and coal owing to the charac-
teristic of high oxygen content in the biomass.

On the other hand, bio-syngas originated from biomass gasification can act as the raw material for 
Fischer-Tropsch Synthesis (FTS) to produce green liquid fuel (diesel) or high value-added chemi-
cals. It is needed that the ratio of H2 to CO in syngas is adjusted to an appropriate range through 
water gas shift reaction prior to FTS, and then the syngas is catalytically  converted to liquid fuels 
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and/or chemicals via FT process over Co-based or Fe-based catalysts. This type of synthetic FT 
diesel fuels has excellent quality. For instance, the emissions can be reduced significantly when 
fuels are employed in ignition combustion engines because of low content of nitrogenous and 
aromatic species. In addition, the FT fuels are sulphur-free, which is vital for lowering emis-
sions of exhaust pollutants. Therefore, biomass gasification coupled with FT process provides 
a promising alternate for mitigating the burden on conventional transportation fuel; however, 
it requires significant development and scale-up efforts for commercial-scale installations [62].

The poly-generation concept has been developed with advancement in biomass gasification. For 
instance, co-generation of thermal power with electricity; poly-generation of heat,  fertilizer and 
bio-char; poly-generation of heat, SNG/bio-fuels; and poly-generation of H2 with heat and elec-
tricity. All these approaches not only optimize the thermal efficiency of the process but also pro-
vide flexibility and sustainability, thereby enhancing the economic advantage in the long run [3].

2.4. Biochemical transformation

Biochemical conversion of biomass involves the use of bacteria, microorganisms and enzymes 
to break down biomass into gaseous or liquid fuels, such as biogas or bioethanol. These pro-
cesses are essentially microbic digestion and fermentation, which are most suitable for the 
high moisture herbaceous plants, marine crop and manure. The main products in the process 
are methanol, ethanol and gas mixture (CH4, CO and CO2) [63]. This biocatalytic process is 
considered to be a suitable alternative to chemical catalysis. Some important considerations 
when selecting the biocatalyst used for the upgrading of biomass are listed in Table 3.

Figure 9. Products from gasification process [61].
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2.5. Techno-economic analysis

Techno-economic analyses are essential for determining the economic viability of biomass 
conversion technologies in the research or development stage. On the basis of current per-
formance and targets established for process improvements, evaluation of the production 
costs can allow us to assess the potential economic feasibility of a process configuration. 
These results are significant for investing in the technology with high potential for deploy-
ment success.

The economic feasibility of fast pyrolysis and upgrading facilities employing two bio-oil 
upgrading pathways have been evaluated based on the scale of 2000 metric tons/day and 
65% biomass conversion in the literature [65]. The results showed that the hydrotreating 
followed by fluid catalytic cracking (FCC) pathway with hydrogen production via natural 
gas  reforming is the best option with highest IRR (internal rate of return) of 13.3% when 
compared with single stage hydrotreating. According to the sensitivity analysis, product 
yield, fixed capital investment (FCI) and biomass cost have significant impacts on the facility 
IRR. Variation of 5% bio-oil yield can lead to product value (PV) of $2.60–3.89/gal [66]. The 
hydrotreating/FCC pathway is proved to be of relatively low risk for project investment based 
on the Monte Carlo analysis.

Techno-economic analysis was implemented to assess the feasibility of developing a commer-
cial large-scale woody biomass hydrothermal liquefaction (HTL) and upgrading plant with 
the scale of 2000 dry metric ton/day in the literature [67]. Two cases were involved: state-of-
technology (SOT) and goal case considering future improvements. The annual production 
rate was estimated to be $42.9 and $69.9 million gallon gasoline-equivalent (GGE) for SOT 

(A) Source of biocatalyst

Whole cell or free enzyme Whole cells can also be used in permeabilized form

Wild type or mutant enzyme produced by rDNA 
technology

Some organisms are frequently used as the source for 
industrial enzymes

Refolded from IBs or use of IBs itself Choice of the host is important. For enzymes where activity 
depends upon post-translational modification, higher 
organisms are used as host expression systems

(B) Free or immobilized form

Soluble conjugates For insoluble substrates (which is often the case with 
biomass), soluble conjugates or enzymes in membrane 
reactors are preferred

Carrier free or insoluble support Enzyme aggregates like CLEA or CLEC have high 
volumetric activity

(C) Operational stability This may be different from storage stability

(D) Reaction medium The use of co-solvents is under exploited

(E) Normal or promiscuous activity As more enzymes, engineered for better promiscuous 
activity, become available, this application may increase

Table 3. Summary of important parameters of biocatalysts [64].
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and goal case, respectively. The minimum fuel-selling price was estimated to be $4.44/GGE 
and $2.52/GGE. Obviously, the liquid fuel cost of current HTL and upgrading technologies 
(SOT) is not competitive with the conventional petroleum-based gasoline. For advancing SOT 
to goal case, future improvements of HTL competitiveness should be focused on reducing 
organic loss to obtain higher final yield and lowering wastewater treatment cost. Based on the 
sensitivity analysis, the key factors that influence the production cost significantly are plant 
scale, yield, upgrading equipment cost and feedstock cost. Although the goal case technology 
is promising for future liquid fuel production via woody biomass HTL, there are still financial 
risks resulting from lack of knowledge and experience.

The techno-economic analysis of green fuel production via BG-FT (biomass gasification and 
Fischere Tropsch) with a scale of 2000 metric tons per day of corn stover was conducted in 
the literature [68]. Two scenarios are considered: high temperature (HT) gasification and low 
temperature (LT) gasification. The results showed that the total capital investment required 
for nth plant scenarios are $610 million and $500 million for HT and LT, respectively. Product 
value (PV) for two scenarios were estimated to be $4.30/GGE and $4.80/GGE, but the HT 
scenario was more desirable due to its higher carbon efficiency and subsequent higher fuel 
yield. Based on the sensitivity analysis, the capital investment and feedstock cost are chiefly 
responsible for affecting the PV, whereas the conversion of FT process, feedstock moisture 
and catalyst cost are least influential parameters.

3. Conclusion

Pyrolysis and liquefaction are inclined to obtain more liquid products (bio-oil), but the stabil-
ity of bio-oil produced in the pyrolysis process is worse than that generated in the liquefaction 
process. However, the interest in liquefaction is considerably lower due to the reactors and feed 
systems, which are more complex and expensive than that for the pyrolysis process. Therefore, 
upgrading bio-oil by lowering the oxygen content, removing alkalis by means of hydrogena-
tion and catalytic cracking are required for further application of pyrolysis conversion. Catalytic 
cracking pyrolysis gasification has shown promising application, since the syngas can be used 
for the production of methanol and hydrogen, which may have a future as fuel for transporta-
tion. The economic studies show biomass gasification plants can be as economical as conven-
tional coal fired plants. Compared with chemical catalysts in the process of biomass conversion, 
biocatalysts have higher selectivity to products and cheaper capital investment. However, the 
practical industrial application of biocatalysts is limited due to slow conversion process, high 
dependence of environment and feedstock and difficult recycling of the biocatalysts.

It is noteworthy that one novel technology, achieved by a green catalysis research group at 
the University of Calgary, is catalytic coal or biomass upgrading using natural gas for liq-
uid chemical or fuel productions. This process directly employs methane as reducing agent 
instead of hydrogen for removing oxygen from biomass under the facilitation of specially 
developed low-cost supported catalyst, leading to significantly reduced operation cost.
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is promising for future liquid fuel production via woody biomass HTL, there are still financial 
risks resulting from lack of knowledge and experience.

The techno-economic analysis of green fuel production via BG-FT (biomass gasification and 
Fischere Tropsch) with a scale of 2000 metric tons per day of corn stover was conducted in 
the literature [68]. Two scenarios are considered: high temperature (HT) gasification and low 
temperature (LT) gasification. The results showed that the total capital investment required 
for nth plant scenarios are $610 million and $500 million for HT and LT, respectively. Product 
value (PV) for two scenarios were estimated to be $4.30/GGE and $4.80/GGE, but the HT 
scenario was more desirable due to its higher carbon efficiency and subsequent higher fuel 
yield. Based on the sensitivity analysis, the capital investment and feedstock cost are chiefly 
responsible for affecting the PV, whereas the conversion of FT process, feedstock moisture 
and catalyst cost are least influential parameters.

3. Conclusion

Pyrolysis and liquefaction are inclined to obtain more liquid products (bio-oil), but the stabil-
ity of bio-oil produced in the pyrolysis process is worse than that generated in the liquefaction 
process. However, the interest in liquefaction is considerably lower due to the reactors and feed 
systems, which are more complex and expensive than that for the pyrolysis process. Therefore, 
upgrading bio-oil by lowering the oxygen content, removing alkalis by means of hydrogena-
tion and catalytic cracking are required for further application of pyrolysis conversion. Catalytic 
cracking pyrolysis gasification has shown promising application, since the syngas can be used 
for the production of methanol and hydrogen, which may have a future as fuel for transporta-
tion. The economic studies show biomass gasification plants can be as economical as conven-
tional coal fired plants. Compared with chemical catalysts in the process of biomass conversion, 
biocatalysts have higher selectivity to products and cheaper capital investment. However, the 
practical industrial application of biocatalysts is limited due to slow conversion process, high 
dependence of environment and feedstock and difficult recycling of the biocatalysts.

It is noteworthy that one novel technology, achieved by a green catalysis research group at 
the University of Calgary, is catalytic coal or biomass upgrading using natural gas for liq-
uid chemical or fuel productions. This process directly employs methane as reducing agent 
instead of hydrogen for removing oxygen from biomass under the facilitation of specially 
developed low-cost supported catalyst, leading to significantly reduced operation cost.
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Abstract

As the world continues to deplete its nonrenewable resources, there has begun a shift 
toward using renewable materials for the production of fuels and chemicals. Terrestrial 
biomass, as well as municipal solid wastes, provides renewable feedstocks for fuel and 
chemical production. However, one of the major challenges to using biomass as a feed-
stock for fuel and chemical production is the great amount of innate variability between 
different biomass types and within individual biomass species. This inconsistency arises 
from varied growth and harvesting conditions and presents challenges for conversion 
processes, which frequently require physically and chemically uniform materials. This 
chapter will examine intrinsic biomass compositional characteristics including cellulose, 
hemicellulose, lignin, extractives/volatiles, and ash for a wide array of biomass types. 
Additionally, extrinsic properties, such as moisture content and particle grind size, will 
be examined for their effect on biomass conversion to fuels using four major conversion 
processes: direct combustion, pyrolysis, hydrothermal liquefaction, and fermentation. 
A brief discussion on recent research for the production of building block chemicals from 
biomass will also be presented.

Keywords: biomass, composition, variability, renewable, fuels, chemicals

1. Introduction

CO2 and other greenhouse gases are contributing to increased concerns about global warm-
ing. Biomass growth and utilization provides one solution to reduce greenhouse gas emis-
sions and balance the ecosystem. For instance, carbon sequestered by the world’s forests 
accounts for about 77% of terrestrial ecosystem [1]. In concert with fears about CO2 produc-
tion and global warming, concerns over dwindling and limited petroleum resources have 
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given momentum to the production of renewable fuels, chemicals, and other materials from 
biomass [2]. In addition to providing carbon sequestration benefits for the world, biomass 
is also positioned to have a large impact on the domestic production of fuels and chemicals 
in the United States. According to the “Billion-Ton” Study [3] and its update [4] by the US 
Department of Energy (USDOE) and US Department of Agriculture (USDA), biomass has 
the potential to sustainably supply one third of the nation’s petroleum consumption. This 
large available supply makes biomass one of the most abundant, inexpensive, and currently 
underutilized products from the agricultural and biorefinery industries [5]. While the first 
generation of biofuels is being produced using sugarcane in places such as Brazil, the second 
generation of biofuels will likely be derived from the over 1 billion tons of lignocellulosic 
biomass that is produced annually in the United States or from the estimated 10 to 50 billion 
tons of waste lignocellulose that is produced worldwide [3, 6]. The beginning of the second-
generation enzymatic conversion of lignocellulosic material to fermentable sugars for fuel 
ethanol is becoming more economically viable in the United States [7] with companies such 
as DuPont [8] and POET [9] making gains in the production of second-generation cellulosic 
ethanol using agricultural wastes such as corn stover. In fact, to meet the US congressional 
mandate to manufacture 36 billion gallons of biofuels per year by 2022, several new types of 
biomass including energy crops, forest residues, and municipal wastes will have to be pro-
cessed through modern conversion systems.

Besides just the production of fuel petroleum also produces a significant portion (basically all) 
of our plastics and other materials. The use of petroleum to produce chemical building blocks 
and materials has resulted in a global interest in using renewable bio-based polymers and 
composites derived from biomass to reduce our environmental impact [10, 11]. Additionally, 
from a broad energy standpoint, biomass has a significant advantage over renewable energy 
sources such as hydropower, wind, geothermal, and solar in that biomass is the only renew-
able energy source that can be turned directly into fuels and chemicals, as opposed to just 
generate electricity.

The output of these conversion systems, whether it is fuels or chemicals, is highly dependent 
on the quality of biomass input to the system. The quality of the biomass is dependent on 
inherent species variability, production conditions, and differing harvest, collection, and stor-
age practices. Some of the most important parameters related to the biomass composition, in 
regard to the impact on biofuels production, are moisture content, ash content and speciation, 
carbohydrate distribution, and higher heating value. For example, moisture content impacts 
the storage, supply, and transportation of feedstock to biorefineries, and ash content often 
reduces oil yields in thermochemical conversion processes and, to a lesser extent, reduces 
the effectiveness of dilute alkali pretreatment in biochemical processes. Commercialization 
of biorefineries in the United States has resulted in an understanding of the importance of 
biomass quality (moisture, ash, and sugar content) and physical properties (particle size and 
shape), especially in regard to feed and handling issues. The overall objective of the present 
research is to understand the impact of the chemical and physical composition of various 
biomass feedstocks on the production of fuels and chemicals through a variety of conversion 
pathways. This work will focus on everything from the feeding and handling of biomass all 
the way through the effect of feedstock variability on the final oil product. Specific objectives 
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seek to understand chemical composition of woody and herbaceous crops, agricultural resi-
dues, and municipal solid wastes and suggest their suitability for different biofuel production 
conversion pathways. This research will also briefly touch on platform chemical production 
from biomass and consider methods for mitigating the problems associated with feedstock 
variability while converting biomass to fuels and chemicals.

2. Biomass compositional analysis

To effectively produce fuels and chemicals from biomass, it is critical to understand the 
composition of the feedstock material. The chemical composition of biomass, whether it is 
lignocellulosic or herbaceous, can be characterized by five primary components: cellulose, 
hemicellulose, lignin, extractives/volatiles, and ash. The most abundant biopolymer on earth, 
cellulose, is a polysaccharide of glucose monomers held together by β(1→4) linkages. These 
β(1→4) linkages are what make cellulose resistant to hydrolysis. The second major component 
of biomass, hemicellulose, is an amorphous heteropolymer comprised of several different 
carbohydrates including xylose, mannose, and glucose, among others. Due to its amorphous 
structure, hemicellulose is significantly more susceptible to hydrolysis than crystalline cel-
lulose. Cellulose and hemicellulose, combined with the third major component of biomass, 
lignin, make up over 90% of lignocellulosic biomass and 80% of herbaceous biomass. Lignin is 
an intricate array of aromatic alcohols and is intertwined with the cellulose and hemicellulose 
fraction of the biomass structure. This interwoven nature of the lignin helps provide rigidity 
to lignocellulosic materials, such as trees.

The other minor components of biomass are extractives/volatiles and ash. While these com-
ponents make up a smaller portion of the biomass composition, they can still have a major 
influence on what ends up being the optimal conversion process. The components comprising 
the extractives/volatiles include both water and ethanol solubles. Water-soluble compounds 
include nonstructural sugars and proteins, and ethanol-soluble components are typically rep-
resented by chlorophyll and waxes. Ash, which comprises the inorganic content in biomass, 
can be intrinsic to the biomass or added anthropogenically. Intrinsic ash includes material-
like calcium and potassium ions, while anthropogenic ash is mostly silica (dirt) collected dur-
ing harvest.

There is obviously significant compositional variation between different biomass types, but 
there is also a lot of variation within a single feedstock. This variation, while substantial across 
terrestrial feedstocks, varies even more widely when municipal solid wastes are included as 
renewable energy feedstocks. Table 1 illustrates the large difference in composition across 
three broad categories of renewable feedstocks including lignocellulosic, herbaceous bio-
mass, as well as municipal solid wastes. Algal biomass was not included in this study due 
to a lack of available data and the difficulty in obtaining consistent analysis methods across 
 institutions [12].

As seen in Table 1, there exists a significant amount of variability in overall composition 
(i.e., cellulose, hemicellulose, and lignin) between different types of feedstocks. These 
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 differences are large enough that conversion reactors have to be operated under different 
conditions based on the type of material supplied to the conversion facility (such as lower 
pyrolysis temperatures for herbaceous feedstocks). Also, herbaceous feedstocks, in addition 
to having higher ash content, exhibit more variability in their composition of volatiles (and 
ash) than woody biomass.

While a high degree of variability is expected across broad categories such as lignocellulosic 
material and municipal solid waste (MSW), there also exists significant variability within 
individual feedstock categories. Tables 2–4 highlight the differences within an individual 
feedstock category for lignocellulosic material, herbaceous material, and municipal solid 
waste, respectively.

While it is obvious that compositional differences can be stark between different biomass 
types, there is also a substantial compositional variability between different anatomical frac-
tions of the same type of biomass. Table 5 compiles information on the chemical composition 
of different plant fractions for woody biomass, corn, and wheat.

It can be seen that lignocellulosic biomass contains a large fraction of cellulose in the heart-
wood (shown by whole tree), while the bark contains a high percent lignin. In woody bio-
mass, the extractives are fairly evenly distributed. Conversely, corn stover contains a majority 
of the extractives in the leaves and internodes (the links between different stalk segments). 
Taking advantage of processing a specific anatomical fraction could allow for greater control 
over product output by tailoring the composition of the reactor feed. Additionally, utiliz-
ing anatomical fractionation separation could increase the economic viability of a process by 

Feedstock composition Woody Herbaceous Wastes

Proximate

Volatiles (%) 84.0 (2.1)193 79.1 (5.8)284 76.7 (5.5)21

Ash (%) 1.3 (0.9)193 5.5 (3.2)284 6.6 (6.7)21

Fixed carbon (%) 14.7 (1.6)193 15.4 (4.0)284 14.8 (5.0)21

Ultimate

Hydrogen (%) 6.0 (0.1)192 5.8 (0.3)276 5.9 (0.4)21

Carbon (%) 50.7 (4.71)192 47.4 (1.9)276 46.0 (4.0)21

Nitrogen (%) 0.32 (0.01)192 0.75 (0.49)276 1.3 (1.6)21

Oxygen (%) 41.9 (1.4)134 41.0 (2.4)107 38.3 (4.2)7

Sulfur (%) 0.03 (0.01)135 0.10 (0.32)107 0.15 (0.16)7

Structural

Cellulose (%) 51.2 (8.7)241 32.1 (4.5)2425 28.4 (13.2)27

Hemicellulose (%) 21.0 (8.7)241 18.6 (3.4)2425 16.4 (5.5)27

Lignin (%) 26.1 (5.3)241 16.3 (3.3)2425 12.5 (2.7)15

Table 1. Feedstock compositions for woody, herbaceous, and waste materials; average (standard deviation)number of samples.
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Feedstock 
composition

Shrub willow Hybrid poplar Pine Other softwoods Other hardwoods

Proximate

Volatiles (%) 84.7 (0.8)76 84.0 (1.3)41 83.5 (2.5)46 81.3 (2.9)18 85.1 (3.0)11

Ash (%) 1.5 (0.4)76 1.3 (0.5)41 0.7 (0.6)46 2.1 (2.0)18 1.8 (1.2)11

Fixed carbon (%) 13.8 (0.7)76 14.6 (0.1)41 15.7 (1.9)46 16.5 (1.6)18 13.1 (1.8)11

Ultimate

Hydrogen (%) 6.0 (0.2)76 6.0 (0.1)41 6.1 (0.1)45 6.1 (0.1)18 6.1 (0.1)11

Carbon (%) 50.3 (0.9)76 50.0 (1.1)41 51.5 (1.0)45 51.8 (0.9)18 50.2 (0.5)11

Nitrogen (%) 0.36 (0.10)76 0.35 (0.17)41 0.17 (0.12)45 0.27 (0.21)18 0.55 (0.49)11

Oxygen (%) 42.6 (0.4)44 42.8 (1.2)28 41.4 (1.0)38 39.7 (1.8)14 41.1 (1.6)10

Sulfur (%) 0.04(0.01)44 0.03 (0.01)28 0.02 (0.01)39 0.03 (0.01)14 0.05 (0.05)10

Structural

Cellulose (%) – 43.8 (1.2)43 47.4 (2.2)55 42.1 (7.1)26 50.8 (6.9)24

Hemicellulose (%) – 14.7 (0.1)43 21.9 (4.9)55 25.1 (5.2)26 29.7 (4.3)24

Lignin (%) – 25.7 (0.3)43 28.6 (0.7)55 29.1 (1.7)26 19.5 (4.1)24

Table 2. Feedstock compositions for specific woody feedstocks; average (standard deviation)number of samples.

Feedstock 
composition

Corn stover Switchgrass Sorghum Energy cane 
(bagasse)

Mixed grasses Miscanthus

Proximate

Volatiles (%) 78.1 (5.0)50 82.4 (4.1)43 77.0 (3.7)44 82.2 (1.9)48 78.6 (2.8)47 82.5 (3.5)35

Ash (%) 6.3 (3.5)50 4.0 (2.0)43 7.2 (2.6)44 3.4 (1.6)48 6.6 (1.7)47 2.6 (1.3)35

Fixed carbon (%) 15.6 (4.4)50 13.6 (3.0)43 15.7 (2.3)44 14.4 (1.0)48 14.8 (2.4)47 14.8 (2.9)35

Ultimate

Hydrogen (%) 5.7 (0.3)40 5.9 (0.2)43 5.7 (0.2)44 6.1 (0.1)48 5.8 (0.3)47 5.8 (0.1)35

Carbon (%) 47.1 (2.3)40 47.1 (1.1)43 46.4 (1.3)44 48.8 (0.9)48 47.6 (1.1)47 48.9 (1.5)35

Nitrogen (%) 0.63 (0.32)40 0.60 (0.26)43 1.04 (0.38)44 0.43 (0.20)48 1.38 (0.54)47 0.35 (0.17)35

Oxygen (%) 40.3 (2.2)39 42.4 (2.3)42 40.3 (0.6)3 - 39.5 (0.7)2 42.3 (1.1)4

Sulfur (%) 0.14 (0.53)39 0.06 (0.03)42 0.11 (0.01)3 - 0.12 (0.02)2 0.04 (0.02)4

Structural 20.1 (1.4)274

Cellulose (%) 34.3 (2.5)251 34.2 (2.7)348 28.6 (2.6)488 32.1 (3.2)479 28.9 (2.9)465 38.9 (3.2)274

Hemicellulose  
(%)

20.7 (2.0)251 21.9 (2.6)348 15.4 (1.6)488 19.5 (1.9)479 16.7 (3.9)465 20.1 (1.4)274

Lignin (%) 15.2 (1.6)251 19.2 (1.4)348 12.2 (1.9)488 16.3 (1.8)479 15.7 (1.7)465 21.1 (1.6)274

Table 3. Feedstock compositions for specific herbaceous feedstocks; average (standard deviation)number of samples.
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Feedstock composition MSW C&D waste Woody residues

Proximate

Volatiles (%) 76.5 (1.1)11 76.5 (3.7)9 81.1 (2.4)2

Ash (%) 11.8 (5.2)11 0.8 (0.4)9 1.2 (0.3)2

Fixed carbon (%) 11.2 (5.2)11 18.9 (2.1)9 17.8 (2.0)2

Ultimate

Hydrogen (%) 5.6 (0.4)11 6.2 (0.2)9 6.0 (0.0)2

Carbon (%) 43.3 (3.3)11 48.3 (1.2)9 52.5 (0.2)2

Nitrogen (%) 1.52 (1.72)11 1.09 (1.47)9 0.22 (0.06)2

Oxygen (%) 36.3 (4.8)4 42.4 (0.1)2 40.1 (0.6)2

Sulfur (%) 0.25 (0.14)4 0.02 (0.01)2 0.01 (0.01)2

Structural

Cellulose (%) 28.4 (13.2)15 – –

Hemicellulose (%) 16.4 (5.5)15 – –

Lignin (%) 12.5 (2.7)15 – –

Table 4. Feedstock compositions for specific waste feedstocks; average (standard deviation)number of samples.

Structural component Cellulose Hemicellulose Lignin Extractives

Woody biomass (wt%–daf)a

Whole tree 51.2 23.4 25.4 3.0

Bark 22.0 47.0 31.0 3.3

Twigs 15.4 62.3 22.3 1.6

Leaves 26.5 47.2 26.3 3.7

Corn (wt%–db)b

Corn cobs 35.92 30.7 16.44 5.89

Corn leaves 34.33 22.77 13.99 10.54

Corn husk 37.73 31.18 10.52 5.80

Corn internodes 40.21 20.03 17.24 12.29

Wheat (wt%–db)b

Internode 1 34.34 21.30 16.36 16.24

Internode 2 39.04 21.07 18.58 10.98

Internodes 3/4/5 38.92 21.56 19.50 9.67

Source: aVassilev et al. [13]; bINL Library [14]; daf—dry ash-free, db—dry basis.

Table 5. Compositional variation with anatomical fraction for woody biomass, corn, and wheat.
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extricating high value components. Profitable use of a coproduct is exemplified by the use of 
distiller’s dried grains with solubles (DDGS) in ethanol production for high-protein animal 
feed [15, 16].

The majority of the data included in Tables 1–5 can be found in Idaho National Laboratory’s 
(INL) Bioenergy Feedstock Library. The woody materials in Table 1 include a wide variety 
of softwoods, hardwoods, and other wood varieties making up around 23 different woody 
species. The herbaceous materials include those listed in Table 3 along with sugarcane, sug-
arcane bagasse, and wheat. The waste materials from Table 1 are all represented in Table 4. 
In Table 4 municipal solid waste (MSW) includes fractions of paper, cardboard, and grass 
clippings. No food-based waste is currently accounted for by this data. The construction and 
demolition (C&D) waste included oriented strand board, particle board, and a variety of lum-
ber conditions. Woody residues included forest thinning and logging residues.

All of the values reported for proximate and ultimate (reported on a dry basis) for Tables 1–5 
were collected at INL [17] and stored in the Bioenergy Feedstock Library [14]. The reported 
cellulose, hemicellulose, and lignin values were a combination of glucose (representing the 
cellulose fraction) and xylose, galactose, and arabinose (representing the hemicellulose) val-
ues measured using NREL’s LAP determination of structural carbohydrates and lignin in 
biomass [18], glucose, and xylose values predicted using an NIR-based predictive models 
developed at NREL [19], and cellulose and hemicellulose values reported in literature are all 
reported on a dry basis. It should be noted that the value for volatiles in the previous tables 
is determined by heating samples to 950°C in an inert atmosphere. This value for volatile will 
therefore include all thermal decomposition products, in addition to molecules that could be 
removed without thermal decomposition.

Understanding the degree of biomass compositional variability is crucial to developing a 
robust conversion process. However, in addition to understanding compositional variability, 
it is useful to know where this variability originates. Kenney et al. have produced a thor-
ough review discussing several sources of biomass variability [20]. Briefly, some of the major 
sources of biomass compositional variation derive from local agronomic conditions [21], 
drought [22], harvest season and year [23], and harvest method [24]. A further analysis of the 
sources of biomass variability and its impact on conversion processes has been compiled by 
Williams et al. [25].

3. Biomass conversion to renewable fuels and chemicals

As can be seen in Tables 1–5, biomass has a broad range of compositional variability, even 
within an individual feedstock. This variation has a substantial impact on biomass conversion 
to fuels and value-added chemicals that varies depending on the chosen conversion process. 
The following section investigates how feedstock quality impacts four common conversion 
processes: biochemical fermentation, direct combustion, pyrolysis, and hydrothermal lique-
faction (HTL). General impacts of feedstock physical and chemical properties will be dis-
cussed before a more in-depth look at each conversion process.
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The physical properties of biomass have a myriad of effects on its conversion to fuels and 
chemicals. Arguably, the two most important physical properties of biomass, regardless of 
 conversion process, are particle size and moisture content. Practically all conversion methods 
require some degree of size reduction. Biochemical conversion processes can accept a greater 
range of particle sizes, and the final size needed tends to be dependent on the processing sys-
tem utilized [26, 27]. On the thermochemical side, hydrothermal liquefaction is much more 
insensitive to particle size due to high heating rates in the liquid media [28], but a signifi-
cant amount of size reduction is needed to pump biomass sludges in a continuous system 
[29]. Pyrolysis uses particles smaller than 0.5 mm because small particles decrease char yields 
and have higher heating rates [30]. Optimal combustion particle size is often larger and var-
ies for different biomass types at approximately 6 mm for straw, 4 mm for Miscanthus, and 
2–4 mm for wood [31]. While particle size is obviously important, others have argued that 
moisture content is likely the single most problematic property affecting feedstock supply and 
biorefining operations [20]. Moisture increases heating rates during steam pretreatment for 
biological conversion [32], reduces bio-oil quality and thermochemical conversion [33], and 
causes low thermal efficiency in combustion processes [34]. Aside from particle size and mois-
ture content, other physical properties of interest include bulk density, elastic properties, and 
microstructure. Bulk density has a strong effect on transportation and handling costs (lower 
densities greatly increase transportation costs), and the elastic properties/microstructure can 
increase compressibility and interparticle interactions at constricted flow points such as hop-
per openings.

Biomass chemical properties also have a large influence on best conversion process and the 
quality of the final product. The three primary chemical components of interest in biomass 
conversion are ash content, volatiles, and lignin. High ash content generally has a negative 
effect on biomass conversion across the board by reducing the effectiveness of dilute acid 
pretreatment for biological processes [35] and increasing char yields and fouling in thermo-
chemical processes such as HTL [36], pyrolysis [37], and combustion [38]. However, there 
exist several strategies for ash removal including leaching and air classification [39]. Volatiles 
are generally represented by light organic acids (such as acetic acid) and furans. The furan 
fraction of the volatiles can reduce fermentation efficiency in biological processes [40] and 
lower energy content and stability in bio-oils produced by thermochemical processes [41]. 
Lignin, on the other hand, can have a variety of effects on biomass conversion depending on 
the process chosen. Lignin generally has a negative effect on ethanol production by blocking 
enzyme access to cellulose [42] but can increase oil yields for pyrolysis [43] and heating values 
for combustion [34] during thermochemical conversion.

3.1. Biochemical conversion—fermentation

Ethanol production from biomass occurs via two primary steps: depolymerization of the 
cellulose and hemicellulose to fermentable sugars and fermentation of these sugars to etha-
nol. Biomass conversion to ethanol has been evaluated in many reviews [42–45] which vary 
focuses from pretreatment and enzymatic hydrolysis [42] to optimization of the cellulase 
enzyme for improving sugar conversion to ethanol [44] and evaluation of current and future 
economic aspects of fuel ethanol production [46]. This work will build upon these previous 
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reviews to explain how biomass compositional variability can influence fermentation pro-
cesses for fuel production.

Mixed rangeland grasses are a prime example of a feedstock with high compositional vari-
ability. These grasses are an emerging alternative to traditional energy crops. Mixed range-
land grasses also preserve natural habitat and typically require less maintenance than 
traditional energy crops. However, the naturally high variability of these grasses can lead 
to reduced product yields in biochemical conversion processes. Adler et al. have shown that 
ethanol yield per unit area decreases as plant species diversity increases. Ethanol yields are 
maximized when there is increased targeted coverage of C4 prairie grass energy crops, such 
as switchgrass, which sequester more carbon than typical C3 conservation grassland varieties 
[47]. This preference for C4 grasses illustrates how the production of ethanol using fermenta-
tion is typically much more dependent on biomass carbohydrate content. In fact, technoeco-
nomic analysis has indicated that adjusting total carbohydrate content by 1% of total dry 
matter can change the minimum ethanol selling price (MESP) by $0.018/gal [46]. Given the 
compositional data above, fermentation is better matched to herbaceous crops than lignocel-
lulosic material due to the higher carbohydrate content of grasses. Additionally, fermentation 
processes are typically more tolerant of the higher ash contents of herbaceous feedstocks [48]. 
However, it should be repeated that high alkali metal content from excess soil collected dur-
ing harvest can increase acid neutralization during pretreatment and lower the xylan digest-
ibility for corn stover, consequently lowering ethanol yields [35].

Despite compositional variability generally being a disadvantage in feedstock processing, 
there exists at least one aspect to variability that could be advantageous. Changes in struc-
tural carbohydrate content with anatomical fraction in corn stover significantly affect glucose 
yield. After hydrolysis, glucose concentration can be three times greater in the cobs, leaves, 
and husks than stalks [49]. Additionally, the corn cobs, leaves, and husks respond better than 
stocks to simultaneous saccharification and fermentation (SSF) despite having similar glucan 
levels [50]. Therefore, selective fermentation of specific anatomical fractions could increase 
process efficiency if a cost-effective separation process could be devised and there is a value-
added coproduct that could be produced from the stalks. The advantage of separating bio-
mass by anatomical fraction extends to other biomass types as well. For example, different 
fractions within wheat stover exhibit an almost 10% difference in glucan content, and some 
parts are much more susceptible to chemical saccharification [51].

3.2. Thermochemical conversion—general

While biomass as a feedstock exhibits a significant amount of compositional variability, illus-
trated in the tables above, the different options for thermochemical conversion are almost 
diverse. Thermochemical conversion operations utilize reactions using both solids (pyroly-
sis and combustion) and liquids (hydrothermal liquefaction). Products from thermochemical 
processes also span a wide range of states from solid (biochar), through liquid (bio-oil), all the 
way to gas (syngas). The wide variety of processing options and product outputs, along with 
short reaction times (on the order of seconds), allows thermochemical conversion operations 
to utilize a wide array of diverse process inputs.
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3.3. Thermochemical conversion—combustion

The combustion of biomass, which is still common in developing countries, has been used 
for thousands of year to do everything from managing agricultural lands to producing heat 
and energy for industrial processes [52]. Currently, developed countries use nonrenewable 
fossil fuels such as oil, coal, and natural gas as a primary source of energy; however, these 
energy supplies could be depleted in the next 40–50 years [53]. In an effort to reduce the 
rate at which these nonrenewable resources are being depleted and reduce environmental 
impact, there is a shift toward the combustion of renewable biomass and other waste prod-
ucts (such as paper and plastics). Literature reviews focus on the combustion of biomass as 
an energy source both with [54–56] and without [30, 53, 57, 58] torrefaction as a pretreatment 
to improve combustion efficiencies and material grinding and storage properties. One of the 
major problems with combusting biomass in a traditional coal plant is slagging, a mineral 
buildup due to the higher ash content in biomass than in coal. This problem means that low-
ash content biomass, such as woody feedstocks, is better to use than herbaceous materials 
(which have intrinsic ash contents about five times greater than woody materials) in combus-
tion applications. While biomass combustion does present problems with slagging, it does 
have the benefit of reducing harmful greenhouse gas emissions as compared to coal [59], 
and the energy produced can be incorporated directly into the current energy grid without 
infrastructure changes.

3.4. Thermochemical conversion—pyrolysis

Pyrolysis is a thermochemical process that starts with a solid and can be tuned to produce 
either a solid (biochar) or a liquid (bio-oil). However, this chapter will focus on the produc-
tion of bio-oil and the effects of biomass composition on the resulting oil yields and quality. 
Pyrolysis is performed at temperatures from 400 to 600°C [60] and often includes a catalyst 
with the aim of increasing the energy density of the product by removing oxygen (as water 
and volatiles) [61]. Pyrolysis of biomass to produce fuels has been thoroughly reviewed in the 
academic literature [33, 61–64].

The pyrolysis process is well suited for low-moisture-content material with low ash and 
high lignin content, meaning that pyrolysis processes favor lignocellulosic feedstocks. For 
example, lignin content increases the average molecular weight of resulting pyrolysis oil 
by 100 Da as lignin content rises from 5 to 15% [43]. The high ash content of herbaceous 
feedstock can decrease oil yields by 1–5% for every 1% increase in ash over an ash range 
of 1.5–7.5% [43]. In addition to decreasing oil yields, the alkali metals common in herba-
ceous crops can also have damaging effects on reactors and reduce catalyst lifetimes [65]. 
However, more recent studies have taken into account not only the production of pyrolysis 
oil but also the upgrading of that oil to the final fuel for a range of feedstocks including 
pines, poplars, switchgrass, and corn stover. In these integrated fast pyrolysis/hydrotreating 
studies, the effects of ash content on oil and upgraded fuel yields were relatively insignifi-
cant over a narrow ash range of 0.7–1.6% [66] (an ash range common for woody materials 
but low for grasses).
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3.5. Thermochemical conversion—hydrothermal liquefaction (HTL)

Hydrothermal liquefaction (HTL) is a unique thermal conversion process that utilizes biomass 
and water slurries. This makes HTL particularly well suited to turning high water content 
material, such as algae, municipal solid wastes, or grasses into bio-based oils. Additionally, 
HTL bio-oils tend to be higher quality than pyrolysis oils because they have less oxygen. 
However, the oil yields for HTL are lower than pyrolysis and the oxygen content is still higher 
than crude oil [67]. Performing the dissolution of biomass in a water media also saves energy 
on drying the feedstock, and the high heat transfer rates in a liquid media reduce particle size 
reduction requirements [36]. HTL can operate over a wide range of temperatures (200–600°C) 
to create products that range from solid biochars to gases. Reaction temperatures from 200 to 
275°C are suitable for solid production [68], while temperatures from 275 to 350°C produce 
liquid products, and temperatures above 400°C are suitable for gas production [36]. Due to the 
liquid nature of the reaction media and the high temperatures, these reactors often operate at 
high pressures (5–40 MPa) to keep the reaction media as a liquid or supercritical fluid. Since 
the operating conditions and products of hydrothermal reactors are so diverse, the reviews 
of this material span a wide range. Some reviews cover both sub- and supercritical tempera-
ture regimes, with an array of model compounds and biomass feedstocks, and product arrays 
including liquid bio-oils and gases [67]. Other reviews focus on narrower operating regimes 
and liquid products from a variety of feedstocks with both high and low ash content [28, 36] 
or simply the processing of lignin (which is usually considered a waste product) [69]. While 
the hydrothermal processing of biomass offers advantages in being more feedstock agnostic, 
it has drawbacks in high capital equipment cost due to the extreme operating conditions, high 
energy input to heat the water, and lower yields (even though the oil quality is generally high).

3.6. Chemical production

Aside from the production of biochar and bio-oil, hot liquid water can also be used to convert 
biomass into value-added chemicals. Luterbacher et al. have achieved a 65% yield of sugars 
from woody biomass and a 55% yield from switchgrass using a biphasic CO2/H2O system. 
This biphasic system improves process separations and can use larger particles (~1 cm) at a 
high solids loading (40 wt%) [70]. The targeted production of sugars from biomass, instead 
of a bio-oil destined for fuel blending, could facilitate the production of high-value chemicals 
and materials. For instance, biomass-derived sugars can be used to make renewable plastics 
by producing p-xylene [71–73]. The conversion of biomass-derived cellulose to p-xylene could 
take place using a scheme such as the one in Figure 1. In this scheme cellulose is converted to 
p-xylene in a four-step process: step one uses a biphasic CO2/H2O system to convert biomass 
into sugars [70], step two isomerizes glucose to fructose [74], step three converts fructose 
2,5-dimethylfuran (DMF) [75], and step four converts DMF to p-xylene [71]. The final step of 
converting p-xylene to polyethylene terephthalate (PET) would take place in a typical refinery 
because this renewable p-xylene would act as a standard drop in feedstock.

The production of chemicals from biomass has the potential to produce a wide array of drop 
in building blocks. The top twelve most promising drop in chemical building blocks can be 
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found in the Department of Energy’s report on Top Value-Added Chemicals from Biomass 
[76]. This report lists several chemicals that could be made from biomass with an emphasis 
on the conversion of sugars to building block chemicals and the conversion of these build-
ing block chemicals to intermediates. After examining both biochemical and thermochemical 
pathways, it was noted that biochemical pathways focused on the conversion of sugars to 
building block chemicals, and thermochemical pathways dominated the conversion of build-
ing block chemicals to final products.

4. Pretreatments to improve biomass feedstock chemical composition and 
suggestions for optimal biomass conversion pathways

Raw herbaceous biomass has a chemical composition which is low in carbon content and 
high in oxygen, volatiles, and ash; is high in moisture; and has low energy content. This com-
bination of properties does not make herbaceous crops suitable for thermochemical applica-
tions such as gasification, pyrolysis, and co-firing [77]. The shortcoming of many types of raw 
biomass, in terms of chemical and physical properties, can be overcome by pretreatment to 
produce a conversion-ready feedstock. Currently, there exist a variety of pretreatment meth-
ods including pelletization, air classification, dry torrefaction, hydrothermal carbonization, 
steam explosion, ionic liquid dissolution, acid and alkali leaching, and ammonia fiber expan-
sion (AFEX). These pretreatment techniques are being looked at to improve biomass quality 
to produce a conversion-ready feedstock for both thermochemical and biochemical appli-
cations [25, 78]. Pretreatment can reduce biomass chemical and physical heterogeneity and 
lessen problems in (a) conversion applications (removing using air classification to remove 
ash prior to co-firing biomass could reduce slagging), (b) supply chain logistics (pelletizing 
biomass reduces transportation costs), (c) operational constraints (certain forms of pretreat-
ment allow for utilization of coal infrastructure for feeding, milling, etc. of biomass, without 

Figure 1. A representative pathway for conversion of cellulose to terephthalic acid through the transformation of 
cellulose-derived sugars to furans.
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costly  modifications or installation of separate processing lines), and (d) technical constraints 
(e.g., reduction of corrosion due to biomass washing).

Pretreatment for the optimization of chemical production from biomass is very much in its 
infancy. However, it is a safe bet that pretreatment will be required to get a consistent prod-
uct, given that specialty chemicals require a much higher purity than the fuels currently being 
produced. Current research is ongoing for the production of many different value-added 
chemicals such as p-xylene [71], dimethylfuran [75], and levulinic acid [79] to name just a 
few, but at this point, all of these studies start with pure feedstocks, such as cellulose, and 
not biomass. To move the industry, past fuels to value-added chemicals will require a greater 
understanding of how biomass composition effects its conversion to fuels and chemicals.

As the previous pages have illustrated, the transformation of biomass to fuels and chemicals 
can take place over a wide variety of pathways with numerous influences from the biomass 
composition. These conversion pathways can be generally grouped as either biochemical or 
thermochemical. A greatly simplified process diagram for the production of renewable liquid 
fuels and chemicals from biomass can be seen in Figure 2. This figure groups feedstocks with 
their most likely conversion pathway based on the previous discussion regarding biomass 
composition.

Given the current variability in biomass resources, it is apparent that conversion technol-
ogy will have to be tailored to regional renewable supply, be it lignocellulosic, herbaceous, 
a municipal solid waste stream, or algae. Given the high ash content of herbaceous biomass 
and the high water content of some municipal solid wastes, it is likely that these streams will 
be destined for use in biochemical pathways to produce sugars through enzymatic hydrolysis 
or methane using anaerobic digestion. However, there is also a chance that these materials 
could be passed through the thermochemical process of hydrothermal liquefaction to pro-
duce oils or undergo a more mild hydrothermal treatment to produce a platform chemical 
stream based on biomass-derived sugars. The abundant lignocellulosic biomass will likely be 
converted to bio-oil or energy using a thermochemical process such as pyrolysis or combus-
tion, respectively. Thermochemical processes make use of lignocellulosic feedstocks in part 
due to their low ash content and because a high lignin content is unsuitable for enzymatic 
digestion in biochemical fermentation.

Figure 2. Broad scheme for conversion of renewable material to fuels, chemicals, and energy.
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5. Conclusions

The large degree of variability between biomass resources, both currently available and 
emerging, is a significant barrier to the utilization of biomass as a feedstock for fuel and chem-
ical production. The impacts of physical characteristics such as moisture content and particle 
size, as well as chemical characteristics such as ash content, extractives/volatiles, and lignin, 
all play varying, and intricate, roles during biomass conversion. Adding to the complexity 
of this system is the fact that, in addition to a myriad of compositionally diverse feedstocks, 
there also exist numerous conversion pathways to the final fuel or chemical products. To 
alleviate this problem, it will be necessary to develop techniques to reduce biomass variabil-
ity and develop a consistent, conversion-ready feedstock for biorenewable fuel and chemical 
production.
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Abstract

Pruning of fruit trees produces a great quantity of biomass each year that can be used
for  energy  production.  For  this  purpose,  it  is  necessary  to  carry  out  an  energy
characterization of these pruned wastes, where the determination of heating value is
significant. This value is usually measured by an adiabatic or isoperibolic calorimeter,
which causes high economic costs and wastes time. The present study is focused on the
development of indirect models for heating value prediction of biomass from orange
trees Citrus × sinensis Osbeck, almond trees Prunus dulcis (Mill) D.A. Webb, and olive
trees  Olea  europaea  L.  from  an  elemental  analysis  in  order  to  reduce  the  time  of
determination as  well  as  the  economic costs.  Residual  biomass  was classified and
characterized according to CEN regulations such as received, without drying. Also,
moisture content wet basis, bark ratio, density, heating value, and elemental composi‐
tion (carbon, hydrogen, nitrogen, and sulfur) were measured. The influence of these
variables  on  the  heating  value  was  analyzed.  Finally,  mathematical  models  were
developed  to  predict  this  value  for  this  studied  species.  These  models  showed
coefficients of determination between 0.83 and 0.97, being suitable for industrial use.

Keywords: bioenergy, economical studies, wood residues, higher heating value

1. Introduction

A number of researchers have published mathematical models to predict the higher heating
value of different biomass materials from the concentration of the main elements present, such
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as percentage of carbon, percentage of hydrogen, and percentage of nitrogen together with
others [1–6]. On the other hand, other models have used proximate analysis [7–10] or structural
analysis [9–11]. Indirect calculation of the higher heating value by means of these types of
models is justified by the expensive cost of the use of calorimeters [3, 12]. The aim of this
chapter is to compare the resources used in direct heat value determination with that used in
indirect calculation from elemental analysis by means of prediction models in three common
lignocellulosic  materials  coming  from  pruning  Mediterranean  fruit  trees.  In  this  work,
predictive models of the heating value of biomass from pruning of Citrus × sinensis Osbeck
(orange tree), P. dulcis (Mill.) D.A. Webb (almond tree) and O. europaea L. (olive tree) have been
developed; the calorific value determined directly using the isoperibolic  calorimeter was
compared with that determined from the elemental composition of materials. The influence
of the percentage of leaves, wood moisture content, bark percentage, and percentage content
of C, H, N, and S was analyzed.

The heat value is an invariable parameter for a material with constant composition, defined
by the empirical form CHwOxNySz, where w is the number of moles of hydrogen per mole of
carbon, x is the number of moles of oxygen per mole of carbon, y is the number of moles of
nitrogen per mole of carbon, and z is the number of moles of sulfur per mole of carbon. The
moles of each element are obtained by multiplication of the sample mass with its ratio and
dividing by the atomic weight of each element. The values w, x, y, and z are obtained from the
division of the moles of each element in the sample by the moles of carbon.

The capacity of retaining water in the biomass, caused by its porosity, must be considered in
the measurement of the calorific value. The moisture content in the material changes its
molecular formula, and therefore the gravimetric percentages of C, H, O, and N. For this
reason, standards to determine the calorific value for a particular material, such as UNE
164001:2005 EX [13], require the material to be obtained in the anhydrous state, or with a known
moisture content.

The problem in industrial applications is that the biomass materials received for the combus‐
tion in boilers show variation in their moisture content, they are sometimes mixed with leaves
and even with other materials. Under these conditions, the heat properties are not constant.
In order to measure the calorific value instantly, regression models are analyzed in this paper
from the percentage contents of C, H, and N of the materials as received. Currently, there are
devices capable of measuring these elements in 5 min [5, 6].

When there is variability in the composition, and uncertainty of the type of materials or
proportion of the mixture thereof, the mathematical models for the indirect determination of
the calorific value are only applicable in the scope where they were developed. This uncertainty
is quite common in industry. Thus researchers, such as Francis and Lloyd [14], Ebeling and
Jenkins [15], and Kathiravale et al. [16], have provided models for different types of mixtures.
However, none of them showed an economical study to justify the use of the model. In this
chapter, the development of models specific for the studied material is shown; in addition, an
analysis was carried out to compare the cost of direct determination with an indirect mathe‐
matical model from elemental analysis.
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In industrial facilities, it is very difficult to find biomass received for combustion without
some moisture. Because of processes increase production costs, they are rarely used in the
production of energy wood. On the other hand, open air drying rarely decreases the mois‐
ture content below 20% [17, 18]. Moreover, it is normal that industrial boilers do not work
with a well‐defined type of material but with mixtures of different types of biomass. These
reasons make the composition of the biomass used in industry variable that directly affects
the expected calorific value. So, calorific determination before the introduction of the mate‐
rials in the boiler is useful to understand the energy performance of the combustion. If this
direct determination by the bomb calorimeter is more expensive than the indirect determi‐
nation from their composition, developing predictive models is fully justified. This is stud‐
ied in this work.

2. Materials and methods

2.1. Vegetal material

The species studied in this work were Citrus × sinensis Osbeck (orange tree), P. dulcis (Mill) D.A.
Webb (almond tree), and O. europaea L. (olive tree). These three species are widely grown in
the Mediterranean region; they represent 10% of the total cultivated area in Spain [19].

The studied orange variety was “Valencia Late”. This is one of the latest varieties most
cultivated in Spain. The harvesting begins from March, and it is usually pruned in summer
after harvesting. Its main use is fresh consumption due to its high juice content. It also has high
chances of industrialization [20].

The almond variety studied was “Blaquerna”. It is a self‐fertile cultivar that is currently
replacing other varieties of lower production. Almond pruning can be annual or biennial
according to the development of the tree [21]. During the first 4 years, winter pruning is
carried out focused on defining the architecture of the vegetation. From the fourth produc‐
tion year, pruning is performed to remove unproductive branches and to improve the fruit
quality [22].

The studied olive tree variety was “Villalonga”, which is the variety most widely used in
Valencia, with a total cultivation area of 23,550 ha. Its main use is in the manufacture of oil and
it is also used for fresh consumption [23].

To define these raw materials as biomass for biofuel, the standard UNE EN
14961‐1:2011[24] was used. According to this standard, the analyzed samples in this work
were classified by their origin and sources of solid biofuels: 1. Wood biomass → 1.1. Wood
biomass from forest or plantation → 1.1.4. Residues from cuttings → 1.1.4.1. Fresh/green,
hardwood (including leaves). Therefore, it would be “cutting hardwood waste” (1.1.4.1).
Following the mentioned standard, the specifications of the properties of the studied bio‐
fuel are defined in Table 1.
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Origin:
Cutting hardwood waste (1.1.4.1)

Wood biomass (1.1)
- Citrus × sinensis Osbeck
- Prunus dulcis (Mill.) D.A. Webb
- Olea europaea L.

Marketed form Wood logs, firewood

Sizes (cm)

Length (L) cm

Citrus × sinensis Osbeck
L 100 (max 100 cm ± 5 cm)

Prunus dulcis (Mill.) D.A. Webb
L 100+ (max 153 cm)

Olea europaea L.
L 100+ (max 182 cm)

Diameter (D) cm

Citrus × sinensis Osbeck
D10 (2 cm ≤ D ≤ 10 cm)

Prunus dulcis (Mill.) D.A. Webb
D10 (2 cm ≤ D ≤ 10 cm)

Olea europaea L.
D10 (2 cm ≤ D ≤ 10 cm)

Moisture content, M (% as it is received) CEN/TS 15149‐1, CEN/TS 15149‐2

Citrus × sinensis Osbeck
M 45 (≤45%)

Prunus dulcis (Mill.) D.A. Webb
M 35 (≤35%)

Olea europaea L.
M 40 (≤40%)

Volume or weight, m3, kg, loose or piled as received 15–20 kg of each specied.

Volume ratio of split logs Trunk without cuttings, whole branches

Cut surfacea Surface smooth and regular cut

Rust and rot None of the samples has mold

a The use of chainsaw is considered to produce a smooth and regular surface.

Table 1. Specification of the properties of the energy wood pieces (EN 14961‐1:2011) [22].

2.2. Sample preparation

The branches of each species, obtained from pruning, were divided into six size classes (0–1,
1–2, 2–3, 3–4, 4–5, and >5 cm). Five samples of each class were taken for analysis; therefore, it
resulted in 30 samples per species. For sample preparation, the methods defined by the UNE‐
EN 14780:2012 [25] were followed. The main purpose of sample preparation was to reduce the
size of the branches in test portions with the same initial composition, being representative of
the original sample. Initial wet basis moisture content average in wood was about 42.24%. In
Figure 1, the process of the preparation of the sample is shown. First step was to separate the
leaves and wood of the 30 branches of each species arrived at the laboratory (Figure 2a–c).
These leaves were crushed with hammer mill and stored in airtight jars with identification
labels. On the other hand, the wood was milled until their sizes were lower than 3 mm. Special
care was taken to avoid loss of fine particles and moisture during milling and other operations.
Average wet basis moisture content in tested particles was 29.85%. The devices used for the
sample preparation were as follows:

‐ Manual saw. In order to prevent the moisture loss at the border, cuttings of the central part
was used for the analytical determinations. The pieces obtained using this device are shown
in Figure 2(d).

‐ Hammer mill crusher of stainless steel, equipped with a 3 mm screen.
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Figure 1. Sample preparation process.

Figure 2. Images of sample preparation process.
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Once the samples were crushed, leaves and wood were mixed in defined proportions in each
group of size class. The different proportions analyzed were from 10% weight leaves/weight
wood in the first sample, 20% weight leaves/weight wood in the first sample in the second, etc.
up to 50% of mixture leaves/wood to the fifth sample. So, the effect of leaves on the calorific
value was measured. This is very important in this study because pruned material used in
boilers has always got a high percentage of leaves, and this influences the moisture content
and composition. In many publications, the calorific value calculated referred to that of
completely dry and bare material, but this condition is far from the actual applications. In this
work, the analysis was focused on samples with variable elemental composition which is
usually obtained due to variation in the percentage of leaf and bark content (caused by different
size class) and the moisture content (obtained after outdoor drying). For this reason, neither
the wood nor the leaf fractions were dried rigorously, but they only experience the natural loss
of moisture content during the transport and storage prior to analysis.

2.3. Measurement process

Higher heating value, wet basis moisture content, and elemental composition (C, H, and N) of
each sample were measured. For this, standards shown in Table 2 were used.

Reference of standard Standard
CEN/TS 14779 Solid biofuels—sampling—methods for preparing sampling plans and sampling certificates

CEN/TS 14780 Solid biofuels—methods for sample preparation

EN 14774‐3 Solid biofuels—determination of moisture content—Stufe drying method part 3 moisture
content analysis for overall sample analysis

EN 14918 Solid biofuels—determination of calorific value

CEN/TS 15104 Solid biofuels—determination of total carbon, hydrogen, and nitrogen—instrumental
methods

CEN/TS 15290 Solid biofuels—determination of major elements

EN 14961‐1 Solid biofuels—fuel specifications and classes—part 1: general requirements

Table 2. Methods used to sample and measure parameters.

The calorific value was measured by means of a LECO AC‐500 isoperibolic calorimeter. Before
analyzing the samples, the calorimeter was calibrated by the combustion of a reactive standard
of a known calorific power (benzoic acid, 1 g). Subsequently, each sample was prepared with
a mass between 0.1 and 1 g. This was introduced into a combustion vessel where a fuse wire
caused ignition. Note that 10 ml of distilled water was added. Then, combustion vessel was
sealed, and oxygen with a pressure of 3000 kPa was introduced inside the calorimeter . This
container was placed in a bucket of water which was surrounded by an insulating layer to
maintain a constant temperature. During analysis, the water temperature was measured by an
electronic thermometer with an accuracy of 1/10,000 degree. In order to control energy
exchange, the temperatures of the cuvette and the insulating layer were continuously moni‐
tored. With this, the device applies a correction to the result.The water temperature was
monitored by a microprocessor in every 6 seconds. The difference between the water temper‐
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ature before ignition and after ignition was processed through the calorimeter software, for
obtaining the calorific value.

The weight percentage of carbon, hydrogen, and nitrogen was measured by means of a LECO
TruSpec CHN analyzer. According to EN 14918, samples between 0.1 and 1 g were weighed.
Then, they were wrapped in titanium sheets that is completely inorganic. These were placed
in a feeding carrousel. The analysis cycle consists of three phases: purging, combustion, and
analysis. In the purge phase, the sample is casted into the load compartment, which is sealed
and atmospheric gases are removed. In the second phase, the sample is casted into a compart‐
ment at 950°C, and oxygen is injected for rapid and complete combustion. The gases pass
through an afterburner at 850°C to oxidize and remove particles. The combustion gases are
collected in the ballast (gas collection vessel). During the analysis phase, combustion gases are
homogenized in the ballast. Subsequently, an aliquot of 3 cm3 is purged with helium through
infrared detectors of CO2 and H2O. Another gas loop aliquot is transported through hot copper
to remove O2 and transform the NOX to N2. Then, in order to remove CO2 and H2O, they are
allowed to flow through the tubes containing Anhydrone Lecosorb. The N content is deter‐
mined on a thermal conductivity cell. The results are shown as percent or kg/mg.

In order to calculate the cost of analysis all inputs were counted. Market prices of nine
enterprises were checked. Consumables, labor maintenance, and amortization were consid‐
ered. Cost of technical labor was estimated in 20 €/h. Residual value of the device was consid‐
ered to be 10% of investment. Time of analysis was measured.

2.4. Percentage of bark

The percentage of bark in the branches was calculated after their classification according to six
diameter classes: 0–1, 1–2, 2–3, 3–4, 5–6, and >6 cm:. The diameter influences the bark ratio [26].
For each diameter, class five samples were taken, so 30 samples in total were analyzed in each
species. In each branch, diameter with bark and diameter without bark were measured using
of a digital caliper with 0.01 mm accuracy, as shown in Figure 3. From these diameters, the
percentage of bark was calculated by Eq. (1) [26], where Bark (%) is the percentage of bark; φcc

is the diameter over bark; φsc is the diameter without bark:

Figure 3. Measurements to calculate the percentage of bark.
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2.5. Determination of wood density

Wood density is expressed as the mass of dry wood per unit volume. To calculate the density,
first the samples were immersed in a beaker with water, calibrated to 250 mL. The volume was
measured by the difference between the water level before and after immersing. Then the dry
weight of the samples was determined; for this purpose, samples were placed in a drying oven
at a constant temperature of 105 ± 2°C for 24 h. Mean and standard deviation for the densities
are obtained by Eq. (2) [26]:

s
m

v

=
P
V

r (2)

where ρm is the wood density (g·cm−3), Ps is the dry weight of the sample (g), and Vv is the
volume of the sample (cm3).

2.6. Prediction model of heat value

To obtain predictive models by regression up to three variables (C, H, and N) have been used.
For evaluating the models, the coefficient of determination (R2), root mean square of the errors
(RMS), and mean absolute error (MAE) were obtained. The coefficient of determination,
denoted by R2, is a number that indicates the proportion of the variance in the dependent
variable that is predictable from the independent variable. RMS represents the sample
standard deviation of the differences between predicted values and observed values. The mean
absolute error is an average of the absolute errors |ei|=|fi–yi|, where fi is the prediction and yi
is the true value. The model with the best fit had highest R2, minimum MAE, and RMS.

For all equations, 30 data were used to develop the models, and another 15 independent data
were used for validation. The statistical program used was Statgraphics Centurion XV©14,
even for the calculation of the significance of the variables of the mathematical prediction
models by the beta coefficients and Student’s t‐test. The data observed in the new experiments
and predicted by the model were compared with paired‐sample test based on the t‐Distribu‐
tion.

3. Results and discussion

Several tests were initially applied to check the normal distribution of the data, such as Shapiro‐
Wilk test [27, 28], Anderson‐Darling test, and the Lilliefors test [29, 30]. In Table 3, statistical
description of the studied variables is shown for each species. It is observed that the coefficient
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weight of the samples was determined; for this purpose, samples were placed in a drying oven
at a constant temperature of 105 ± 2°C for 24 h. Mean and standard deviation for the densities
are obtained by Eq. (2) [26]:
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where ρm is the wood density (g·cm−3), Ps is the dry weight of the sample (g), and Vv is the
volume of the sample (cm3).

2.6. Prediction model of heat value

To obtain predictive models by regression up to three variables (C, H, and N) have been used.
For evaluating the models, the coefficient of determination (R2), root mean square of the errors
(RMS), and mean absolute error (MAE) were obtained. The coefficient of determination,
denoted by R2, is a number that indicates the proportion of the variance in the dependent
variable that is predictable from the independent variable. RMS represents the sample
standard deviation of the differences between predicted values and observed values. The mean
absolute error is an average of the absolute errors |ei|=|fi–yi|, where fi is the prediction and yi
is the true value. The model with the best fit had highest R2, minimum MAE, and RMS.

For all equations, 30 data were used to develop the models, and another 15 independent data
were used for validation. The statistical program used was Statgraphics Centurion XV©14,
even for the calculation of the significance of the variables of the mathematical prediction
models by the beta coefficients and Student’s t‐test. The data observed in the new experiments
and predicted by the model were compared with paired‐sample test based on the t‐Distribu‐
tion.

3. Results and discussion

Several tests were initially applied to check the normal distribution of the data, such as Shapiro‐
Wilk test [27, 28], Anderson‐Darling test, and the Lilliefors test [29, 30]. In Table 3, statistical
description of the studied variables is shown for each species. It is observed that the coefficient
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of skewness and kurtosis are between −2 and +2. This indicates that the observed samples are
normally distributed.

Variable Species Average Standard deviation Coef. skewness Coef. kurtosis Max. Min.
HHV (kJ/kg) Almond 15840.63 234.752 −0.775 −0.435 17458.54 13744.85

Orange 12653.35 230.03 −0.23 −1.044 14108.26 10781.85

Olive 15234.97 243.7 −0.281 −0.717 16861.92 13354.64

C % Almond 40.026 2.261 −0.382 −0.683 44.050 35.300

Orange 31.192 2.414 −0.274 −1.158 34.800 26.650

Olive 37.974 2.359 0.192 −0.706 41.800 33.600

H % Almond 5.661 0.740 1.740 −0.239 7.410 4.875

Orange 7.179 0.291 −0.284 −0.485 7.590 6.540

Olive 6.911 0.275 −0.429 −1.061 7.285 6.390

N % Almond 1.132 0.535 0.147 −1.415 1.935 0.349

Orange 0.430 0.143 1.383 0.474 0.800 0.222

Olive 0.549 0.178 −0.792 −0.871 0.812 0.219

S % Almond 0.128 0.024 0.705 −0.055 0.182 0.088

Orange 0.061 0.054 1.802 −0.898 0.166 0.006

Olive 0.031 0.013 1.100 −0.031 0.063 0.015

Moisture content % Almond 19.009 4.870 0.967 −0.392 30.314 12.291

Orange 34.679 4.496 −0.457 −1.084 41.094 26.770

Olive 31.085 7.659 −0.020 −0.637 46.070 18.490

Bark % Almond 24.741 6.485 0.548 −1.070 36.282 13.830

Orange 15.038 3.688 1.936 0.176 23.960 10.135

Olive 16.469 4.297 1.586 1.235 28.260 10.500

Leaves % Almond 30.231 14.434 0.235 −1.346 50 10

Orange 30.417 14.590 −0.156 −1.325 50 10

Olive 31.905 14.703 −0.483 −1.202 50 10

HHV, high heat value; C, carbon; H, hydrogen; N, nitrogen; S, sulfur.

Table 3. Statistical analysis of the studied variables in each species.

The calorific values are clearly influenced by the moisture content and the leaf content in the
sample. The obtained calorific value for the three species was between 12 and 16 MJ/kg, which
were relatively lower than values cited in the literature. This is because, in this work, we have
studied samples of diverse diameters with different percentage of bark, without any drying
process, and mixtures of wood and leaves in different proportions, so smaller high heat values
(HHVs) were obtained. For example, González et al. [31] gave values of HHV for biomass from
orange tree pruning as 16–18 MJ/kg. Yin [32] also analyzed mixtures of biomass and got HHV
values 18 MJ/kg, but all these were measured on a dry condition basis.

To compare the calorific value of the three species studied, analysis of variance was per‐
formed. In Figure 4, LSD intervals are shown at 95% confidence level. It can be seen that the
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HHV of almond and olive trees were similar, but that of orange was significantly lower, which
may be due to the characteristics of wood, leaves, and bark with moisture.

Figure 4. Intervals LSD for the calorific value of the species studied at 95% level of confidence.

Prunus dulcis C H N S % leaves % bark % moisture content HHV (kJ/kg)
C −0.576* 0.1515 −0.3196 0.2535 −0.0076 −0.9844* 0.9739*

H −0.576* 0.1712 0.397* −0.0914 −0.1514 0.6393* −0.5449*

N 0.1515 0.1712 0.4904* 0.8992* −0.2699 −0.2055 0.2928
S −0.3196 0.397* 0.4904* 0.3773 −0.3122 0.2873 −0.2427
% leaves 0.2535 −0.0914 0.8992* 0.3773 −0.09 −0.301 −0.3658
% bark −0.0076 −0.1514 −0.2699 −0.3122 −0.09 0.0612 −0.0737
% moisture −0.9844* 0.6393* −0.2055 0.2873 −0.301 0.0612 −0.9786*

HVV (kJ/kg) 0.9739* −0.5449* 0.2928 −0.2427 0.3658 −0.0737 −0.9786*

Citrus × sinensis C H N S % leaves % bark % moisture content HHV (kJ/kg)
C −0.8699* −0.1595 0.5819* −0.4233* −0.5698* −0.9551* 0.916*

H −0.8699* −0.1615 −0.5637* 0.165 0.4785* 0.8811* −0.8249*

N −0.1595 −0.1615 0.2159 0.7504* 0.2578 −0.0793 −0.1708
S 0.5819* −0.5637* 0.2159 −0.173 −0.3339 −0.6484* 0.6292*

% leaves −0.4233* 0.165 0.7504* −0.173 0.1614 0.2708 −0.3111
% bark −0.5698* 0.4785* 0.2578 −0.3339 0.1614 0.4213* −0.7104*

% moisture −0.9551* 0.8811* −0.0793 −0.6484* 0.2708 0.4213* −0.8464*

HVV (kJ/kg) 0.916* −0.8249* −0.1708 0.6292* −0.3111 −0.7104* −0.8464*

Olea europaea C H N S % leaves % bark % moisture content HHV (kJ/kg)
C −0.2761 0.8297* 0.0164 0.7945* 0.3936 −0.9715* 0.9752*

H −0.2761 0.1347 0.2282 0.0321 −0.3109 0.3303 −0.279
N 0.8297* 0.1347 0.0287 0.9104* 0.1444 −0.7907* 0.8261*

S 0.0164 0.2282 0.0287 0.0894 0.0508 0.0596 −0.0737
% leaves 0.7945* 0.0321 0.9104* 0.0894 0.0024 −0.727* −0.7955*

% bark 0.3936 −0.3109 0.1444 0.0508 0.0024 −0.4414* −0.421
% moisture −0.9715* 0.3303 −0.7907* 0.0596 −0.727* −0.4414* −0.9411*

HVV (kJ/kg) 0.9752* −0.279 0.8261* −0.0737 0.7955* 0.421 −0.9411*

C, carbon; H, hydrogen; N, nitrogen; S, sulfur; HHV, calorific value.
* Pairs of variables with p‐values below 0.05 (95% of significance level).

Table 4. Correlation coefficients of Pearson between the studied variables per species.
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Table 4. Correlation coefficients of Pearson between the studied variables per species.
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Table 4 shows the correlation between analyzed variables. Significant negative influence of the
percentage of moisture in the calorific value (HHV) is observed, with −0.97 Pearson coefficient.
On the other hand, it is noted that a higher percentage of C increases the HHV (+0.97). It is
observed that the percentage of H is associated with the highest moisture content (+0.63) and
obviously decreases the percentage of carbon in the sample and the calorific value (−0.54). It
is observed that the percentages of sulfur, leaves, and bark do not have a clear influence on the
calorific value of almonds but have a negative influence on the olive and orange trees.

Specie Model R2 adj. (%) RMS MAE

Mixing three species HHV = 717.79 + 380.85·C + 7.61% leaves−14.00% bark 97.352 278.77 195.74

HHV = 863.61 + 383.93·C − 15.257% bark 96.976 297.90 218.00

HHV =769.58 + 371.80·C + 8.02% leaves 97.147 289.35 201.07

HHV = 928.66 + 374.30·C 96.733 309.62 223.64

Prunus dulcis HHV = 7624.11 + 237.76·C + 228.75·N – 83.37%w 97.131 166.21 125.38

HHV = −1024.04 + 412.99·C + 272.54·N 96.743 177.08 133.28

HHV = −1106.84 + 422.77·C 94.630 227.38 173.87

Citrus × sinensis HHV = 4323.54 + 301.46·C – 72.74% bark 88.127 331.30 250.40

HHV = 1254.39 + 365.79·C 83.17 394.46 303.26

Olea europaea HHV = −790.92 + 421.37·C 94.858 231.17 118.44

HHV, high heat value (kJ/kg); MAE, mean absolute error; C, carbon; N, nitrogen; %w, moisture content in wet basis.

Table 5. Prediction models proposed for the indirect calculation of calorific value.

Calorific models from elemental analyses are proposed in Table 5. All models show a high R2

and relatively low standard error (RMS) and mean absolute error (MAE). All models are
considered valid for calculating the calorific value, as an alternative to the calorimeter, reducing
the time and cost of analysis. The p‐values for all explanatory variables were less than 0.05. It
is observed that the difference between the simplest models, whose explanatory variable is
only carbon, and the more complicated is very small. Therefore, we recommend using the
simplest, common to all species Eq. (3). In the variance analysis of the regression models, the
p‐value was less than 0.01 for all variables. This means that there is a significant relationship
between variables and the volume for a confidence level of 99%:

HHV  28.66  374.30·C= + (3)
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Vargas‐Moreno et al. [4] conducted a review of models to predict the calorific value for different
biomass materials based on elemental analyses. Most of these models reviewed gave deter‐
mination coefficients between 0.8 and 0.99. For this reason, the correlation coefficients obtained
in this work, higher than 0.8, were considered very acceptable (Table 4). However, on the other
hand, Acda [33] proposed models with higher R2 for different materials, but their models were
obtained for dry materials and without leaves, whereas the models obtained in this study were
obtained from mixtures of wood and leaves, and different moisture content, as received.
Therefore, they are more applicable in actual situations in industries, where the material cannot
be usually dried completely and they have different leaf percentage.

Velázquez‐Martí et al. [5] already applied this method to obtain prediction models to predict
a high heat value on lignocellulosic waste materials from urban tree pruning. In these works,
the determination coefficients obtained are similar to those of the present work, between 0.7
and 0.9. This means that the presence of moisture causes decrease in accuracy of the calorific
value calculated by prediction models.

It is observed that a higher carbon content (C) provides bigger calorific values. This coincides
with many other studies [2, 34]. It is also shown in Table 4 with a Pearson correlation coefficient
of 0.97 between HHV and C. Because of this, all proposed equations for predicting the gross
calorific value (Table 5), whether univariate or multivariate, present the variable C.

The sulfur (S) is not high in all species studied (Table 3), so it would not be a problem in biomass
combustion boilers caused by this element. As it can be seen, in olive and citrus wood the S
and N contents are lower than the limits established by the standard EN 14691‐part 4 [35],
which fix the conditions for chips used as biofuels in %N < 1% and %S < 0.1%. Almond has not
got values excessive high. This allows preparing mixtures with materials with low N and S
contents.

This discrepancy may be due to the extractive substances of plant biomass (sugars, tannins,
sterols, fatty acids, resin acids, oligomeric terpenics, hydrocarbons, etc.) that influence the gross
calorific value. Their contents depend on the species, the part of the plant, season, and the
growing stage, among other factors [36]. Another explanation could be the botanical family of
the studied species [37].

Once calculated using the prediction models, we proceeded to the validation of these data by
applying them to new samples, whose observations were compared with the predicted values.

3.1. Comparison cost between direct and indirect measurement of HHV

Measurements with the isoperibolic LECO AC‐500 calorimeter showed that the time per
analyzed sample was 15 min, which includes sample preparation. As consumables, 6 L of pure
oxygen measured at standard conditions (25°C and 1 atm of pressure) and a fuse for ignition
of the sample are used. Table 6 shows the cost of reagents. Device depreciation and calibration
cost are respectively shown in Tables 7 and 8. The total costs for different number of analyzed
samples are shown in Table 9.
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Consumable Price per consumable pack  Consumption per sample  Analysis cost (€/analysis)

Standard for calibration ref.

502‐208‐T Ac. Benzoic

160.0 €/100 tablets 5 tablets/calibration 1.60

Spike for combustion ref.

502‐815 Mineral oil

175.7 €/118 mL 0.25 mL

Fuse for ignition ref. 502‐462 38.2 €/375 fuse wire 1 Ud 0.10

Rent gas tank O2 94.4 €/year 0.019

Gas O2 2.25

Maintenance 1200 €/year 0.24

Technical labor 20 €/h 20 min/sample 6.67

100 min/calibration

Table 6. Cost of the reagents for isoperibolic LECO AC500 calorimeter (12/03/2013).

Acquisition cost 50,000 €

Useful life 10

Residual value 10% 5000 €

Depreciation cost 0.9 €/sample

Table 7. Depreciation cost per sample of LECO AC‐500 calorimeter.

n  Time (min/analysis) Total time (min) Cost (€)

Number of analysis 5 20 100 33.33

Standard for calibration ref. 502‐208‐T Ac. Benzoic 5 8.00

Fuse wire, ref. 502–462 5 0.51

Gas O2 11.25

Rent gas tanks + maintenance 1.294

Total 54.39

n, number of analysis.

Table 8. Calibration cost of LECO AC‐500 calorimeter.
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Sample

number

Number of

calibration

Technical labor

time (h)

Technical labor

cost (€)

Gasses (€) Wire fuse

(€)

Total cost

(€) 

Cost/sample

(€/sample)

1 1 2.00 6.67 1.71 0.10 64.03 64.03

2 1 2.33 13.33 3.43 0.20 73.67 36.83

3 1 2.67 20.00 5.14 0.30 83.31 27.77

4 1 3.00 26.67 6.86 0.40 92.95 23.24

5 1 3.33 33.33 8.57 0.50 102.59 20.52

6 1 3.67 40.00 10.29 0.60 112.23 18.70

7 1 4.00 46.67 12.00 0.70 121.87 17.41

8 1 4.33 53.33 13.71 0.80 131.51 16.44

9 1 4.67 60.00 15.43 0.90 141.15 15.68

10 1 5.00 66.67 17.14 1.00 150.78 15.08

11 1 5.33 73.33 18.86 1.10 160.42 14.58

12 1 5.67 80.00 20.57 1.20 170.06 14.17

13 1 6.00 86.67 22.29 1.30 179.70 13.82

14 1 6.33 93.33 24.00 1.40 189.34 13.52

15 1 6.67 100.00 25.71 1.50 198.98 13.27

16 1 7.00 106.67 27.43 1.60 208.62 13.04

17 1 7.33 113.33 29.14 1.70 218.26 12.84

18 1 7.67 120.00 30.86 1.80 227.90 12.66

19 1 8.00 126.67 32.57 1.90 237.54 12.50

20 1 8.33 133.33 34.29 2.00 247.18 12.36

21 1 8.67 140.00 36.00 2.10 256.82 12.23

22 1 9.00 146.67 37.71 2.20 266.46 12.11

23 1 9.33 153.33 39.43 2.30 276.10 12.00

24 1 9.67 160.00 41.14 2.40 285.74 11.91

25 1 10.00 166.67 42.86 2.50 295.38 11.82

Table 9. Total costs for different number of samples analyzed by LECO AC‐500 calorimeter.
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The time spent for elemental analysis using a TruSpec CHN analyzer is 5 min. The costs of the
reagents, calibration, and amortization are respectively shown in Tables 10–12.

Consumable Price per consumable pack Consumption per sample Analysis cost (€/

analysis)

Standard for calibration EDTA ref.

502‐092

44.8 €/50 g 0.2 × 8 g/calibration 0.18

Tin Foil for solid samples

(Large Tin Foil ref. 502‐397‐400)

65.5 €/400 tin foil 1 Unit/sample 0.16

Rent tank O2 94.4 €/year 0.019

Rent tank N2 47.2 €/year 0.009

Rent tank He 47.2 €/year 0.009

Rent tank compressed air 47.2 €/year 0.009

Gas O2 450.0 €/tank 1 Tank/200 analysis 2.25

Gas N2 342.9 €/tank 1 Tank/200 analysis 1.71

Gas He 342.9 €/tank 1 Tank/200 analysis 1.71

Compressed air 126.2 €/year 0.03

Maintenance 1200 €/year 0.24

Technical labor 20 €/h 5 min/simple 3.33

Table 10. Cost of the reagents for elemental LECO TRUSPEC CHNS analyzer (12/03/2013) (supposing 5000 analysis per
year).

n Time (min/analysis) Total time (min) Cost

Time of calibration calculation Blanc test 15  5 75

Standard analysis 8 5 40

115 38.33 €

Standard for calibration EDTA ref. 502‐092 8 1.43 €

Tin foil for solid samples Large Tin Foil ref. 502‐397‐400 8 1.31 €

Gases 8 18.00 €

Rent gas tanks + maintenance 8 2.30 €

Total 61.37 €

n, number of analysis.

Table 11. Calibration cost of LECO Truspec CHNS analyzer.
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Acquisition cost 125,000 €

Useful life 10

Residual value 10% 12,500 €

Depreciation cost 2.25 €/sample

Table 12. Depreciation cost per simple of LECO Truspec CHNS analyzer.

In Table 13, the total costs of the elemental analysis with the analyzer LECO CHNS TruSpec
are shown. When Tables 9 and 13 are compared, it can be seen that the cost for determining
the calorific value indirectly from elemental analysis is 23% cheaper than the direct measure‐
ment with AC500 LECO isoperibolic calorimeter for 25 samples. Moreover, time of determi‐
nation is lower. The possibility to calculate the calorific value of a substance from its elemental
composition reduces investment to a single computer, instead of two. This is very important
in laboratories with limited resources of small and medium enterprises.

No. analysis Calibration Calibration

cost 

Analysis time

(h) 

Technician

labor 

Gases Tin foil Total Cost/sample

(€/sample)

1 1 61.37 2.00 1.67 2.25 0.16 67.99 67.99

2 1 61.37 2.08 3.33 4.50 0.33 74.61 37.30

3 1 61.37 2.17 5.00 6.75 0.49 81.23 27.08

4 1 61.37 2.25 6.67 9.00 0.66 87.85 21.96

5 1 61.37 2.33 8.33 11.25 0.82 94.46 18.89

6 1 61.37 2.42 10.00 13.50 0.98 101.08 16.85

7 1 61.37 2.50 11.67 15.75 1.15 107.70 15.39

8 1 61.37 2.58 13.33 18.00 1.31 114.32 14.29

9 1 61.37 2.67 15.00 20.25 1.47 120.93 13.44

10 1 61.37 2.75 16.67 22.50 1.64 127.55 12.76

11 1 61.37 2.83 18.33 24.75 1.80 134.17 12.20

12 1 61.37 2.92 20.00 27.00 1.97 140.79 11.73

13 1 61.37 3.00 21.67 29.25 2.13 147.40 11.34

14 1 61.37 3.08 23.33 31.50 2.29 154.02 11.00

15 1 61.37 3.17 25.00 33.75 2.46 160.64 10.71

16 1 61.37 3.25 26.67 36.00 2.62 167.26 10.45

17 1 61.37 3.33 28.33 38.25 2.78 173.87 10.23

18 1 61.37 3.42 30.00 40.50 2.95 180.49 10.03
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No. analysis Calibration Calibration

cost 

Analysis time

(h) 

Technician

labor 

Gases Tin foil Total Cost/sample

(€/sample)

19 1 61.37 3.50 31.67 42.75 3.11 187.11 9.85

20 1 61.37 3.58 33.33 45.00 3.28 193.73 9.69

21 1 61.37 3.67 35.00 47.25 3.44 200.34 9.54

22 1 61.37 3.75 36.67 49.50 3.60 206.96 9.41

23 1 61.37 3.83 38.33 51.75 3.77 213.58 9.29

24 1 61.37 3.92 40.00 54.00 3.93 220.20 9.17

25 1 61.37 4.00 41.67 56.25 4.09 226.81 9.07

26 1 61.37 4.08 43.33 58.50 4.26 233.43 8.98

27 1 61.37 4.17 45.00 60.75 4.42 240.05 8.89

28 1 61.37 4.25 46.67 63.00 4.59 246.67 8.81

29 1 61.37 4.33 48.33 65.25 4.75 253.29 8.73

30 1 61.37 4.42 50.00 67.50 4.91 259.90 8.66

31 1 61.37 4.50 51.67 69.75 5.08 266.52 8.60

32 1 61.37 4.58 53.33 72.00 5.24 273.14 8.54

33 1 61.37 4.67 55.00 74.25 5.40 279.76 8.48

34 1 61.37 4.75 56.67 76.50 5.57 286.37 8.42

35 1 61.37 4.83 58.33 78.75 5.73 292.99 8.37

36 1 61.37 4.92 60.00 81.00 5.90 299.61 8.32

37 1 61.37 5.00 61.67 83.25 6.06 306.23 8.28

38 1 61.37 5.08 63.33 85.50 6.22 312.84 8.23

39 1 61.37 5.17 65.00 87.75 6.39 319.46 8.19

40 1 61.37 5.25 66.67 90.00 6.55 326.08 8.15

41 1 61.37 5.33 68.33 92.25 6.71 332.70 8.11

42 1 61.37 5.42 70.00 94.50 6.88 339.31 8.08

43 1 61.37 5.50 71.67 96.75 7.04 345.93 8.04

44 1 61.37 5.58 73.33 99.00 7.21 352.55 8.01

45 1 61.37 5.67 75.00 101.25 7.37 359.17 7.98

46 1 61.37 5.75 76.67 103.50 7.53 365.78 7.95

47 1 61.37 5.83 78.33 105.75 7.70 372.40 7.92

48 1 61.37 5.92 80.00 108.00 7.86 379.02 7.90

49 1 61.37 6.00 81.67 110.25 8.02 385.64 7.87

50 1 61.37 6.08 83.33 112.50 8.19 392.26 7.85

Table 13. Total cost of analysis by LECO Truspec CHNS analyzer.
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4. Conclusions

The advantage of using indirect methods for determining the heat value based on regression
models from the analysis of C, H, and N elements has been proven this paper. Time to
determine the high heat value indirectly is 40% lower than the time taken using the calorimeter
directly. The cost of indirect method is 23% cheaper. Along with the cost savings, reduced
analysis time is associated with a lower environmental impact linked to the reagents used.

It is proved that a higher carbon content (C) provides bigger calorific values. However,
hydrogen (H) has a negative influence, with a negative Pearson’s coefficient. This is due to the
fact that hydrogen is associated with the water content. As it is known, the moisture content
decreases the high heat value of the biomass, therefore, hydrogen presents inverse propor‐
tionality with the heat obtained from combustion. The colinearity between the moisture
content and the hydrogen ratio justifies that both were rarely considered in the same model to
predict the heat value.

In this paper, models for determining the calorific value in samples of Citrus × sinensis Osbeck
(orange tree), P. dulcis (Mill) D.A. Webb (almond tree), and O. europaea L. (olive tree) are
proposed using an elemental analysis. The accuracy is high, obtaining coefficients of determi‐
nation higher than 0.95, an average error of 223.64 kJ/kg, and a RMS of 309.62 kJ/kg.

According to the thermochemical characterization of plum wood, the residual biomass from
pruning can be used as chips for bioenergy. These species did not have significant differences
in C and H composition, between 30 and 40% C, between 5 and 7% H. However, small
differences exist with respect to N and S. Olive and citrus wood have S and N contents lower
than the limits established by the standard EN 14691‐part 4 [32], which fix the conditions for
chips used as biofuels in %N < 1% and %S < 0.1%. Almond has not got values excessive high
but still it exceeds. This leads to the preparation of mixtures with materials with low N and S
contents to decrease their content.
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Abstract

The biorefinery concept has been identified as the most promising way to create a
biomass-based industry, which can be defined as the sustainable biomass processing to
obtain energy biofuels and high-value products through processes and equipment for
biomass. Microalgae can be used as an efficient and economically viable biorefinery
feedstock;  microalgae could be used in different areas such as human and animal
nutrition, nutraceutical and therapeutic products, fertilizers, plastics, isoprenes and
biofuels and also in the treatment of wastewaters and CO2 capture. Microalgae biomass
can  be  used  for  biofuel  production,  such  as  bioelectricity,  methane,  biohydrogen,
bioethanol and biodiesel.  In this chapter, an overview of the factors that affect the
production of the microalgal biomass yield and value-added by-products production
is presented. Likewise, we present the results of the microalgal culture of Scenedesmus
sp. SCX2 performed in semicontinuous culture (SCC), in 2000 raceway ponds employing
Bold’s Basal Medium (BBM), under greenhouse conditions. Over the SCC, we monitored
biomass concentration, lipid, protein, pigments and sugar production, light irradiance,
culture and greenhouse temperature and nitrate concentration in the medium.

Keywords: biomass, microalgae, Scenedesmus sp. SCX2, biorefinery, biofuels

1. Introduction

Microalgae have the ability to convert solar energy into chemical forms though photosyn-
thesis, in which CO2 is captured from the atmosphere and oxygen is produced during the
process, furthermore, microalgae offers the potential to produce high-value compounds such
as nutraceuticals and compounds for human consumption, and also low-value products as
feed, biofertilizers and bioenergy, as well as wastewater treatment, nitrogen fixing and CO2

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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mitigation [1, 2]. Microalgae have been taken into consideration as a feedstock for renewable
biofuels production, such as bioelectricity, methane produced by anaerobic digestion of the
algal  biomass,  biohydrogen  produced  under  anaerobic  conditions,  bioethanol  (sugar
fermentation) and biodiesel derived from microalgal oil [1, 3–5]. Microalgae offer, compared
to other renewable sources, higher growth rates and require less water than terrestrial crops
[6]; microalgae have a very short harvesting cycle (1–10 days) compared to other land-based
feedstock (which are harvested once or twice a year) [7]; algae cultures do not compete with
food or arable lands [8]; their phototrophic growth has a favorable environmental impact,
since the CO2 that is released to the atmosphere during hydrocarbons combustion is recycled
by microalgae in photosynthetic processes (100 biomass tons require about 183 CO2 tons) [9].
Microalgae have higher photosynthetic efficiency than crops. Therefore, microalgae biomass
cultivation will help in reducing the CO2 in the atmosphere at a faster rate than land-based
crops.  Phototrophic  metabolism  of  microalgae  is  mainly  influenced  by  light  irradiance,
culture temperature and nutrients supply. However, in large-scale open systems as raceways,
it is practically impossible to control diurnal fluctuations of irradiance and temperature [10,
11]. However, raceways are the most commonly employed technology for microalgae biomass
production due to their low cost of construction and operation. Microalgae biomass produc-
tion for obtaining just biofuels is not economically feasible, for which it is necessary to use
high-productivity  and  economic  reactors,  as  well  as  the  use  of  economic  and  available
nutrients; likewise, the maximum valorization of biomass, including the carbon fixation and
wastewater treatment by integrating the concept of industrial ecology. All previous allows
the conceptualization of microalgal biorefinery.

This chapter addresses the microalgal biomass production from a biorefinery point of view
and describes the improvements of the microalgal biomass production in open systems
raceways (RW) of 2000 L capacity operated in semicontinuous culture under greenhouse
conditions.

2. Biorefineries

In a conventional refinery, the raw oil undergoes several processes after which the products
are used for transportation, electricity and the further production of more complex and
valuable chemicals. On the other hand, the biorefineries allow the utilization of raw materials
that may be widely available at low cost and sustainable for the production of high-value
products that may be considered in terms of their energetic potential. Within a biorefinery
there is a wide variety of configurations and generation of several end products. An appro-
priate definition of biorefinery is as follows: the sustainable processing of the biomass in a wide
commercial spectrum of products and energy [12]. Other definition is sustainable biomass
processing to obtain energy biofuels and high-value products through processes and equip-
ment for biomass transformation [13]. The biorefinery concept has been identified as the most
promising way to create a biomass-based industry.

A biorefinery can utilize all kinds of biomass such as wood (straw and bark), agricultural crops,
organic waste (derived from vegetables and animals), industrial and domestic wastes and
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aquatic biomass (algae and microalgae from sea and freshwater) [14]. The microalgae present
a high potential for the biodiesel production compared to the terrestrial biomass [15]. The
impact on the utilization of the soil for the microalgal production is significantly lower than
the generated by the agricultural biomass based on corn, canola and switchgrass [16]. The
versatility of the microalgal metabolism allows the application in different areas such as human
and animal nutrition, nutraceutical and therapeutic products, fertilizers, plastics, isoprenes,
biofuels and also in the treatment of wastewaters and CO2 capture [17, 18]. Algae can be used
as an efficient and economically viable biorefinery feedstock. An efficient biorefinery using
algae can only be constructed through its integration with other industries [19].

2.1. Microalgae as raw material for a biorefinery implementation

Algae are a polyphyletic group of organisms (including organisms that do not have the same
origin, but are multiple, independent evolutionary lines) that comprise both, unicellular and
multicellular forms and both, prokaryotes and eukaryotes, which are able to capture light
energy through pigments (such as chlorophylls, carotenoids, anthocyanins and phycoery-
thrinsphycobilins) that are necessary to carry out photosynthesis [20, 21]. The classification of
algae has five main branches: chromista (brown algae, golden brown algae and diatoms), red
algae, dinoflagellates, euglenids and green algae [21]. Microalgae can be eukaryotic (Chloro-
phyta, Rhodophyta and Bacillariophyta) or prokaryotic (Cyanophyta) [3]. Microalgae are a
large group of microscopic algae that are considered primary producers on a global scale, and
are involved in all marine and freshwater ecosystems [15, 22]. Microalgae are the largest
autotrophic microorganisms of plant life taxa in the world. The biodiversity of microalgae is
enormous and they represent an almost untapped resource. It has been estimated that about
20,000–800,000 species exist of which about 40–50,000 species are described [23, 24]. The
biomass produces three major biochemical components by de novo synthesis consisting of
lipids, proteins, carbohydrates, pigments and others.

The proposal to use microalgae for biofuels production is not new and was first suggested in
the 1940s–1950s. In the 1970s, the large-scale cultivation of microalgae for producing sustain-
able liquid fuels was previously investigated and in the 1990s extensive research was carried
out, especially at the Solar Energy Research Institute in Golden, Colorado, USA [3, 4, 9, 25].

Specifically, microalgae production offers the potential for the production of high-value
compounds, products for human and animal nutrition, bioactive compounds, fluorescent
pigments, stable-isotope biochemicals, drug screening, microalgal recombinant proteins,
cosmetics, biofertilizers and wastewater treatment, nitrogen fixing, CO2 mitigation and bio-
energy production [2, 9, 21, 25–28]. In this manner, these microscopic organisms have been
taken into consideration as a feedstock for the production of renewable biofuels such as
bioelectricity, methane produced by anaerobic digestion of the algal biomass, biohydrogen
produced under anaerobic conditions, bioethanol (sugar fermentation) and biodiesel de-
rived from microalgal oil [3, 4, 25, 27, 29, 30]. The environmental factors such as illumina-
tion, temperature, the amount of nutrients and the salinity affect the photosynthesis and
the productivity of the cellular biomass by influencing the pathway and the activity of the
cellular metabolism [31, 32].
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2.2. Open pond culture systems

Microalgae can be grown in open ponds or in closed systems named photobioreactors. The
use of open systems to produce biofuel feedstock is 2.5-times less expensive than using
photobioreactors [33]. For that reason, open systems are currently the preferred option for
large-scale bioprocessing. There are many types of open ponds used for microalgae cultivation
such as raceway, shallow ponds or circular ponds. Raceway pond is the most common open
system due to its potential to produce large quantity of microalgae. In a raceway pond system,
the cultures are circulated around a race track by using paddle wheels. This will keep the
microalgae suspended in the medium and allow the utilization of CO2 from the atmosphere;
CO2 can also be injected into the medium. The pond is shallow to allow the light penetration
into the pond, which in turn maximizes the light exposure of the microalgae for photosynthesis.
Open systems make it possible to reduce production costs, this is mainly due to the greater
investment required for closed photobioreactors, which increases the depreciation costs
(making up as much as 78% of the total microalgae production cost) and also due to the greater
power consumption of closed photobioreactors, which likewise increases the operational
costs [34]. By using open reactors both the depreciation and the operating costs are reduced.
At the same scale and under the same conditions as those considered for tubular photobior-
eactors, the microalgae production and the reactor costs are reduced almost 4 and 20 fold,
respectively, for raceway reactors [35].

The temperature and light irradiance variations are practically impossible to control in outdoor
cultures [10]. Such fluctuations can affect microalgal growth at the point to collapse the whole
culture [36]. Furthermore, contamination by predators, protozoa, ciliates and other fast
growing heterotrophic bacteria have restricted the commercial production of algae in open
systems to only those organisms that can grow under specific conditions such as high pH [37],
hyper-saline cultures [26] or where suitable irradiance is available. For all these reasons, a
crucial factor for the success in culturing open systems is to choose a microalgal strain with
the ability to grow in a selective medium, in outdoor environmental conditions with relatively
constant productivities [38, 39].

The operational mode of the open systems is important to be considered. The main cultiva-
tion modes are in batch, fed-batch, continuous and semicontinuous culture (SCC). The SCC
consists of periodic withdrawals of volume from the culture and the removed volume is
reinstated with fresh medium. This culture mode is propitious for long-term outdoor cul-
tures, because the growth is maintained in log phase, it avoids the shading effect caused by
high cell density [40] and allows the inoculum and biomass availability during each har-
vesting cycle [41].

SCC cultures have been studied for wastewater removal [42], CO2 fixation [43, 44] and to
enhance biomass productivity in several microalgae species [40, 45, 46], but little work has
been published on long-term pilot-scale open systems concerning its effect on the fatty
acids methyl esters (FAMES) content, which are the feedstock for microbial biodiesel pro-
duction.
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2.3. Environmental factors and their effect on the microalgal growth

The microalgal growth depends on the availability and efficient utilization of light. A lack of
an adequate illumination exerts a negative effect on the productivity, growth and other
parameters such as lipids content. The microalgal may be in the respiration phase in the
absence of light, in the limiting phase when the illumination is not enough, in a saturation
phase if there is a maximum photosynthetic yield or they may be in an inhibition phase due
to the suppression of the photosynthetic activity caused by an excess of light (photoinhibition)
[47]. High temperatures and concentrations of dissolved O2, low CO2 concentrations, as well
as a high intensity in illumination and a high pH in the medium, all promote an increase in
the photorespiration [48].

The illumination can be supplied to the microalgal culture either by the sun light or by using
artificial light such as fluorescent lamps, LEDs, optic fibers, etc. The sources of artificial light
may be modified for a specific wavelength emission that leads to metabolic and physiological
changes in the microalgae. For a large scale microalgal culture, the utilization of the sun light
is recommended in order to operate at a low cost that allows a positive energetic balance. The
utilization of artificial sources of light may be necessary for the production of high-value
products, but in general, artificial light at large scale should be avoided [49].

2.3.1. Temperature

An adequate temperature is necessary for a microalgal photosynthetic activity in which there
are no modifications either in the biochemistry or the physiology of the microalgae. The
optimum temperature range at which the microalgal growth is between 20 and 25°C for
mesophilic microalgal. The thermophilic strains can be cultured at 40°C and the psychrophilic
strains can grow at 17°C. The computational modeling designed to estimate the effect of the
temperature on the microalgal growth demonstrates that the temperature control at large scale
is even more expensive due to the energetic requirement to control the temperature than the
energy that eventually could be produced from the microalgal production (e.g. this is the case
in the biodiesel production) [38]. The temperature is one of the most difficult factors to be
optimized in the open culture systems due to climatic variations and the seasonal changes.
This fact may cause a possible decrease in productivity [50].

2.3.2. Nutrients

A culture medium for microalgal culturing must contain all of the following: a carbon
source, which makes up to 50% of the microalgal biomass. Nitrogen (N), which corre-
sponds to approximately 5–10% dry weight basis of the biomass. Phosphorous (P), which is
a component of the DNA, RNA, ATP and the cell membrane. Sulfur (S), which is a compo-
nent in certain amino acids, vitamins and sulfolipids and is involved in the synthesis of
proteins. Potassium (K), which is a cofactor for several enzymes and plays an important
role in the osmotic regulation and the synthesis of proteins. Magnesium (Mg), which is
found in the core of the chlorophyll molecule andiron (Fe), which is important during the
assimilation of nitrogen and is part of the cytochromes. The trace metals, salts and organic
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components in addition to the other elements mentioned above can be manipulated in or-
der to modify the production of certain desired metabolites [51]. The utilization of waste-
water that is rich in N and P as culture medium for microalgae is an economical
alternative. Wastewaters can come of sectors such as domestic, commercial-service, indus-
trial and agricultural [52]. One of the advantages that wastewater offers as a culture medi-
um is the possibility of recovery and utilization of inorganic compounds simultaneous to
the production of recycling or groundwater recharge water streams [53].

2.3.3. Salinity

An excess of sodium ions (Na+) leads to a saline stress, whereas an osmotic stress may imply
the presence or absence of sodium ions. An accumulation of Na+ and chloride (Cl−) ions causes
an ionic imbalance in the cell. This decreases the capability to absorb minerals such as K,
calcium (Ca2+) and manganese (Mn2+) [54]. Under a saline stress, the microalgae present change
their metabolism in order to protect themselves from the osmotic damage. The salt concen-
tration that can be tolerated by microalgae, bacteria and cyanobacteria is up to 1.7 M in marine
medium [55].

2.4. Selection of the microalgal strain

The selection of the microalgal strain is of upmost importance because each strain has different
and specific features. Microalgal strains may be acquired through a specialized collection or
they can be isolated from extreme environments. The species isolated from local places present
a better adaptation capability and often times can be adapted and grown under adverse and
changing conditions and therefore, they tend to survive and grow under stressful conditions
even better than the microalgae coming from specialized collections [56]. The biomass of the
microalgae can be used in several forms. Biogas can be obtained from the anaerobic digestion
of the biomass and the lipids are treated for a transesterification in order to produce biodiesel.
The carbohydrates can be used to produce ethanol or butanol, whereas the biomass can be
treated thermochemically or by gasification to obtain bio-oil [57]. The decision on the type of
microalgae to use depends on its composition and the type of biofuel and other desired
valuable products that need to be produced or that are of interest (Table 1).

Microalgal species Mode of

cultivation

BR Biomass

productivity

(mg L−1 d−1)

Carbohydrates

(%)

Proteins

(%)

Lipids

(%)

Ref.

Stichococcus sp. Batch Erlenmeyer flasks 167.00 40.63 26.25 11.56 [58]

Scenedesmus obliquus Batch 1-L glass vessel 840.57 46.65 – 22.4 [59]

Scenedesmus obliquus Semibatch 1-L glass vessel 883.80 52.90 – – [60]

Scenedesmus bijugatus SCC Vertical tubular 260.00 26.00 – 24 [61]

Chlorella vulgaris Semibatch Vertical tubular 268.10 – 52.2 – [62]
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Microalgal species Mode of

cultivation

BR Biomass

productivity

(mg L−1 d−1)

Carbohydrates

(%)

Proteins

(%)

Lipids

(%)

Ref.

Chlorella sp. Batch Vertical tubular 154.48 – – 21.27 [63]

Chlorella ellipsoidea Batch Bubble column 31.55 – 41.75 – [64]

Chlorella variabilis Batch Raceway 113.33 – – 10 [65]

Chaetoceros muelleri – Fiberglass cylinders – 12.7–19.3* 46.9–64.4† 22.1–33.2‡ [66]

Graesiella sp. SCC Raceway 36.00 – – 33.4 [39]

*Winter, 18–19.3; spring, 15.2–15; summer, 12.7–13.6%.
†Winter, 49.3–46.9; spring, 54.2–56.3; summer, 59.2–64.4%.
‡Winter, 30.3–33.2; spring, 29.5–28.2; summer, 24, 22.1%.

Table 1. Microalgal strains for the production of biofuels and high-value products.

In this work, the marine microalgae Scenedesmus sp. SCX2 was grown in 2000 L raceway ponds
under greenhouse conditions and was used to study the effect of semicontinuous culture mode
during summer and autumn seasons on biomass, protein, pigments, sugar and lipid produc-
tion.

3. Semicontinuous culture of Scenedesmus sp. SCX2 in RW under
greenhouse conditions

3.1. Materials and methods

The cultivation system of the microalgae Scenedesmus sp. SCX2 was performed in semicontin-
uous culture in 2000 L raceway ponds employing Bold’s basal medium (BBM), for 123 days
(eight harvesting cycles) during summer and autumn seasons both under greenhouse
conditions. Over the SCC, we monitored biomass concentration, lipid, protein, pigments and
sugar production, light irradiance, culture temperature, greenhouse temperature and nitrate
and ammonium concentrations in the medium as described in the following sections.

3.1.1. Microalgal strain and growth conditions

Scenedesmus sp. SCX2 strain was acquired from the Centro de Investigación Científica y de
Educación Superior de Ensenada (CICESE). Prior to use it, the strain was grown autotrophi-
cally and axenically in BBM medium in a 1 L photobioreactor (PBR) with a working volume
of 0.9 L, and bubbled with air at a constant flow rate of 0.5 vvm and then in 20 L PBR. The PBR
was illuminated with a light intensity of 180 μmol photons m−2 s−1 on the surface of the reactor
by using cool white fluorescent tubes, with a photoperiod of 12 h of light:12 h of darkness and
the temperature was maintained at 24 ± 1°C.
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3.1.2. Raceway pond cultures

The open channel raceway reactors dimensions are: two 3.1 m channels, each of 0.72 m wide
and connected by 180° bends at both ends to give a total surface area of 6.1 m2. The raceways
were constructed with fiberglass and the culture was circulated and mixed by a two paddle
wheel system at a superficial flow velocity of 0.3 ms-1. The operation volume was 1400 L, with
a culture medium depth of 0.24 m. The cultures were conducted under greenhouse conditions.
The light irradiance and greenhouse temperature were recorded with a data logger T&D
RTR-500; the culture temperature was recorded with a data logger T&D RT-200. Additionally,
temperature, pH, turbidity, NO3

−, NH4
+, conductivity and dissolved oxygen were continuously

determined with HYDROLAB DS 5 (Hach) probe. The harvesting cycles were carried out on
day 14 or 16, and to do so, half of the culture volume was removed and replaced with the same
volume of fresh medium. Water losses due to evaporation were quantified and replaced
periodically. The experiments were conducted under greenhouse conditions in Mexico City,
Mexico (19.513°N, 99.126°W).

3.2. Analytical methods

3.2.1. Biomass determination

Biomass was determined by absorbance at 600 nm and dry biomass gravimetrically with a
thermobalance. The sample was filtered through a glass microfiber membrane (Ahlstrom,
4.7 cm diameter, 0.7 μm pore size) to constant weight.

3.2.2. Determination of nitrate concentration

The nitrate concentration in the culture medium was determined as in Ref. [67] by using 0.5 mL
of culture supernatant obtained after centrifugation of a microalgal culture sample at 3823×g
for 10 min, then this supernatant was placed in a test tube and dried at 100°C for 12 h in an
oven Riossa H62. A 0.5 mL portion of diphenyl sulfonic acid was added to the dry sample
followed by the addition in four pulses of 2.2 mL of 12N KOH during constant mixing. A mix
of 100 μL of supernatant with 900 μL of distilled water was read at 410 nm in a spectropho-
tometer GENESYS 10S UV-vis (Thermo Scientific, USA). A standard curve with the culture
medium was prepared within a range of 0–500 mg L−1 of NO3

− as NaNO3, to obtain the nitrate
concentration.

3.2.3. Quantitative lipid determination and FAMEs determination

Cell disruption, lipid extraction, quantitative lipid and lipid composition, determined as fatty
acid methyl esters (FAMEs) by gas chromatography after direct lipid transesterification, were
realized as in Ref. [68].

3.2.4. Pigment content

Carotenoids and chlorophylls were measured according to the protocols and the equations
obtained by Ref. [69]. Culture samples of 1.5 mL were centrifuged for 5 min at 17,000×g, after
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volume of fresh medium. Water losses due to evaporation were quantified and replaced
periodically. The experiments were conducted under greenhouse conditions in Mexico City,
Mexico (19.513°N, 99.126°W).

3.2. Analytical methods

3.2.1. Biomass determination

Biomass was determined by absorbance at 600 nm and dry biomass gravimetrically with a
thermobalance. The sample was filtered through a glass microfiber membrane (Ahlstrom,
4.7 cm diameter, 0.7 μm pore size) to constant weight.

3.2.2. Determination of nitrate concentration

The nitrate concentration in the culture medium was determined as in Ref. [67] by using 0.5 mL
of culture supernatant obtained after centrifugation of a microalgal culture sample at 3823×g
for 10 min, then this supernatant was placed in a test tube and dried at 100°C for 12 h in an
oven Riossa H62. A 0.5 mL portion of diphenyl sulfonic acid was added to the dry sample
followed by the addition in four pulses of 2.2 mL of 12N KOH during constant mixing. A mix
of 100 μL of supernatant with 900 μL of distilled water was read at 410 nm in a spectropho-
tometer GENESYS 10S UV-vis (Thermo Scientific, USA). A standard curve with the culture
medium was prepared within a range of 0–500 mg L−1 of NO3

− as NaNO3, to obtain the nitrate
concentration.

3.2.3. Quantitative lipid determination and FAMEs determination

Cell disruption, lipid extraction, quantitative lipid and lipid composition, determined as fatty
acid methyl esters (FAMEs) by gas chromatography after direct lipid transesterification, were
realized as in Ref. [68].

3.2.4. Pigment content

Carotenoids and chlorophylls were measured according to the protocols and the equations
obtained by Ref. [69]. Culture samples of 1.5 mL were centrifuged for 5 min at 17,000×g, after
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which the supernatant was removed. The cells were suspended in 1.5 mL of methanol and
incubated at 45°C in the dark during 30 min. The tubes were centrifuged (17,000×g/5 min) and
the methanol extract was transferred into plastic cuvettes for measurement at 470, 653, 666 and
750 nm. Carotenoids and chlorophyll A (Chla) and B (Chlb) concentrations were estimated
according to the following equations (Eqs. 1–4):

( ) ( )1
666 653chl g mL 15.65 ABS 7.34 ABS ,a -é ùm = -ë û (1)

( ) ( )-é ùm = -ë ûb 1
653 666chl g mL 27.05 ABS 11.21 ABS , (2)

( ) ( ) ( )4701 1000 ABS 2.86 chl 129.2 chl
Total carotenoids g mL ,

221
- - -

é ùm =ë û
a b

(3)

1Total pigments g mL chl chl total carotenoids.-é ùm = +ë û a b + (4)

3.2.5. Total sugars

A sample of 5 mg of dried algae was added to 1 mL of 2 N HCl. Hydrolysis was achieved by
heating this mixture at 100°C for 120 min. Then total sugars were quantified by the Dubois
method [70].

3.2.6. Proteins

A sample of 5 mg of dried algae was added to 1 mL of 1 N NaOH. Hydrolysis was achieved
by heating this mixture at 100°C for 120 min. Then proteins were quantified by the Bradford
method [71].

All the samples were analyzed in triplicate. The average productivity referenced in [72] was
calculated for biomass, lipid, total pigment and sugar and protein content, at the end of every
cycle of culture. Productivity is defined as the milligram of product per liter of media per day.

3.3. Results and discussion

The aim of implementing an autotrophic microalgal culture in outdoor conditions was to take
advantage of solar energy to convert CO2 into organic compounds through photosynthesis
and then to produce biomass, lipids, proteins, pigments and sugars. The Scenedesmus sp. SCX2
culture was performed using BBM medium, under semicontinuous mode, into a raceway
reactor of 2000 L. The first culture cycle was considered as an adaptation period. The major
growth was observed in the second and third cycles; then the growth was decreasing gradually
in subsequent cycles (Figure 1). This was certainly due to the weather conditions; in our
research group we have observed an increase in biomass with the sequenced cycles [73]. In the
second and third cycles, the volumetric biomass productivities of 53 and 5 mg L−1 d−1 were
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obtained, respectively, without significant differences between them. These were 15 and 11%
higher than volumetric biomass productivity achieved in cycle 1 (Figure 2) and up to 50%
higher than volumetric biomass productivity obtained in the last two cycles. Ref. [36] reported
a volumetric biomass productivities of 30–260 mg L−1 d−1 with Scenedesmus sp. and all produc-
tivities obtained in this work are within this range. Areal biomass productivities obtained at
the end of the second and third cycles were 12 and 11.5 g m−2 d−1, respectively, which were 40%
higher than that reported for Chlorophyta sp. and similar to the areal biomass productivity
obtained with Chlorella sp. [74], both microalgae grown in semicontinuous mode in raceways
(0.986 m2), under greenhouse conditions. In addition, higher productivities of this work were
half of that obtained by Ref. [35] with Scenedesmus sp. cultivated in semicontinuous mode in a
raceway of 32 m2 and CO2-enriched aeration.

Figure 1. Scenedesmus sp. SCX2 growth and nitrate consumption during the eight cycles of culturing under semicontin-
uous mode in a raceway of 2 m3 with 1.4 m3 of medium, under greenhouse conditions.

The first two cycles were developed in the late summer while the other cycles were developed
in the autumn, which explains the gradual decrease in both irradiance culture temperatures
(Table 2); which decreased the biomass productivities (Figure 2). Temperatures of the culture
of this work were within the range reported by Ref. [75] for the culturing of Scenedesmus sp.
between 10 and 30°C.
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Figure 2. Biomass and lipid productivities from Scenedesmus sp. SCX2 cultivated during the eight cycles of culturing
under semicontinuous mode in a raceway of 2 m3 with 1.4 m3 of medium, under greenhouse conditions.

Cycle Month

(2015)

Maximal

irradiance

(μE m−2 s−1)

Average

temperature

(°C)

Protein

productivity

(mg L−1 d−1)

Sugar

productivity

(mg L−1 d−1)

Pigment

productivity

(mg L−1 d−1)

1 Aug 1251.1 22.0 2.5 ± 0.02 19.2 ± 2.3 1.1 ± 0.07

2 Sep 1279.3 24.7 3.0 ± 0.01 14.8 ± 2.5 1.4 ± 0.11

3 Sep–Oct 1076.3 18.9 2.9 ± 0.01 11.9 ± 1.0 1.3 ± 0.17

4 Oct 1053.5 18.9 2.4 ± 0.02 10.8 ± 0.7 0.8 ± 0.00

5 Oct–Nov 1090.4 18.5 1.1 ± 0.02 12.2 ± 3.5 0.8 ± 0.03

6 Nov 1066.8 18.5 0.8 ± 0.02 9.0 ± 0.9 0.5 ± 0.07

7 Nov–Dec 894.3 17.0 0.8 ± 0.01 11.3 ± 2.0 0.5 ± 0.03

8 Dec 893.2 15.6 0.8 ± 0.01 5.6 ± 0.3 0.4 ± 0.01

Table 2. Irradiances, temperatures and productivities corresponding to the eight cycles of Scenedesmus sp. SCX2 culture
in the semicontinuous mode.
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Lipid production is very important, because lipids are the raw material for biodiesel synthesis
by the transesterification reaction. Higher lipid productivities were obtained in the first and
second cycles with 17.7 and 17.1 mg L−1 d−1 (Figure 2). The maximum lipid content in the
biomass was obtained in the first cycle with 38.4%, which was threefold higher than lipid
content obtained by Chlorella variabilis grown in a raceway with working volume 450 L [65]
and 30% higher than that reported by [76], who cultivated Scenedesmus sp. in Erlenmeyer flasks
with an operation volume of 800 mL and irradiance of 400 μE m−2 s−1 at 23°C, using culture
media supplemented with nitrogen and phosphate sources, and even vitamins, in different
concentrations. In the other culture cycles, the lipid productivities were lower without
significant differences among them, with an average lipid productivity of 10.9 mg L−1 d−1.

After carbon, nitrogen is the most important nutrient for the microalgae, which is assimilated
in the form of NO3

− or NH4
+ [77–79]. During the semicontinuous mode, the NO3

− was always
present in the culture medium, and it was not fully assimilated in any cycle (Figure 1).
Approximately 50% of the initially added NO3

− for each cycle was consumed in the first six
cycles; therefore, none of the cycles reached nitrogen limitation. Nitrate concentration never
was less than 68 mg L−1 (Figure 1). In general, no effect between NO3

− uptake and lipid
productivity was observed, insomuch as the NO3

− uptake was practically the same in each cycle
and the lipid productivity decreased as the semicontinuous culture was progressing. The most
significant change was in the last two cycles, when the NO3

− uptake by Scenedesmus sp. was
only 44% (Figure 1) and the lower productivities of biomass, lipids (Figure 2), proteins, total
pigments and sugars were obtained (Table 2).

The pH of the culture is influenced by several factors such as algal productivity, photosynthesis
and ionic composition of the culture medium [79, 80]. The pH is one of the most important
factors in the microalgal culture because it determines the solubility and availability of CO2

and essential nutrients, which has a significant impact on the microalgal metabolism [81].
Generally, a proportional relationship between biomass and pH was observed. In the first three
cycles, a pH range of 9.1–11.3 was obtained, which is an advantage insomuch as with high pH
values. Only few microorganisms can grow in these pH ranges and a non-contaminated
microalgal culture could be guaranteed; however, with pH values above 8.5 the availability of
inorganic carbon (CO2 and HCO3

−) is limited and the growth of microalgae is affected [82]. In
this work, higher pH values (around 11) were achieved in the first two cycles; nevertheless,
the pH had no negative effect on microalgal growth. From the third cycle forward, the pH
oscillated in a range of 8.7–10.5, which allowed a greater availability of CO2; however, it was
not reflected in the biomass increase.

In regard to the protein content, it was proportional to the biomass content. The higher protein
productivities were obtained in the first four cycles; the maximum productivity was achieved
in the second cycle with 3.0 mg L−1 d−1. From the fifth cycle forward, the protein productivity
decreased 61% and in the last two cycles it decreased until 75% from the productivity reached
in the second cycle (Table 2). It was report that Scenedesmus dimorphus has a protein content
from 8 to 18% (dry weight basis) [83], and in this work the highest protein content was 5.6%,
this was achieved at the end of the second cycle. Ref. [84] obtained six and four times more
protein with Scenedesmus sp., respectively, that protein content achieved in this work, at the
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end of the second cycle. Scenedesmus sp. was cultured in asbestos tanks, with an operation
volume of 150 L and natural lighting, using fertilizer (Nitrofoska Foliar) and residual water
fish.

The maximum total sugar productivity (19.2 mg L−1 d−1) was obtained in the first cycle
(Table 2). Total sugar productivities of the other cycles were declining gradually over time. It
has been reported that Scenedesmus sp. can present a total sugar content of 50% (dry weight
basis) [85], similar to what it has been achieved in this work (41.7%). Total pigments presented
a similar behavior to the microalgal biomass, insomuch as the first three cycles presented
higher productivities. The highest total pigments productivity was achieved in the second
cycle (1.4 mg L−1 d−1). For the fourth cycle, the total pigment content decreased by 40% and
continued to decrease during the subsequent cycles to reach a productivity of 0.4 mg L−1 d−1 in
the eighth cycle (Table 2).

The most abundant FAMES were palmitic acid (C16:0), stearic acid (C18:0) and palmitoleic
acid (C16:1 ∆9). In several studies C18:0 is usually found in low concentration in microalgae
and C16:0, C18:1 and C18:3 are the major fatty acids [86–88].

3.4. Conclusions

Higher productivities of biomass, lipids, proteins, total sugars and pigments were obtained in
the first two and three cycles of cultivation, which covered a period of culturing between late
summer and early autumn, when the irradiation and temperatures stimulated the Scenedesmus
sp. SCX2 growth. A Scenedesmus sp. SCX2 culture was maintained under semicontinuous mode
during 123 days (eight cycles) without NO3

− limitation, with an average volumetric biomass
productivity of 44 mg L−1 d−1. The maximum content of protein, sugars, lipids and pigments
was 5.6, 41.7, 38.4 and 2.4%, respectively. The lipid productivity decreased after the third cycle
by almost 42%. The lowest lipid productivity was obtained in the eighth cycle and decreased
by 53% compared with the highest lipid productivity. The total sugar productivity varied
throughout of the experiment and decreased by 70% in the eighth cycle, compared with the
highest productivity obtained in the first cycle. The maximum productivities of lipids and total
sugars were obtained in the first cycle at 22°C and an irradiance of 1251.1 μE m−2 s−1. The
frequency of renewal of the semicontinuous culture can be reduced to increase the productiv-
ities and diminishing the contamination of the culture due to other microorganisms.
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Abstract

This chapter presents the results of a multiannual systematic research and development 
of essentially new environmental safety technology of overlapping tailing pond mod‐
elled in terms of Vojany thermal power plant (EVO), Slovakia. Re‐cultivated tailing area 
can be used to produce biomass (Swedish willow) and this biomass is used again for 
subsequent incineration with coal. Laboratory and small plot experiments conducted 
directly in the tailing pond area resulted in the development of another new dimension 
of environmental technology of decontamination of tailing ponds. This technology con‐
nects technical, safety, economical and environmental effects for biomass production.

Keywords: biomass, willow, tailing pond, re‐cultivation, energy

1. Introduction

Nowadays the world is facing a global problem, which has an effect of plants on the environ‐
ment. Slag (dross ashes mixture) and fly ash are formed by the combustion of coal. In the 
wider vicinity of power plants, it is a waste that burdens the environment. The problem of 
landfill sites must be effectively addressed because they are in terms with the landscape sta‐
bility and severe environmental and safety problems.

There is a real danger of breaking up the dam especially, in the case of dumping large 
quantities of such wastes in an area of huge tailings ponds. Therefore, it can have serious 
consequences on the population, components of the environment and property, in gen‐
eral. The tailings ponds are stores of very fine waste containing significant amounts of 
water. Their mobility from the pond is high, if they are released. Subsequently, they can 
have trans‐boundary impacts, also impact on the landscape areas and protected areas of 
European importance because they migrate long distances, particularly over the surface 
water flows.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Especially by using environmentally sound technologies, it is necessary to ensure adequate 
management of these wastes, for security and long‐term stability of tailing ponds.

2. Tailing ponds

2.1. Tailing ponds in the Middle Europe

Industrial production generates some kind of waste (by‐product) toxic substance, which 
contaminates the sites and often degrades the surroundings of human living including air, 
ground water and surface.

From the viewpoint of environmental safety of deposited materials, there are 56 tailing ponds 
of various levels and types in Slovakia (Figure 1). They are in different stages of their exis‐
tence or life cycles (Tables 1–3). They contain mainly wastes from coal gangue, ore process‐
ing products (floating sludge), heating plants (slag, ash) and power plants. Safe closing or 
re‐cultivation of tailing ponds is a current problem in the Slovak Republic and also for the 
environmental safety in Europe because generally the tailing ponds, as watery building con‐
structions, are considered immensely dangerous objects, in terms of environment [1].

Types of tailing ponds in Slovakia:

• 15 with ash material,

• 27 with ore and

• 14 others (industrial).

Figure 1. Registered tailing ponds in Slovakia.
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No. Name Place District Category

1. Tailings pond ENO— new Zemianske Kostol'any Prievidza I

2. Tailings pond ENO —old Zemianske Kostol'any Prievidza II

3. Tailings pond ENO Bystričany —Chalmová Prievidza II

4. EVO Vojany Vojany ‐ Drahnov Mihalovce II

5. Tailings pond KAPPAs. Štúrovo‐ časf’ Obid Nové Zámky II

6. Martin—old tailings pond Martin Martin II

7. Martin—new tailings pond Bystrička Martin II

8. Tailings pond Poša Poša‐Nižný Hrabovec Vranov n. T. II

9. Tailings pond Snina Snina Snina II

10. Tailings pond DUSLO Tmovec n. Váhom, Šal'a II

11. Tailings pond Žilina Bytčica Žilina II

12. Tailings pond Košice Krásna nad Hornádom Košice III

13. Sered' Dolná Streda Galanta III

14. Zvolen Zvolen Zvolen III

15. Ash tailings pond Homé Opatovce Žiar n. H. III

Table 1. The list of ash tailing ponds in Slovakia.

No. Name Place District Category

1. Hačava Hačava Rimavská Sobota II

2. Hodruša Hámre Hodruša Hámre Ziar nad Hronom II

3. Jelšava Jelšava Rožňava II

4. Nižná Slaná Nižná Slaná Rožňava II

5. Rudňany Závadka Spišská Nová Ves II

6. Sedem žien Banská Belá Žiar n. Hronom II

7. Tailings pond Slovinky Slovinky Spišská Nová Ves II

8. Baňa Cígel' II. Sebedražie Prievidza III

9. Dúbrava 01 Dúbrava Liptovský Mikuláš III

10. Dúbrava 02 Dúbrava Liptovský Mikuláš III

11. Dúbrava 03 Liptovský Mikuláš Liptovský Mikuláš III

12. Žiar nad Hrouom Žiar n. H. Žiar n. H. III

13. Košice – Bankov Košice Košice III

14. Lintych B. Štiavnica B. Štiavnica III

15. Pezinok Pezinok Pezinok III

16. Podrečanv Podrečany Lučenec III
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According to the summary records of water cannons, 28 tailings of I–IV categories were 
located in the Czech Republic as on 1.1.2014, all listed in the following Table 4.

Not only red mud is produced in tailings, but there are also ash and uranium tailings in 
Hungary. Some of them are already being re‐cultivated and prepared for liquidation. In 
Hungary, there are 20 tailing ponds as characterised below, in Table 5.

No. Name Place District Category

1. Čifáre Čifáre Nitra II

2. Bukocel Hencovce Vranov n. T. III

3. Dubová Dubová B. Bystrica III

4. Novácke odkalisko 7 Nováky Prievidza III

5. Stabilizačný násyp Handlová Handlová Prievidza III

6. Odkalisko ČOV Sokol'anv Sokol'any‐Bočiar Košice IV

7. Fámeš Pastuchov Hlohovec IV

8. Plešivec‐ Gemerská Hôrka Plešivec Rožňava IV

9. Nádrže oceliarenských kalov Vel'ká Ida Košice IV

10. Mokrá halda Vel'ká Ida Košice IV

11. Novácke odkalisko 6 Nováky Prievidza IV

12. Sal'a RSTO Sal'a Galanta IV

13. Šulekovo Šulekovo Trnava IV

14. Veronika Dežerice Topol'čany IV

Table 3. The list of industrial tailing ponds in Slovakia.

Table 2. The list of ore tailing ponds in Slovakia.

No. Name Place District Category

17. Smolník Smolník Spišská Nová Ves III

18. Široká Široká Dolný Kubín IV

19. Baňa Cígel' I. Sebedražie Prievidza IV

20. Košice Bankov Košice Košice IV

21. Horná Ves (Kremnica) Horaá Ves Žiar nad Hronom IV

22. Hronský Beňadik, Hronský Beňadik Nová Baňa IV

23. Lubeník Jelšava Rožňava IV

24. Pezinok Pezinok Pezinok IV

25. Rožňava Rožňava Rožňava IV

26. Sered' Sered' Galanta IV

27. Špania dolina Špania dolina B. Bystrica IV
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On the presented maps (Figures 1–3.) are shown tailing ponds of middle European coun‐
tries—Slovakia, the Czech Republic and Hungary. Even though Slovakia is the small‐
est country, it has the most tailing ponds (56) compared to the Czech Republic (28) and 
Hungary (20). Of course, this is also closely related with ‘energy policy’ of individual 
countries.

No. Name Place Category

1. Hodějovice České Budějovice III

2. Mydlovary České Budějovice III

3. Zbrod North 1/4 Hodonín III

4. Nové Chalupy Karlovy Vary III

5. Tailing ponds Π. Ostrov III

6. Dolní Radechová Náchod III

7. Debrné Trutnov III

8. Odkaliště TDK IV/3 Trutnov III

9. Stráž p. Ralskem Česká Lipa II

10. Dřiteč Pardubice III

11. Lhotka Pardubice II

12.. Semtín no. 7 Pardubice II

13. Chvaletice I. Přelouč III

14. Božkov Plzeň III

15. Panský les Mělník II

16. Odkaliště Spolana Neratovice III

17. Bvtíz Přibram III

18. Rýzmburk Vlašim III

19. Ušák Kadaň II

20. SEPAP no. 4 Litoměňce III

21. Třískohipy Louny III

22. Barbora III. Ústi nad Labem III

23. Užin ‐ old tailing ponds Ústi nad Labem III

24. Dolni Rožinka Bystřie nad Pemštejnem II

25. Zlatkov Bystřice nad Pemštejnem II

26. Tailing ponds Synthesia a.s. Pardubice IV

27. Tailing ponds Mladá Boleslav IV

28. Ústí – new tailing ponds Ústi nad lab em IV

Table 4. The list of registered tailing ponds in the Czech Republic.
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It is shown on the maps that locations of tailing ponds in Slovakia and the Czech Republic 
are distributed almost equally on the whole area of the countries. In Hungary, tailing 
ponds are placed mostly in the northern part of the country, near the border with the 
Slovakia.

The present tailing ponds are still considered environmentally dangerous and are also expen‐
sive to maintain; therefore, nowadays, a higher attention is given to them in Slovakia. This is 
demonstrated by the example. There was an accident in the Hungarian village Ajka, where 
on 4 October 2010, the dam pond broke after heavy rains. Subsequently, more than 0.7 mil‐
lion cubic meters of toxic mud struck in seven towns and villages and red sludge flooded the 
neighbourhood. The environmental disaster has claimed up to 10 human victims and over 
150 people were injured and it destroyed dozens of homes. Other accidents at tailings ponds 
that are fatal and environmental devastation are shown in Table 6. Therefore, the discussion 
about closing these ponds is very important.

No. Name Type

1. Pellérd Uranium

2. Ajka Red mud

3. Almásfüzítő Red mud

4. Kurityán Red mud

5. Mosonmagyaróvár Red mud

6. Neszmély Red mud

7. Bokod Ash

8. Borsodnádasd Ash

9. Borsodszirák Ash

10. Estergom/Dorog Ash

11. Dunaújváros Ash

12. Gyöngyösoroszi Ash

13. Inota Ash

14. Kazincbarcika Ash

15. Múcsony Ash

16. Pécs Ash

17. Tatabány/Bánhida Ash

18. Tiszapalkonya Ash

19. Tiszaújváros Ash

20. Visonta Ash

Table 5. The list of tailing ponds in Hungary.
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Figure 3. Registered tailing ponds in Hungary.

Figure 2. Registered tailing ponds in Czech Republic.
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For member countries, the European Union currently allocates huge funds in development 
projects. This is to prevent and rectify environmental damage; hence, the restoration and 
rehabilitation of tailing ponds dross ashes biological mixtures are important [1].

2.2. Tailing pond of EVO Vojany

The biggest fossil fuel plant in Slovakia is Vojany power plant, where mainly semi‐anthracite 
coal from Ukraine and Russia is used as the fuel. Currently, for disposal of waste products 
from coal combustion the plant operates two facilities:

Figure 4. Filling tailing pond.

Town (Country) Date Number of death Type of pond

Zemianske Kostol’any 
(Slovakia)

26.5.1965 4 Ashes from heat power plant

Stava (Italy) 19.7.1985 268 Fluorite sludge

Harmony (South Africa 
Republic)

6.2.1994 10 Cyanide pond

Placer (Philippines) 2.9.1995 12 Sludge

Ajka (Hungary) 4.10.2010 10 Red sludge

Table 6. Examples of tailing ponds from the world of accidents resulting in death.
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• dump with stabilisation material tailing,

• tailing ponds with dross ashes mixture.

Coal combustion products that are hydraulically transported are stored with stabilisation 
material in the tailing pond with two cassettes of dross ash mixtures (cassette no. 1 is already 
closed) (Figure 4). Stabilisation material is a by‐product of the desulphurisation of power 
plant technology and combustion processes [2].

Safety and operation oversight within the relevant legislation of tailing pond of EVO plant 
Vojany are needed because it is a water work. On the verge of PLA Latorica, on the left bank of the 

Area of base Cassette No. 1—47.2 ha

Cassette No. 2—48.1 ha

Overall capacity of stock ash Cassette No. 1—7,580,000 m3

Cassette No. 2—5,760,000 m3

Dispozition capacity Cassette No. 1—full

Cassette No. 2—850.000 m3

Table 7. Base parameters of tailing pond.

Figure 5. Place cassette no. 1 on pond in scale 1:10,000.
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river Laborec, it was built in 1965 to store dross ash mixture and is located in the  administrative 
area of village Drahňov and Vojany. It is bounded on all sides by high grass‐covered embank‐
ments. Two separate approximately similar cassettes create the tailing pond (Table 7):

• cassette No. 1–29 ha (with dam 47.2 ha ), (Figure 5) and

• cassette No. 2–27 ha.
Cassettes are separated by dividing dam, which originally had the function of the peripheral 
dam cassette No. 1. This means that the area to be addressed after the final shutdown of the 
pond is about 56 ha [3].

3. Experiments and methods of research

This chapter presents development of original remediation technologies for unconventional 
tailing pond dross ashes mixture disposal and results of the experiments in the research. 
This technology uses structured layers of land, soil and stabilisation material. The reason 
is to replace previous legislative solution by the overlapping of hydrofilm material and 
drainage system.

3.1. Experiments of containers

The experiment simulating any large‐scale use of this new non‐traditional, uncertified prac‐
tice or technology was based on the verification of replacement waterproofing properties of 
the stabiliser. The purpose of verification of experiments was to assess the possibility of using 
a stable material due to its potential to prevent solidification of penetrating rain water into the 
lower layers of the pond, with the risk of another accident.

A mixture of grass varieties that are resistant to typical and local conditions is used for cover‐
ing of the energy crop with the future consideration of using pond grown plants as biomass 
for co‐incineration with coal in power plants. The cultivation of fast growing Swedish wil‐
low with respect to its root system was experimentally verified. Therefore it was used in this 
experiment and the subsoil thickness was of 500 mm.

The laboratory experiment was set up with the following procedure:

• the stabilisation material of thickness of 0, 50, 100, 150, 200, 250, 300, 350, 400, 450 and 500 mm, 
was kept in the bottom of a 2 × 11 container with a size of 1000 mm × 1000 mm × 1000 mm,

• the second layer reflects the subsoil profile of the rehabilitated land and was then depos‐
ited in the soil with subsoil thicknesses of 300 mm for grass and 500 mm for Swedish wil‐
low (Table 8),

• like the subsoil, even topsoil profile describes the reclaimed area, the last build up layer of 
topsoil with a thickness of 200 mm is uniformly used for all variants,

• a part of containers was located in areas with variable weather conditions (the first half) 
and the other part is placed under the local climate conditions (the second half) (Figures 6 
and 7) [4].

Biomass Volume Estimation and Valorization for Energy324



river Laborec, it was built in 1965 to store dross ash mixture and is located in the  administrative 
area of village Drahňov and Vojany. It is bounded on all sides by high grass‐covered embank‐
ments. Two separate approximately similar cassettes create the tailing pond (Table 7):

• cassette No. 1–29 ha (with dam 47.2 ha ), (Figure 5) and

• cassette No. 2–27 ha.
Cassettes are separated by dividing dam, which originally had the function of the peripheral 
dam cassette No. 1. This means that the area to be addressed after the final shutdown of the 
pond is about 56 ha [3].

3. Experiments and methods of research

This chapter presents development of original remediation technologies for unconventional 
tailing pond dross ashes mixture disposal and results of the experiments in the research. 
This technology uses structured layers of land, soil and stabilisation material. The reason 
is to replace previous legislative solution by the overlapping of hydrofilm material and 
drainage system.

3.1. Experiments of containers

The experiment simulating any large‐scale use of this new non‐traditional, uncertified prac‐
tice or technology was based on the verification of replacement waterproofing properties of 
the stabiliser. The purpose of verification of experiments was to assess the possibility of using 
a stable material due to its potential to prevent solidification of penetrating rain water into the 
lower layers of the pond, with the risk of another accident.

A mixture of grass varieties that are resistant to typical and local conditions is used for cover‐
ing of the energy crop with the future consideration of using pond grown plants as biomass 
for co‐incineration with coal in power plants. The cultivation of fast growing Swedish wil‐
low with respect to its root system was experimentally verified. Therefore it was used in this 
experiment and the subsoil thickness was of 500 mm.

The laboratory experiment was set up with the following procedure:

• the stabilisation material of thickness of 0, 50, 100, 150, 200, 250, 300, 350, 400, 450 and 500 mm, 
was kept in the bottom of a 2 × 11 container with a size of 1000 mm × 1000 mm × 1000 mm,

• the second layer reflects the subsoil profile of the rehabilitated land and was then depos‐
ited in the soil with subsoil thicknesses of 300 mm for grass and 500 mm for Swedish wil‐
low (Table 8),

• like the subsoil, even topsoil profile describes the reclaimed area, the last build up layer of 
topsoil with a thickness of 200 mm is uniformly used for all variants,

• a part of containers was located in areas with variable weather conditions (the first half) 
and the other part is placed under the local climate conditions (the second half) (Figures 6 
and 7) [4].

Biomass Volume Estimation and Valorization for Energy324

3.1.1. Stabilisation material: its analysis and usage

We provide an analysis report of hazardous substances contained in the stabilised in the 
following tables and Figure 8 show the structured layers in individual containers, which 
appeared in the experiment. The used stabilisation material has pH 8.45 and a conductivity 
of 38.7 (Tables 9 and 10).

Every container was filled with layers of stabilisation material, subsoil and topsoil according 
to their draft. The first container was filled without a layer of stabiliser, as a control con‐
tainer—nothing else has been done. Afterwards, sufficiently compacted individual layers 
were filled to bring them closer to actual conditions [4].

3.1.2. Experimental method

The half of containers were located in areas under local climatic conditions and the second 
half of containers were placed in areas where weather conditions were controlled.

Figure 6. Containers in terms of controllable.

Subsoil Topsoil Soil together

Grass 300 mm 200 mm 500 mm

Willow 500 mm 200 mm 700 mm

Table 8. Requirements for growing.
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Figure 7. Containers under conditions consistent with local climate.

Figure 8. Diagram of the experimental variations of the experiment at 300 mm stabiliser.
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Reflecting the maximum monthly average for last 50 years indoor watering and simulation 
of precipitation in real outdoor was applied with water. Data on rainfall was used from the 
Slovak Hydrometeorological Institute, Regional Centre of Kosice from stations in Michalovce, 
Somotor and Milhostov ,which are the closest to the tailing pond.

Indicator Abbreviation Value [mg]

1 Arsenic As 0.02

2 Barium Ba 0.58

3 Cadmium Cd <0.003

4 Total chromium Cr 0.03

5 Copper Cu 0.03

6 Mercury Hg 0.002

7 Molybdenum Mo 0.05

8 Nickel Ni <0.02

9 Lead Pb 0.05

10 Antimony Sb 0.01

11 Selenium Se <0.01

12 Zinc Zn 0.10

13 Chlorides cl‐ 31.7

14 Fluorides F‐ 2.2

15 Sulphates SO4
2‐ 1490

16 Phenol index FNI <0.3

17 Dissolved organic carbon DOC 243

18 Total solubles CL 3240

Table 10. Analysis of water extract of stabilisation material based on regulation of Ministry of Environment of SR 
No. 599/2005 Z.z.

Indicator Abbreviation Value

1 Total organic carbon TOC 105,100

2 Benzene, toluene, 
ethylbenzene and xylenes

BTEX <0.001

3 Polychlorinated biphenyls, 
seven members

PCB <0.01

4 Mineral oil (C10–C40) NEL <1

5 Polvcyclic aromatic 
hydrocarbons

PAH <0.05

Table 9. Analysis of stabilisation material based on based on regulation of Ministry of Environment of SR No. 599/2005 Z.z.

Biomass Production on Reclaimed Areas Tailing Ponds 
http://dx.doi.org/10.5772/65829

327



Except for the rainy year 2010, when the monthly average rose to 85 mm/month, the long‐
term measurements of rainfall in the area show that the average monthly values range from 
40 to 50 mm/month [4].

3.1.3. Results of experiment

According to different climatic conditions, the results of the experiment can be divided into 
two groups, with respect only to the quantity of water received:

3.1.3.1. Containers under conditions consistent with local climate–natural amount of rainwater

Rainfall was observed in containers on average 43 mm/month, which represents 1.43 mm of 
rainfall per day during the period January 2011–December 2011 (Table 11). The rainwater 
do not get through the layers, but in one container that contained stabilisation material, soil 
absorbed them.

3.1.3.2. Containers with controllable received amount of water (pouring)

The containers with variable conditions were simulated with extreme daily rainfall amounts 
of water, minimum 50 mm/day, that is to say, more than 7 times the maximum daily aver‐
age precipitation. In May 2010, a long‐term, extremely high quantity of rainwater were 
 measured—the calculated average of monthly rainfall was 208 mm, it means that the average 
rainfall of the day is 6.9 mm (Table 12).

A part of the precipitation is absorbed by each layer in the container and seepage water accu‐
mulated the discharge outlet in the prepared containers and continuously measured.

Station Year Month Rainfall [mm]

Michalovce 2011 VII 180

Milhostov 2010 V 219

Somotor 2010 V 226

Max. average 208

Table 12. Maximum of rainfall [mm] of nearby stations.

Station Month Total Average per  
month

I II III IV V VI VII VIII IX X XI XII

Michalovce 40 6 30 17 30 92 180 27 51 16 1 77 567 47

Milhostov 28 4 31 14 46 112 166 11 41 14 1 58 525 44

Somotor 30 9 36 21 28 92 115 9 49 18 3 76 484 40

Average 44

Table 11.  The rainfall [mm] of nearby stations in 2011.
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In order to determine the waterproofing ability of the individual layers for carrying out exper‐
iments, the maximum long‐term nature of rainfall in the area of the tailing pond was taken as 
the basis of the daily rainfall amounts of water in the controlled.

In the following Figures 9 and 10 are shown information depending on the amount of 
water tightness where the thickness of stabiliser and the subsoil are 300 and 500 mm, 
respectively.

Alternative use of 170 and 230 mm of stabilisation material, depending on the thickness of sub‐
soil differences for willows and seed grass, resulted in implementation of laboratory experi‐
ments, leading to establish the maximum daily amount of rainwater at 100 mm in containers 
(70‐times more than the average daily value). The root system of plants planted on the surface 
will gradually pump saturated water to the topsoil and subsoil.

Figure 10. Dependence of the thickness of stabiliser and the amount of water tightness in thickness of the subsoil 
500 mm.

Figure 9. Dependence of the thickness of stabiliser and the amount of water tightness in thickness of the subsoil 300 mm.
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3.2. Willow cultivation on tailings pond

3.2.1. Small plot trials on tailings pond

The second phase of experiment was to implement small plot trials on the surface of tailing 
where four large‐sized parcels of 7 m × 20 m in a given structure have been built (Tables 13 
and 14).

The possibility cultivation of willow and grass cultivation in the closed tailing ponds in reality 
during the vegetation seasons are tested the proposed alternatives of the covering layer for the 
biological re‐cultivation of the tailing ponds from the viewpoint of water permeability under 
natural conditions of atmospheric impacts (Figures 11 and 12). The results of  experiment are 

Parcel Stabilisation material Subsoil Topsoil Together

1st parcel 300 mm 500 mm 200 mm 1000 mm

2nd parcel 500 mm 500 mm 200 mm 1200 mm

3rd parcel ‐ 500 mm 200 mm 700 mm

4th parcel ‐ 500 mm 200 mm 700 mm

Table 13. Structure of parcels for willow.

Parcel Stabilisation material Subsoil Topsoil Together

1st parcel 300 mm 300 mm 200 mm 800 mm

2nd parcel 500 mm 300 mm 200 mm 1000 mm

3rd parcel ‐ 300 mm 200 mm 500 mm

4th parcel ‐ 300 mm 200 mm 500 mm

Table 14. Structure of parcels for grass.

Figure 11. Experimental parcels on tailings pond.
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supplemented with 7 years of practical knowledge about the cultivation of Swedish willow on 
the territory of 15 ha in the nearby town of Kežmarok.

The average root striking of plant slips after the willow planting in two research stations of 
the Slovak University of Agriculture in Nitra was in the range between 66.91–89.51% and 
45.67–91.35%. The planting was implemented in 2011.

Under suitable conditions, it is possible to achieve a root striking of more than 90% accord‐
ing to Dawson statement (2007). High root striking percentage of slips is inevitable for the 
optimal structure of vegetation and for optimal crops [5]. The number of rooted pieces can be 
influenced by the planting way of slips during the founding of commercial plantations. Better 
root striking in the case of planting of slips horizontally to the soil surface in comparison with 
the classical planting vertically to the soil surface was identified by Lowthe‐Thomas et al. This 
planting method at the same time can significantly reduce the cost of planting [6].

We have achieved an average root striking of 91.76% (Table 15) in our experiment. The condi‐
tions for willow cultivation (structured layers of the stabilized stabilised waste, subsoil layer 
and arable layer) were suitably prepared. We can conclude from this result that, it is feasible 
to produce biomass directly in the power plant or in the tailing ponds which is 2 km away 
from the plant.

Figure 12. Grass mixtures rapid and prosoil.

Plot % of rooted plants

1. 88.72

2. 92.63

3. 91.14

4. 94.57

Average 91.76

Table 15.  Number of rooted pieces of the Swedish willow in the experiment.
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The optimal total quantity of precipitation in summer months should achieve 300 mm and 
during the total vegetation season it should achieve 550 mm [7]. Besides the extremely rainy 
year 2010, the measured values for the whole vegetation season were lower than 570 mm.

The precipitation data have been acquired from the three nearest monitoring stations to the 
tailing ponds (Table 16). The monitoring stations belong to relevant regional centre of the 
Slovak Hydro‐Meteorological Institute.

Swedish willow was planted in the spring of 2011. As most of the shoots were damaged, it 
was necessary to carry out planting of new shoots of Swedish willow in spring 2012. Rodents 
damaged willow root systems and most of them were completely destroyed by the spring of 
2013. Subsequently the tree was replanted and fenced and rodent repellers were installed as 
well. Since the Swedish willow has been gradually replanted, various heights of tree shoots 
can be found on experimental fields. It is possible to achieve more than 90% of embeddedness 
of the Sweden tree shoots under appropriate conditions. High embeddedness of shoots is 
essential for achieving the optimal harvest. The method of planting Swedish willow cuttings 
might influence the number of in‐rooted units. Worse embeddedness of shoots is monitored 
during planting cuttings vertically to the soil surface than planting the cuttings horizontally 
to the soil surface. We can conclude that conditions for growing Swedish willow were  suitably 
prepared because in this experiment the average embeddedness of shoots was up to 92% 
(Table 17, Figure 13).

Approximately 580–600 mm of rainfall is the optimal precipitation value for the entire grow‐
ing season. The willow can produce large amounts of biomass at this level. The rainiest year 
was 2010, as shown in Table 13, according to the atmospheric precipitation of individual 

Station 2009 2010 2011 2012 2013 2014 2015

Milhostov 585 892 526 496 529 567 556

Michalovce 636 929 567 635 578 625 593

Somotor 590 1030 486 481 522 520 537

Average 604 950 527 537 543 570 562

Table 16. The rainfall of nearby stations.

Season Hight of willow

2012 – June 120 – 640 mm

2013 – April 1100 – 1750 mm

2014 – May 1900 – 2450 mm

2015 – April 2800 – 3200 mm

Table 17.  Height of Swedish willow.
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periods. The total amount of rainfall was below the required level and did not exceed 550 mm 
in the next 3 years. As a result, Swedish willows have been drying out.

At Vojany thermal power plant through small plot trials continues the general process of 
experimental testing of the possibility of re‐cultivating cinder/ash mixture tailings. The bio‐
mass yield of mowed grass is corresponding with the expected values which are increasing 
every year. It would be appropriate if the annual rainfall total was around 600 mm in terms 
of growing willow. We might conclude that total rainfall for the last period was below the 
long‐term average. Because of lower‐than‐average precipitation during the year, the newly 
planted willow took a much lesser extent than initially expected.

3.2.2. Results of experiment

Upon analysing the individual components of experimental plots it was shown that at 
the edges of the experimental plots the formation of continual solidified layer of stabilisa‐
tion material was not observed. The coherent layer of solidified stabilisation material was 
formatted in cuts, which was made closer to the centre of the plot. This situation could 
significantly affect the rainfall, whose intensity was at a time of experimentation very low. 
On the edges of the plots rainfalls withered quickly, more than the centre of the plots, in 

Figure 13. Swedish willow on 4th parcel.

Biomass Production on Reclaimed Areas Tailing Ponds 
http://dx.doi.org/10.5772/65829

333



which the water was maintained for longer. In the edge stabilisation material was loose, 
but gradually towards the centre were produced visible larger chunks of hardened stabili‐
sation material Figure 14.

From the plots were taken samples of manually cut root systems of Swedish willow 
(Figure 15). Selected root systems had different length, branching and direction depending 
on structured underlay of various plots. We can conclude, that in terms of length, the root 
system corresponds to the length of the part above the topsoil (mutually correlated). Another 
factor that cannot be ignored is, that the root system of Swedish willow did not crush the layer 
of stabilisation material in the vertical direction.

Figure 14. Solidified layer of stabilisation material.

Figure 15. Horizontal root system of Swedish willow above stabilisation material.
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The experiments resulted in the application of new environmental recycling technology by 
new remediation technologies unconventional pond dross ashes mixture by using structured 
layers of stabilisation material, soil and land. Stabilisation material is the by‐product of the 
desulphurisation process of power plant in combustion processes. The uniqueness new envi‐
ronmental recycling technology lies in the presented technology solutions, where a waste 
product of energy combustion processes will be used in another defused form.

During the growing season, the proposed real alternatives to the coating of bio‐remediation 
of the pond in terms of water permeability under natural conditions and atmospheric effects 
were tested. It also verifies the best type of plants grown in the creation of sanitation, security 
conditions, with respect to the possibility of their further use as a co‐incineration of biomass 
with coal in the same technology plant.

The final results showed that stabilisation layer prevented penetration of water into the lower 
layers of the tailing pond. The solution thus achieves a synergistic environmental‐security 
effect [8].

3.3. Combustion of biomass

According to EU legislative from year 2008 EU is to provide 20% energy from renewable 
sources which is the energy sector goal for 2020 [8]. Co‐incineration of biomass can be one of 
the ways to achieve this goal. Under the shared combustion of biomass and coal, there is a 
reduction, specifically, partial elimination of the environmental impact due to low content of 
nitrogen and sulphur in the biomass, resulting in a reduction of CO, NOx and SO2, as well as 
reducing emissions of heavy metals [9].

One of the most promising methods for the provision of energy production in general is co‐
incineration of biomass energy willows and other biomass plant with coal in the near future 
and in the present [10]. It failed to apply in Slovakia and at global level, despite the avail‐
ability, environmental and technological benefits announced by this system on a larger scale. 
Increased costs associated with the production and logistics of biomass assurance seems to 
be the biggest problem. Co‐incineration of biomass with coal significantly increases the clean 
energy ratio. It is defined as the ratio of produced electricity to the total consumption of fossil 
energy. It is primarily reducing the greenhouse gas emissions from mining, transportation 
and combustion of coal when substituting a certain percentage of coal with biomass [11]. In 
practice, co‐incineration of willow chips with wood wastes have been used in biomass power 
stations in Sweden. In the local energy supply, it plays an important role. Study of environ‐
mental impact of coal combustion from a power plant have been carried out in Poland and 
also in a number of countries [12].

The power plant Vojany started to implement them as well in collaboration with this author, 
in 2009 in line with the above trends. Project combustion of black coal with biomass in flui‐
dised boilers was realised in the form of a scientific research complex. The research includes 
the provision of (growing) plant biomass in the pond area surrounding the facility gain‐
ing self‐made slag‐ash mixture. The first positive results in the reduction of emissions was 
produced by co‐incineration of biomass, mainly wood chips mixed with black coal in a 4% 
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ratio by 40 kg per MWh produced, and operational savings associated with the consump‐
tion of limestone, creation and disposal of ash, water consumption and steam. The project’s 
next phase was experimentally realised with the co‐incineration of biomass with a value 7% 
and then 15%. The surroundings of the facility has good power potential of the fast‐growing 
energy crops—willow was showed in research focused on the potential provision of biomass. 
In connection with this research specific purposeful cultivation of biomass was initiated in 
the large pond of about 56 ha that contained slag‐ash mixture. One of most burdened areas in 
eastern Slovakia is the area of Vojany [13].

3.3.1. Co-incineration of wood chips with coal

In 2007, co‐incineration of biomass in EVO boilers started. Forest biomass has been chosen for 
the first tests of wood chips. To achieve the same thermal input it was needed to deliver six 
cubic meters of biomass to the boiler, instead of one cubic of black coal, due to different heat‐
ing value, calorific value and density of black coal and wood chips. It could not be replaced by 
any amount of coal with biomass because wood chips have a density of 0.3 t/m3 and calorific 
value 10 MJ/kg and coal has a density of about 1 t/m3 and heating value of 25 MJ/kg.

The added mixture of wood chips containing about 4% of the heat energy mix wood chips—
coal, does not negatively affect dynamic characteristics of the power plant units—it was 
proved from calculations based on the time. It was also proved by tests in 2007 that it is 
possible to smoothly combust biomass (wood chip) in fluidised boilers in the power plant of 
Vojany. It turned out that wood chips have a positive impact on the boiler combustion mode, 
because of a higher proportion of volatile matter and a lower ignite temperature than coal. 
The resuls were a decrease in the concentration of carbon monoxide in the exhaust gas and 
more efficient combustion of irradiated fuel [14].

The launch of scientific‐research activities aimed at complex solution for the issue of envi‐
ronmental energy‐biomass combustion optimisation processes was initiated because of these 
partial positive results.

Replacement of a share of combusted black coal in thermal power EVO with biomass‐based 
fuels was carried with priority to maximise the reduction of emissions especially carbon‐
sulphur oxides, by providing the required energy performance and therefore ultimately in 
increasing competitiveness improving economic indicators, manufacturing and energy‐pro‐
duction companies.

The co‐incineration of black semi‐anthracite coal and wood biomass in fluidised FK5 boilers 
in the examined facility was performed as the experiment.

The wood chips ranged from 8.0 to 8.65 MJ/kg and the black coal average heating values in 
the experiment ranged from 25.4 to 28.1 MJ/kg. Graphically illustrated in Figure 16 is the 
dependency of the heating value of wood chips on its moisture.

From different forms of concentrations of pollutants (the individual VOP) it is significant that:

• with increased performance there was a decrease in the concentration of carbon monoxide 
in co‐incineration ratio of wood chips,
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• during testing, legislative allowed emission limits for SO2 were preserved and there has 
been an increase in performance and in values and

• other values of VOP were as well below the individual emission limits.

At the same time the efficiency of boiler and co‐incineration of coal and the biomass, are pre‐
sented in Table 18.

The co‐incineration of a mixture of wood chips and coal led indeed into a slight reduction in 
boiler efficiency, which is negligible compared to the achieved environmental‐safety effects—
it can be stated when taking into account the partially different characteristics specifically, 
quality of supplied and combusted coal and wood chips.

The implementation of the I phase in plant biomass co‐incineration in the power plant Vojany 
at the block no. 6 began in July 2009 based on these tests, and partial results of experimentation. 

Electrical performance Black coal Share of wood chip 1.91% Share of wood chip 3.91%

[MW] [%] [%] [%]

66 93.81 93.47 92.30

88 93.55 93.32 92.91

110 93.52 92.57 93.20

Table 18. The effectiveness of fluidised boiler K5 in Vojany.

Figure 16. Dependency of the calorific value of wood chips on the water content.
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A landfill with open capacity of 400 tons adjusted with transport (conveyor belts) and technol‐
ogy (crusher‐sorter) biomass was built and customised to support experiments.

A rated power of conveyor belts was set to properly balance the mutual ratio and a mecha‐
nised system was used for wood chips, to transport them over conveyor belt and coal through 
the other one. The use of raw wood chip (hardwood and softwood) and its share was gradu‐
ally increased to 5.3%.

Co‐incineration of a better quality of the combusted wood chips with a higher calorific value 
than previously considered biomass was achieved with a share of 5.3%, not by increasing the 
weight. This means that projected calorific value changed from 9.5 MJ/kg to over 11 MJ/kg. 
This ratio has proved to be the best possible, to maintain the maximum dynamic properties 
of the boiler and in the execution of transporting the fuel mixture into the boiler. The imple‐
mentation of II stage of biomass project co‐incineration, which consisted of the construction 
of independent mechanised access to the boiler especially for biomass was determined in 
relation to the achieved results.

Table 19 shows that the combustion of 1 ton of biomass eliminated approximately one ton of 
carbon dioxide emissions and capacities of coal lines remained clear and the new path was 
used to transport higher volume of wood chips into the boiler (Figure 17).

3.3.2. Results of experiment

The production of biomass and co‐incineration of coal in fluidised boilers, of thermal power 
stations SE, a.s. as well as other power plants is need in terms of environmental benefits. 
By burning coal and biomass is reflected in a significant reduction in emissions and produc‐
tion of solid waste.

The facility is obtaining its biomass currently from six local suppliers. EVO facility is a prom‐
ising purchaser and will be their regular customer in the future as well because the surround‐
ing wetlands around the facility provide good conditions for rapidly growing trees (poplar, 
willow). There is potential for increasing employment in the region for people with lower 
qualifications with the cultivation of biomass in the surrounding area of the plant or in the 
wetlands.

Year Wood chip share [t] CO2 – eliminated [t]

2009 8,310 10,487

2010 21,443 27,061

2011 24,099 30,413

2012 26,917 33,969

2013 60,794 92,954

2014 48,752 84,899

Table 19. The amount of CO2 saved by co‐incineration of biomass.
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willow). There is potential for increasing employment in the region for people with lower 
qualifications with the cultivation of biomass in the surrounding area of the plant or in the 
wetlands.
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4. Summary

The research carried out in the tailing pond EVO Vojany showed that on the tailing pond can 
be planted Swedish willow, as a source of biomass, while the by‐product (waste) of the desul‐
phurisation of power plant technology, combustion processes, can be used as the stabilisation 
material, making it possible to be reused on reclaimed areas of tailing ponds.

Using biomass has a positive impact on the environment and it is environmentally adequate 
way of power generation. We developed our knowledge with this new technology with 7 years 
of experience in cooperation with the EVO. About 80 tons of wood chips are co‐incinerated 
based on daily experiment based model. The European Union’s commitment to continually 
increase the use of renewable energy of 20% by 2020—there are contributing implementations 
of research that results into practice.
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Abstract

The success of lignocellulosic biofuels and biochemical industries depends on an economic 
and reliable supply of high‐quality biomass. However, research and development efforts 
have been historically focused on the utilization of agriculturally derived cellulosic feed‐
stocks, without considerations of their low energy density, high variations in compositions 
and potential supply risks in terms of availability and affordability. This chapter dem‐
onstrated a strategy of feedstock blending and densification to address the supply chain 
challenges. Blending takes advantage of low‐cost feedstock to avoid the prohibitive costs 
incurred through reliance on a single feedstock resource, while densification produces 
feedstocks with increased bulk density and desirable feed handling properties, as well as 
reduced transportation cost. We also review recent research on the blending and densifi‐
cation dealing with various types of feedstocks with a focus on the impacts of these pre‐
processing steps on biochemical conversion, that is, various thermochemical pretreatment 
chemistries and enzymatic hydrolysis, into fermentable sugars for biofuel production.

Keywords: blending, densification, conversion performance, advanced feedstock 
supply system, preprocessing

1. Introduction

Global demands for energy, finite petroleum reserves, and growing concerns over climate 
change have prompted considerable interest in lignocellulosic biomass as a sustainable 
 alternative to fossil‐derived sources for the production of transportation fuels. The Renewable 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Fuel Standard (RFS2) [1] mandates the use of 36 billion gallons of renewable fuels by 2022 
under the U.S. Energy Independence and Security Act (EISA) of 2007 [2]. Biomass availability 
and quantity pose significant barriers to the realization of large‐scale production of lignocel‐
lulose‐derived biofuels. The U.S. Department of Energy's (DOE) 2016 Billion Ton Report has 
projected the potential for more than one billion tons of biomass in the form of agricultural, 
forestry, waste, and algal materials capable of displacing approximately 30% of U.S. petro‐
leum consumption without adverse environmental effects or negative impacts to production 
of food and agricultural products [3].

The conversion of biomass into affordable bio‐based fuels and chemicals aims to displace all 
of the products currently made from a barrel of oil. Research and development efforts focused 
on the production of bio‐derived hydrocarbon fuels and products seek to mobilize the bio‐
economy in order to diversify energy resources that enable energy production. However, 
development of biomass as a sustainable energy resource for fuels and chemicals will require 
advances aimed at solving logistical challenges to ensure a cost‐effective and consistent feed‐
stock supply to the biorefinery [4–7]. Efficient utilization of the available resources for biofuels 
production requires considerations of supply chain cost, feedstock quality and conversion 
performance that dictates overall process economics. Logistical operations like harvest, col‐
lection, preprocessing, storage, and transportation have a significant impact on biomass avail‐
ability and feedstock cost and quality [6, 8]. The large‐scale deployment of lignocellulosic 
biomass for energy production has been severely limited by the high cost associated with the 
feedstock supply chain and technology barriers in conversion to fuel [8–10].

Initial development of the biofuels industry has centered around high‐productive, single‐
resource areas that rely on sufficient quantity to enable selection and sourcing of suitable 
materials for conversion processes. However, as the bioeconomy grows and production 
moves away from highly productive, resource‐rich areas, the impact of the spatial and tempo‐
ral variability inherent to biomass feedstocks [6] cannot be managed solely by passive means 
in order to meet requirements for quality and quantity. The expansion of the industry will 
necessitate the adoption of “advanced” concepts within the supply system in order to meet 
cost, quality, and quantity requirements.

In addition, the “conventional system” currently employed by the cellulosic biofuel industry 
relies on a vertically integrated feedstock supply system where a single biomass feedstock is 
procured through contracts with local farmers, harvested and stored locally, and delivered 
in a low‐density, baled format to the conversion facility [7]. This system has been demon‐
strated to work in high‐yield regions, such as the U.S. Corn Belt; however, recent analyses 
have shown that conventional systems fail to meet feedstock cost targets outside of highly 
productive regions [11]. Realization of large‐scale production of lignocellulosic biofuels 
will require modification to the current system in order to enable a consistent, cost‐effec‐
tive, and continuous supply of biomass to the biorefinery [10]. In comparison, the advanced 
feedstock supply system (AFSS) employs a wide range of preprocessing techniques, such as 
feedstock blending and densification in distributed biomass depots, and shows great promise 
for enabling improvements in handling and quality, consistency and uniformity, facilitating 
access to resources, and stability in storage [4, 7, 12, 13].
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Biorefineries that rely upon a single feedstock to meet tonnage requirements are vulnerable to 
significant risks, in terms of both availability and affordability. Diversification of biomass sup‐
ply has the potential to reduce risk [7], in some cases by as much as 80% [14], while enabling 
the lowest delivery cost [15]. Achieving a continuous, year‐round supply of a single biomass 
resource is unlikely given the seasonal availability of most agricultural crops. Furthermore, 
climate change poses an inevitable risk to biomass supply systems for a developing bioenergy 
industry. Langholtz et al. [16] highlight the risk of extreme weather events to the bioenergy 
supply chain that are certain to cause reductions in feedstock production and increased price 
for agricultural commodities and biofuels. Other work has shown that drought has a sig‐
nificant, negative impact on biomass quality, in addition to biomass production yields [17]. 
Recent studies suggest a blended feedstock strategy to enable supply chain resilience may 
provide a solution to reliance on a single biomass resource [10, 18].

Low‐density biomass feedstocks also pose a significant challenge to supply chain operations 
that translate to difficulties in storage, transportation, handling, and feeding [19], which hin‐
der the large‐scale use of biomass for biofuel production. Large volumes of low‐density feed‐
stocks require more resources for transportation and shipping. The size of the transportation 
resources needed to reach the 2050 target of 50% reduction of greenhouse gas via biofuels, 
biopower, and bioproducts exceeds the resources used to move the 2010 world grain and 
oil seed resources by 6‐ to 10‐fold [20]. Densification processes, such as pelletization would 
increase the bulk and energy density of raw biomass, improve stability during storage and 
handling, create flowable feedstocks that are compatible with existing handling systems, and 
improve transport efficiency and cost [19].

The use of blended and densified feedstocks in conversion pathways instead of convention‐
ally ground biomass from a single source addresses several challenges in the current biomass 
supply chain, including availability, transportation, storage, cost, quality, and supply vari‐
ability [7, 19, 21–23]. This chapter provides a glimpse into the potential for preprocessing 
options, for example, blending and densification, to provide benefits to both biomass cost and 
conversion.

2. Addressing feedstock supply challenges

2.1. Feedstock blending strategy

A promising strategy to reduce supply risk is to blend different biomass feedstocks. Blending 
has been used by many industries (e.g., coal and animal feed) to affect the quality of the feed‐
stock [24]. In the coal industry, different grades of coal are blended in order to meet emission 
targets and minimize ash production during power generation [25–27]. In the animal feed 
industry, a variety of feedstocks are blended to meet the desired nutritional requirements for 
a specific target animal [28]. Similarly, the concept of blending can be extended to the biofuel 
and bioproducts industry.

Formulating a designed feedstock through blending and other preprocessing methods allows 
low‐cost and typically low‐quality biomass to be blended with biomass of higher cost and typi‐
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cally higher quality to achieve the specifications required at the in‐feed of a conversion facil‐
ity (note that different conversion processes may require different specifications, and the cost 
required to meet those specifications will vary). The use of low‐cost biomass allows the supply 
chain to implement additional preprocessing technologies that actively control feedstock quality, 
while also bringing more biomass into the system. This analysis and design approach is referred 
to as the “least‐cost formulation” strategy [29]. In addition, recent work has shown that blended 
biomass feedstocks demonstrate improved flowability behavior [30], suggesting the potential 
for blending to extend benefits from the supply chain to feeding systems at the refinery.

The farmgate price is used to describe the economic availability of biomass resources and 
includes the cost of production and harvest [3]. Figures 1 and 2 represent the cost of corn stover 
as a function of availability by state or region; these figures illustrate the increase in farmgate 
price with increasing demand. By blending feedstocks, the biorefinery can take advantage of the 
lower end of each supply curve to reduce cost. For example, Figure 3 shows supply curves for 
switchgrass and corn stover from a 12‐county region in northwestern Kansas, approximately 
90 miles by 120 miles in size. In this region, only 700,000 tons per year of switchgrass (red curve) 
are available at $50/ton which could not support a biorefinery (capacity of ≥800,000 tons per 
year). There is sufficient corn stover to supply 1.6 million tons but at a farmgate price of $58/
dry ton (blue curve). Thus, the strategy of combining the two feedstocks (green curve) shows 
that 1.6 million tons could be supplied to a biorefinery for a lower farmgate price of $48/dry ton.

Figure 1. Corn stover availability by state as a function of farmgate price [33]. Availability and cost data assume base 
case corn stover yields for 2015. The data for each state is the sum of available corn stover for each county at a given 
farm gate price.
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Figure 2. Feedstock supply curves for various locations in Iowa [33]. Availability and cost assume base case corn stover 
yields for 2015 for 61 counties in Iowa.

Figure 3. Biomass availability in northwestern Kansas as a function of farmgate price; prices and quantities shown are 
for 2015 and assume base case yields [34]. Supply curves illustrate biomass availability as a function of cost for a 12‐
county region in northwestern Kansas, with an approximate area of 90 miles × 120 miles. Curves are shown for corn 
stover (blue), switchgrass (red), and combined for a blended supply of corn stover and switchgrass (green).
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Feedstock blending allows a biorefinery to utilize less of a single and expensive biomass type 
by collecting a variety of biomass (e.g., corn stover, switchgrass, sorghum, yard waste) and 
effectively moving down the cost versus supply curve and paying a lower average price for 
each feedstock. This does not change the supply versus cost curves for each resource; instead, 
it describes a system where purchasers are using a combination of least‐cost resources and 
blending them to meet feedstock specifications for a subsequent biomass conversion process 
[29]. Costs may be further reduced by contraction of the draw radius for material collection, 
which reduces transportation cost. Feedstock formulation enabled through blending and 
other preprocessing strategies allows low‐cost, low‐quality biomass to be blended with higher 
cost and higher quality to achieve the in‐feed specifications at the conversion facility. Blending 
feedstocks of differing quality results in a feedstock that has properties representative of the 
proportions of the materials that were blended together. Final price and quality are basically 
a weighted average of the price and quality of the components. It is important to realize a bal‐
ance must be maintained and cost benefits may be not be linearly related to quality impacts. 
For many feedstock blends, there is likely a threshold quality level that cannot be surpassed 
to realize equal economic benefit. Biomass quality is a key consideration when analyzing bio‐
mass cost and availability. In combination with densification, wider sourcing areas can be 
tapped (including resources that are considered stranded using conventional supply systems).

Combining different biomass resources into the supply system also creates cost benefits by 
reducing overall grower payments [12]. The blended feedstock strategy relies on the avail‐
ability of multiple feedstock resources that can be blended in an economical supply radius 
[31], which, in turn, decreases grower payment by reducing the required amount of any 
single biomass resource. In this manner, blending has the potential to expand the regionally 
available, biomass resource pool to include feedstocks of marginal quality at lower cost. In 
addition, a blended strategy offers the potential for feedstock quality upgrades and reduced 
variability [6, 21]. Blending high‐quality feedstocks with low‐cost, low‐quality feedstocks is 
a strategy that can be used to meet quality specifications [21] at the biorefinery, in addition 
to achieving volume and cost targets in the supply chain [32]. An analysis by Maung and 
colleagues [18] has shown that a multi‐crop cellulosic feedstock strategy lowers transporta‐
tion costs compared to reliance on a single resource. Additionally, sourcing multiple feed‐
stocks for cellulosic biofuel production mitigates supply risks associated with policies that 
govern crop residue removal. Further, Maung et al. suggest that a multi‐feedstock strategy 
enhances understanding of the links between environmental policy, economies of density, 
economics of geography, transportation, risk and diversification in the biomass feedstock 
supply chain.

2.2. Densification

Reducing transportation costs while producing feedstocks with desirable (and consistent) phys‐
ical properties such as increased bulk density and enhanced handling and processing character‐
istics requires densification of low‐bulk density biomass. Commodity production for renewable 
fuels and chemicals requires large‐scale biomass resources managed through AFSS and distrib‐
uted biomass depots. These depots can provide feedstock stability, size reduction, and man‐
aged moisture [20]. Distributed biomass depots can reduce transportation and shipping costs 
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which reduces transportation cost. Feedstock formulation enabled through blending and 
other preprocessing strategies allows low‐cost, low‐quality biomass to be blended with higher 
cost and higher quality to achieve the in‐feed specifications at the conversion facility. Blending 
feedstocks of differing quality results in a feedstock that has properties representative of the 
proportions of the materials that were blended together. Final price and quality are basically 
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Combining different biomass resources into the supply system also creates cost benefits by 
reducing overall grower payments [12]. The blended feedstock strategy relies on the avail‐
ability of multiple feedstock resources that can be blended in an economical supply radius 
[31], which, in turn, decreases grower payment by reducing the required amount of any 
single biomass resource. In this manner, blending has the potential to expand the regionally 
available, biomass resource pool to include feedstocks of marginal quality at lower cost. In 
addition, a blended strategy offers the potential for feedstock quality upgrades and reduced 
variability [6, 21]. Blending high‐quality feedstocks with low‐cost, low‐quality feedstocks is 
a strategy that can be used to meet quality specifications [21] at the biorefinery, in addition 
to achieving volume and cost targets in the supply chain [32]. An analysis by Maung and 
colleagues [18] has shown that a multi‐crop cellulosic feedstock strategy lowers transporta‐
tion costs compared to reliance on a single resource. Additionally, sourcing multiple feed‐
stocks for cellulosic biofuel production mitigates supply risks associated with policies that 
govern crop residue removal. Further, Maung et al. suggest that a multi‐feedstock strategy 
enhances understanding of the links between environmental policy, economies of density, 
economics of geography, transportation, risk and diversification in the biomass feedstock 
supply chain.

2.2. Densification

Reducing transportation costs while producing feedstocks with desirable (and consistent) phys‐
ical properties such as increased bulk density and enhanced handling and processing character‐
istics requires densification of low‐bulk density biomass. Commodity production for renewable 
fuels and chemicals requires large‐scale biomass resources managed through AFSS and distrib‐
uted biomass depots. These depots can provide feedstock stability, size reduction, and man‐
aged moisture [20]. Distributed biomass depots can reduce transportation and shipping costs 
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and improve feedstock stability and consistency by employing strategies such as size reduction, 
moisture management, blending, and densification. This allows greater access to stranded feed‐
stocks and can reduce grower payment through feedstock blending [4, 11, 35]. Reducing trans‐
portation costs while producing feedstocks with desirable (and consistent) physical properties 
such as increased bulk density and enhanced handling and processing characteristics requires 
densification of low‐bulk density biomass.

Pelleted biomass is produced from raw, ground material that is conditioned with heat and/or 
moisture, compacted, and extruded through a die [2, 3]. The economics and physical  properties 
of densified biomass formats produced from agricultural residues have been explored in sev‐
eral studies [36–39]. Pelleting of biomass can increase unit density of raw biomass resources 
by as much as 10‐fold [19], resulting in a flowable and durable product that is compatible with 
existing biomass supply system infrastructure. It has been shown that activation of the natu‐
ral binders in biomass, such as lignin, through combined moisture and temperature effects 
during the process of densification is key to the development of particle‐particle bonding that 
is required for durability [9]. The extent of lignification contributes significantly to biomass 
recalcitrance [4], and lignin alteration during the process of densification may impact biomass 
reactivity to pretreatment and enzymatic hydrolysis [12].

Currently, there are many types of densification systems available: pellet mills, piston and 
roller presses, tabletizers, and extruders [19]. Pelleting of biomass can increase unit density 
of raw biomass resources by as much as 10‐fold [1], producing a uniform, durable product 
with free‐flowing characteristics that may be more compatible with biorefinery operations. 
The economics and physical properties of densified biomass formats produced from agricul‐
tural residues have been explored in several studies [2, 9–11]. Industrial pelleting has devel‐
oped into a well‐established process using wood and wood chips. Global pellet demand has 
reached 23‐million metric tons [40].

3. Impact of blending and densification on pretreatment processes in 
biochemical conversion pathways

Thermochemical pretreatment processes are used in biochemical conversion pathways to 
facilitate enzymatic access to cellulose and enable conversion of complex carbohydrate poly‐
mers into fermentable sugars. These promising processes include ammonia fiber expansion 
(AFEX), dilute acid, alkaline and ionic liquid (IL) pretreatment technologies. Specifically, 
AFEX is a physicochemical pretreatment process performed under high pressure (200–
400 psi) and moderate temperature (80–150°C) with concentrated ammonia for a brief resi‐
dence time (5–30 min) before pressure release [41]. AFEX pretreatment facilitates enzymatic 
access to cellulose by breaking down the cellulose crystalline structure and depolymerizing 
the lignin. Dilute‐acid (DA) pretreatment relies on the combined effect of dilute sulfuric acid 
(0.25–2 wt.%), temperature (140–200°C), and time (seconds to minutes) to solubilize hemi‐
cellulose and improve enzymatic accessibility to cellulose [42, 43]. Alkaline pretreatment 
technologies focus on lignin solubilization and deacetylation under relative mild condi‐
tions (60–180°C) with NaOH or ammonium hydroxide (i.e., soaking in aqueous ammonia, 
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namely SAA) as catalyst [44–46]. Recently, ILs are receiving significant attention as a class of 
novel environmental benign “green solvents” to dissolve and disrupt the biomass cell wall, 
reduce cellulose crystallinity and lignin content, and increase the porosity and surface area for 
enhanced enzymatic digestibility [26, 47–52]. In addition, this pretreatment technique shows 
great capability of fractionating wide range of feedstocks [50, 52, 53].

Although significant efforts have been focused on pretreatment of single lignocellulosic bio‐
mass in loose and ground format, recently researchers started to look into the application of 
biomass blending and densification for biochemical conversion into fermentable sugars. The 
details of biomass blending and quality improvement, characteristics of various densifica‐
tion formats of diverse feedstock types, and their impacts on conversion performance are 
discussed below.

3.1. Impact of biomass blending

Feedstock blending is one approach offering promising solution to overcome current chal‐
lenges on biomass supply such as significant compositional variations [21, 22]. Therefore, it is 
imperative to develop conversion technologies that can process blended biomass feedstocks 
with minimal negative impact in terms of overall performance of the relevant biochemical path‐
way unit operations: pretreatment, fermentable sugar production, fermentation, and fuel titers.

Ionic liquid (IL) pretreatment has shown uniqueness in efficiently handling wide range of 
feedstocks; thus, this technology was investigated on the feasibility to process mixed feed‐
stocks. It was firstly demonstrated in a US patent that the two or more feedstocks, including 
softwood, hardwood, grass, agricultural residues, and byproducts, can be combined for IL 
pretreatment with equivalent sugar conversion in comparison with single feedstocks [54]. 
Shi et al. evaluated the efficiency of feedstock blending along with the densification coupled 
with IL pretreatment to address the issues of feedstock diversity and compositional variations 
[55]. The IL 1‐ethyl‐3‐methylimmidizolium acetate can process mixtures of pine, eucalyptus, 
switchgrass, and corn stover (in 1:1:1:1 ratios) and result in fast saccharification by reach‐
ing 90% digestibility within 24 h, which is comparable to any single feedstock type among 
the four starting biomass materials [52, 55]. A continuation study was further performed to 
investigate the IL pretreatment of the same mixture of four biomass in both flour and pellet 
formats, in comparison with dilute acid (DA) and soaking in aqueous ammonia (SAA) pre‐
treatment methods, for simultaneous saccharification and fermentation into advanced bio‐
fuel isopentenol [26]. Their results show significant variations on the chemical composition, 
crystallinity, and enzymatic digestibility of the pretreated feedstock across the three different 
pretreatment technologies studied. IL pretreatment liberated the highest sugar titers from 
mixed biomass either in flour or pellets and is capable of handling mixed feedstocks with 
equal efficiency, and thus outperformed DA and SAA pretreatment methods which are more 
effective in pretreating herbaceous biomass feedstock and less effective in woody biomass for 
the mixed feedstock utilization. The high sugar production from IL process in turn led to the 
highest isopentenol titers in fermentation as compared to DA and SAA pretreatments.

While these three studies focused on the blends of various feedstock types that are agricultur‐
ally derived, researchers also looked into the utilization of the municipal solid waste as blending 
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agent with lignocellulose to provide lower cost of biorefinery feedstock inputs [51]. The MSW/
corn stover blends (ratio varying from 1:1 to 1:9 on the dry weight basis) went through two 
types of IL pretreatment for sugar conversion, one is pretreatment by IL 1‐ethyl‐3‐methylimid‐
azolium acetate followed by enzymatic hydrolysis, and another is enzyme‐free acidolysis in 
IL 1‐ethyl‐3‐methylimidazolium chloride with addition of mineral acid. Both processes show 
promising sugar conversion with glucose yield over 80% and xylose yield over 75%, suggest‐
ing the great potential to use MSW for biofuel production while maintaining performance and 
lowering cost.

Since the data from these four studies of biomass blends were obtained at low solid loading 
and milliliter level of operations, which cannot be directly transferred to industrially relevant 
scales, Li et al. performed the process scale‐up and integration of IL1‐ethyl‐3‐methylimidazo‐
lium acetate pretreatment on herbaceous (switchgrass) and woody (eucalyptus) blends (1:1 
ratio) by 30‐fold at 10% solid loading [50]. In comparison with single feedstocks, this biomass 
blend recovered similar yields of glucan, xylan, and lignin as switchgrass and eucalyptus at 6‐L 
scale operation. The pretreated mixed feedstock was further enzymetically hydrolyzed at 2‐L 
scale with 96% sugar yield [50, 56]. Additionally, the same group also investigated the scale‐
up of IL acidolysis using 1‐ethyl‐3‐methylimidazolium chloride and mineral acid on MSW/
corn stover blends and obtained sugar conversion yields that are comparable to small‐scale 
studies [51, 53, 57]. These results indicate that mixed feedstocks, either agriculturally derived 
or MSW blended, are viable and valuable resources to consider when assessing biomass avail‐
ability and affordability demands of the biorefineries. These initial scale‐up evaluations dem‐
onstrate that IL‐based pretreatment is feedstock agnostic, and there is no fundamental issues 
in terms of performance associated with the larger operations. This early‐stage, 6‐L scale‐up 
process development integrates the unit operations of pretreatment, homogenization, contin‐
uous washing/separation, and product recovery for simplified feedstock handling, reduced 
water consumption and mitigation of IL inhibition, all of which can be further connected with 
downstream microbial fermentation for advanced biofuel production.

A few studies have examined the impact of blended or mixed biomass feedstocks on sugar 
yields from biochemical conversion using other pretreatment technologies. Karki et al. 
[58] reported on the enzymatic hydrolysis of mixtures of switchgrass and tall wheatgrass 
following dilute‐acid and aqueous ammonia pretreatments. Switchgrass and tall wheat‐
grass were similar in composition before and after dilute‐acid pretreatment, although tall 
wheatgrass had significantly higher glucose yields from enzymatic hydrolysis. Mixtures of 
the two species produced glucose yields that were higher than switchgrass and lower than 
tall wheatgrass following dilute‐acid pretreatment and enzymatic hydrolysis. This study 
also demonstrated hydrolysis yields for mixtures could be predicted based on results of the 
 individual components.

Brodeur‐Campbell et al. [59] reported on the effects of biomass mixtures on sugar recovery 
from combined dilute‐acid pretreatment and enzymatic hydrolysis. Aspen, a hardwood spe‐
cies that is suitable for efficient biochemical processing, was chosen as a model species in 
this study. Balsam, representing a high‐lignin, softwood species, and switchgrass, a herba‐
ceous energy crop with high ash, were chosen for comparative studies using 1:1 mixtures of 
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aspen:balsam and aspen:switchgrass. No synergistic or antagonistic effects were identified in 
this study for three different pretreatment severities and three enzyme loadings examined. 
Again, total sugar recoveries for mixtures could be predicted by linear interpolation (±4%) 
from sugar yields of the pure biomass species. Similarly, Wolfrum et al. examined the effect of 
blending combined with densification on sugar yields from blends of corn stover, switchgrass, 
and Miscanthus biomass feedstocks [60, 61]; results showed the pelleting had a slightly posi‐
tive, although not significant effect on total sugar yield. As in the previous studies, sugar yields 
could be predicted with reasonable accuracy from knowledge of the pure biomass feedstocks.

These studies demonstrate the efficient conversion of blended feedstocks to fermentable sug‐
ars and highlight the great potential for blending to expand the available resources for biofuel 
production. Biomass blending strategy certainly provides equivalent conversion performance 
as compared with single feedstock, in addition to its economic benefits toward the future 
development.

3.2. Impact of biomass densification

Lignocellulosic biomass with low bulk and energy density requires relatively high energy to 
transport, store, and distribute the feedstock from the field to the biorefinery gate for conver‐
sion, and the loose ground materials often pose problems of material feeding and handling in 
the reactors. Biomass densification typically involves exposing the biomass to elevated pres‐
sures and temperatures to remove excess water and compress the biomass. This process acts as 
a mild thermochemical pretreatment and can also impact the composition and structure of the 
biomass [55]. Several densification forms have been demonstrated recently, and this section 
reviews and compares the impact of densification on various thermochemical pretreatment.

3.2.1. Pellets

Recently, a growing body of literature has assessed the impact of pelletizing herbaceous and 
woody materials on the bioconversion process when combined various pretreatment tech‐
nologies. Pelleted biomass is produced from raw, ground material that is conditioned with 
heat and/or moisture, compacted, and extruded through a die [2, 3]. It has been shown that 
activation of the natural binders in biomass, such as lignin, through combined moisture and 
temperature effects during the process of densification is key to the development of particle‐
particle bonding that is required for durability [9]. The extent of lignification contributes sig‐
nificantly to biomass recalcitrance [4], and lignin alteration during the process of densification 
may impact biomass reactivity to pretreatment and enzymatic hydrolysis [12].

Published reports evaluating the impact of pelletization on the bioconversion of corn stover, 
sorghum, wheat straw, big bluestem grasses, softwood, and switchgrass have shown positive 
trends using lower severity alkaline pretreatment. Similar or slightly higher sugar release and 
ethanol yield were observed in the pelleted format when compared to the nonpelleted format 
after pretreatment and enzymatic hydrolysis. Guragain et al. [62] evaluated the effect of alka‐
line pretreatment on sugar release and ethanol production in pelleted and nonpelleted wheat 
straw, corn stover, big bluestem, and sorghum stalk; mass recovery after alkali pretreatment 
increased by 14, 11, 2, and 5%, respectively, compared to nonpelleted biomass. Volumetric 
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sugar production increased for all feedstocks except sorghum, although final sugar yields were 
not significantly different between the pelleted and non‐pelleted biomass. Nahar and Pryor 
[63] reported that combining pelleting and pretreatment with SAA treatment reduced cellu‐
lase loading to achieve 90% glucose yield at 10 FPU per g glucan in switchgrass. Pelleting the 
switchgrass did not affect the feedstock composition compared to the non‐pelleted switchgrass. 
Hoover et al. [64] evaluated the effect of physical properties resulting from pelleting AFEX‐pre‐
treated corn stover. Comparing grind size, die speed, and preheating on pellet properties on 
the sugar release after enzymatic hydrolysis showed the following: Die speed had no effect on 
sugar yield, while a larger grind size (4 mm vs. 6 mm) had a similar or lower effect on sugar 
yields after enzymatic hydrolysis. Overall, pelleting AFEX‐treated biomass increased or had no 
effect on sugar yields at low or high ammonia loadings. Bals et al. [65] tested the susceptibility 
of AFEX‐treated, corn stover pellets to enzymatic hydrolysis at high solids loading (18–36%). 
Pelletization slightly increased the initial rate of hydrolysis relative to raw biomass, enabled 
mixing, and resulted in higher glucose yields at 18% solids loading relative to unpelletized 
biomass (68% vs. 61%). Similarly, Rijal et al. [66] demonstrated that DA‐treated switchgrass 
did not impact glucose yield in the finer ground, and pelleted materials compared to the native 
material. However, glucose yields from aqueous ammonia pretreatment, followed by enzy‐
matic hydrolysis, were higher for both powder and pelleted materials compared to the native 
material. Glucose yield for the DA‐ and SAA‐treated and pelleted switchgrass was 98 and 79%, 
respectively.

Theerarattananoon et al. [67] evaluated the impact of pelleting conditions on sugar release 
and chemical composition of corn stover, wheat straw, sorghum stalk, and big bluestem grass. 
Dilute‐acid pretreatment and subsequent enzymatic hydrolysis increased glucan content 
in the pretreated solids compared to the nonpelleted companion feedstock for corn stover, 
wheat straw, and big bluestem prairie grass. Glucan content in the pretreated pelleted sor‐
ghum stalks was slightly less than nonpelleted sorghum stalks. Enzymatic hydrolysis results 
suggested that pelleting increased cellulose yield for all feedstocks. While wheat straw had 
the highest cellulose yield (94.1%), Ray et al. [68] evaluated the impact of densification on the 
bioconversion of corn stover, ground and pelleted format. The low solids dilute‐acid pretreat‐
ment resulted in higher theoretical ethanol yields from the pelleted versus the non‐pelleted 
format of 84 and 69%, respectively. Pelleted and ground corn stover was pretreated at higher 
solids loading at multiple pretreatment severities and showed slightly increased reactivity 
across three of the five severities tested.

Similar to other pretreatment technologies, conversion of biomass feedstocks with low energy 
and bulk density using ILs is not an economic process. To address this issue, Shi et al. investi‐
gated and compared the IL pretreatment of switchgrass, lodgepole pine, corn stover, and euca‐
lyptus in both flour and densified pellet formats with 1‐ethyl‐3‐ methylimmidizolium acetate 
at 160°C and 10% solid loading for 3 h [55]. There was no significant difference between the 
physio‐chemical properties, that is, composition and cellulose crystallinity, of the pretreated 
flour and pellets. The subsequent enzymatic digestibility results show that sugar yields from 
both formats reach 90% conversion within 24 h, suggesting densifying a wide range of feed‐
stocks may be a competitive solution with no significant adverse impacts, provided that they 
are coupled with the appropriate conversion technology. Although significant improvements in 
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terms of IL cost and recycling need to be resolved before this technology is commercially viable, 
biomass densification certainly provides the economic benefits toward the future development.

3.2.2. ComPAKo briquettes

Additional studies have been performed quantifying ethanol yields from densified AFEX‐
pretreated corn stover, switchgrass, and prairie cordgrass. Rijal et al. [69] studied the effect 
of initial particle size (2, 4, 8 mm) and densification on ethanol production. They employed a 
novel densification method, ComPAKo that uses a gear, mesh system to produce compacted 
biomass briquettes (1 inch × 0.5 inch × 4 inch). The ComPAKo equipment operates at lower 
temperatures (30–60°C) and pressures, lowering energy costs. Also, the capital investment 
for ComPAKo is less than half that of a pellet mill. The bulk density of the briquettes ranged 
between 380 and 460 kg/m3 with moisture content of 11–15%. The AFEX‐pretreated biomass 
was used for both simultaneous saccharification fermentation (SSF) at 4% glucan loading and 
separate hydrolysis with fermentation (SHF) at 1% glucan loading with an enzyme loading 
of 15 FPU and 64 CBU/g of glucan for hydrolysis. Results demonstrated that 2‐mm densi‐
fied corn stover briquettes yielded approximately 5% higher ethanol than 8‐mm densified 
material. They also showed that grinding the densified 8‐mm briquettes to 2 mm prior to SSF 
studies did not result in significant ethanol yield differences, but the 2‐mm densified corn 
stover showed 4% higher yield than post‐grinding the 8‐mm briquettes prior to hydrolysis. 
The ethanol yields from the SSF did not significantly differ for the AFEX‐treated corn stover or 
switchgrass when compared to the densified AFEX‐treated material, but they noted a negative 
impact for the prairie cordgrass densified material by 16%. This was attributed to the observa‐
tion that densified AFEX‐treated prairie cordgrass was stronger and did not break apart dur‐
ing mixing and hydrolysis. Upon grinding of the AFEX‐treated densified prairie cordgrass, 
the ethanol yields were 35% less than with the nondensified material, indicating that prai‐
rie cordgrass densification is not beneficial. The negative impacts of densification on AFEX‐
treated prairie cordgrass may be attributed to amount or structure of lignin in this feedstock. 
Sugar yields during SHF were not impacted for the corn stover or switchgrass densified mate‐
rial, but they were significantly diminished for prairie cordgrass. However, when compar‐
ing SHF ethanol yields, switchgrass densified material gave significantly lower yields, while 
yields from densified corn stover were only slightly higher, but the densified prairie cordgrass 
produced higher yields than either corn stover or switchgrass. The results support AFEX as 
an effective pretreatment technology for ComPAKo densification processes, thus reducing the 
need for additional particle size reduction for effective hydrolysis. These technologies how‐
ever will produce different sugar and ethanol yields dependent on feedstock choice and sub‐
sequent hydrolysis and fermentation. AFEX‐treated densified corn  stover yielded the better 
quality briquettes of the three biomass types tested in the AFEX‐treated, ComPAKo processes.

Biersbach et al. [70] also studied ethanol yields from briquettes of AFEX‐treated corn stover, 
switchgrass, and prairie cordgrass and assessed the impact enzyme loading has during SSF and 
SHF, and they tested storage of these densified materials. They used the ComPAKo method to 
produce briquettes of 1–2 cm with a bulk density range between 380 and 460 kg/m3 and mois‐
ture content of 11–15%. Ethanol yield was improved for all AFEX‐pretreated biomass tested 
regardless of enzyme dose or fermentation regimen (SSF or SHF). They found that ComPAKo 
densified AFEX‐treated biomass did not consistently have an impact on ethanol yields in most 
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ing mixing and hydrolysis. Upon grinding of the AFEX‐treated densified prairie cordgrass, 
the ethanol yields were 35% less than with the nondensified material, indicating that prai‐
rie cordgrass densification is not beneficial. The negative impacts of densification on AFEX‐
treated prairie cordgrass may be attributed to amount or structure of lignin in this feedstock. 
Sugar yields during SHF were not impacted for the corn stover or switchgrass densified mate‐
rial, but they were significantly diminished for prairie cordgrass. However, when compar‐
ing SHF ethanol yields, switchgrass densified material gave significantly lower yields, while 
yields from densified corn stover were only slightly higher, but the densified prairie cordgrass 
produced higher yields than either corn stover or switchgrass. The results support AFEX as 
an effective pretreatment technology for ComPAKo densification processes, thus reducing the 
need for additional particle size reduction for effective hydrolysis. These technologies how‐
ever will produce different sugar and ethanol yields dependent on feedstock choice and sub‐
sequent hydrolysis and fermentation. AFEX‐treated densified corn  stover yielded the better 
quality briquettes of the three biomass types tested in the AFEX‐treated, ComPAKo processes.

Biersbach et al. [70] also studied ethanol yields from briquettes of AFEX‐treated corn stover, 
switchgrass, and prairie cordgrass and assessed the impact enzyme loading has during SSF and 
SHF, and they tested storage of these densified materials. They used the ComPAKo method to 
produce briquettes of 1–2 cm with a bulk density range between 380 and 460 kg/m3 and mois‐
ture content of 11–15%. Ethanol yield was improved for all AFEX‐pretreated biomass tested 
regardless of enzyme dose or fermentation regimen (SSF or SHF). They found that ComPAKo 
densified AFEX‐treated biomass did not consistently have an impact on ethanol yields in most 
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of the conditions they tested, but in three of the corn stover tested  conditions, densification 
increased ethanol yields up to 13%. For experiments using switchgrass and prairie cordgrass 
densified material, the densification caused 7 and 22% reduction in ethanol yields, respec‐
tively. They concluded that the ethanol yield differences of the various feedstocks could be 
attributed to the glucan content and pretreatment efficiency. They also found that the higher 
enzyme dose (15 FPU Spezyme CP, 64 CBU Novozyme 188) during enzymatic hydrolysis gen‐
erally increased ethanol yields in the range of 18–317% for SHF and 28–62.5% for SSF, depen‐
dent on the feedstock. When the AFEX‐treated densified briquettes were stored for 6 months, 
there was an increase in ethanol yield of 12–17%, with the exception of the prairie cordgrass 
which gave a 55% reduction in ethanol yield when SHF was performed, but not with SSF.

3.2.3. Extrusion pelleting

Extrusion pelleting is another densification technology that Sundaram and Muthukumarappan 
[71] used to evaluate AFEX‐pretreated corn stover, switchgrass, and prairie cordgrass. They 
tested the effects of various parameters during laboratory‐scale single‐screw extrusion pellet‐
ing and the impact of those parameters on pellet bulk density, hardness, and sugar recovery 
from enzymatic hydrolysis. The parameters tested included moisture content (5, 10, and 15%), 
hammer mill particle size (2, 4, and 8 mm), and extrusion barrel temperature (75, 100, and 
125°C). In general, the bulk density of the AFEX‐treated biomass particles decreased as the 
particle size increased, and the bulk density increased with increasing the moisture content. 
Similar to other studies, the AFEX‐pretreated material increased the pellet bulk density for 
each feedstock (650.6 kg/m3 for corn stover, 680.1 kg/m3 for prairie cord grass, and 627.7 kg/m3 
for switchgrass) compared to untreated material (453.0, 463.2, and 433.9 kg/m3, respectively). 
The moisture content significantly impacted pellet bulk density with higher moisture content 
causing an increase. However, particle size of AFEX‐pretreated material had no impact on pel‐
let bulk density, but it inversely affected the untreated pellets; likewise extrusion temperature 
did not significantly impact AFEX‐pretreated pellet bulk density but did negatively impact the 
untreated material. Pellet hardness was also determined for AFEX‐pretreated pellets of corn 
stover, switchgrass, and prairie cordgrass with maximum hardness values of 2342.8, 2424.3, 
and 1298.6 N for each feedstock, respectively. The hardness of the AFEX‐treated pellets was 
not significantly different at different barrel temperatures, indicating that good quality pellets 
can be achieved at 75°C, thus reducing costs. Moisture content correlated with pellet hardness 
for treated and untreated materials which is typical for extrusion pelleting and in combination 
with moisture content, particle size impacted pellet hardness, with 2 and 4 mm particles yield‐
ing maximum hardness. The percent glucose released form AFEX‐pretreated pellets ranged 
from 88.9 to 94.9% for corn stover, 90.1 to 94.9% for prairie cord grass, and 87.0 to 92.9% for 
switchgrass. These glucose yields were 1.6, 2.1 and 2.3 fold higher than those from untreated 
pellets, respectively and xylose yields increased 1.6, 1.4, and 2.0 fold for AFEX‐treated pellets 
compared to untreated pellets, respectively. Neither glucose yields nor xylose yields were sig‐
nificantly impacted by the extrusion temperatures or the particle sizes tested during extrusion 
pelleting, again indicating a low temperature of 75°C can be used to achieve quality pellets for 
conversion. Finally, the results show the extrusion pelleting process can be performed at low 
temperatures and larger particle size without significantly impacting sugar yields, thus reduc‐
ing pellet processing costs.
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These key findings suggest that densification of biomass does not negatively affect its com‐
position and downstream conversion and may actually increase bioconversion or perhaps 
reduce the requirements for a given conversion level. However, many of these evaluations 
involving herbaceous feedstocks were conducted under low‐solids, non‐mixed, and batch 
conditions, which make extrapolations to more process‐relevant conditions difficult.

4. Summary

This book chapter evaluates the potential of preprocessing options, that is, blending and densi‐
fication, for uniform, consistent, quality‐controlled, and cost‐effective feedstock development, 
and reviews their impacts on feedstock supply chain logistic and downstream conversion 
performance. The use of blended and densified feedstocks in conversion pathways instead of 
conventionally ground biomass from a single source addresses several challenges in the cur‐
rent biomass supply chain, including availability, transportation, storage, cost, quality, and 
supply variability. Review and summary of recent research further demonstrate that a bio‐
mass blending strategy provides an efficient way to meet quality and conversion performance 
specifications in comparison with the conversion of single feedstock. Densified formats can 
perform equivalent to non‐densified formats in terms of sugar and ethanol biochemical con‐
version performance. Both blending and densification provide great promise to enable more 
cost‐effective downstream processing.

Acknowledgements

This work is supported by the U.S. Department of Energy, Office of Energy Efficiency and 
Renewable Energy, Bioenergy Technologies Office, under DOE Idaho Operations Office 
Contract DE‐AC07‐05ID14517. The authors would like to extend thanks to AAE for thought‐
ful review of this chapter.

Author details

Allison E. Ray1*, Chenlin Li1, Vicki S. Thompson1, Dayna L. Daubaras1, Nicholas J. Nagle2 and 
Damon S. Hartley1

*Address all correspondence to: allison.ray@inl.gov

1 Idaho National Laboratory, Idaho Falls, ID, USA

2 National Renewable Energy Laboratory, Golden, CO, USA

References

[1] USEPA, March 17, 2016 [cited 2016 July 14]; Available from: https://www.epa.gov/
renewable‐fuel‐standard‐program.

Biomass Volume Estimation and Valorization for Energy354



These key findings suggest that densification of biomass does not negatively affect its com‐
position and downstream conversion and may actually increase bioconversion or perhaps 
reduce the requirements for a given conversion level. However, many of these evaluations 
involving herbaceous feedstocks were conducted under low‐solids, non‐mixed, and batch 
conditions, which make extrapolations to more process‐relevant conditions difficult.

4. Summary

This book chapter evaluates the potential of preprocessing options, that is, blending and densi‐
fication, for uniform, consistent, quality‐controlled, and cost‐effective feedstock development, 
and reviews their impacts on feedstock supply chain logistic and downstream conversion 
performance. The use of blended and densified feedstocks in conversion pathways instead of 
conventionally ground biomass from a single source addresses several challenges in the cur‐
rent biomass supply chain, including availability, transportation, storage, cost, quality, and 
supply variability. Review and summary of recent research further demonstrate that a bio‐
mass blending strategy provides an efficient way to meet quality and conversion performance 
specifications in comparison with the conversion of single feedstock. Densified formats can 
perform equivalent to non‐densified formats in terms of sugar and ethanol biochemical con‐
version performance. Both blending and densification provide great promise to enable more 
cost‐effective downstream processing.

Acknowledgements

This work is supported by the U.S. Department of Energy, Office of Energy Efficiency and 
Renewable Energy, Bioenergy Technologies Office, under DOE Idaho Operations Office 
Contract DE‐AC07‐05ID14517. The authors would like to extend thanks to AAE for thought‐
ful review of this chapter.

Author details

Allison E. Ray1*, Chenlin Li1, Vicki S. Thompson1, Dayna L. Daubaras1, Nicholas J. Nagle2 and 
Damon S. Hartley1

*Address all correspondence to: allison.ray@inl.gov

1 Idaho National Laboratory, Idaho Falls, ID, USA

2 National Renewable Energy Laboratory, Golden, CO, USA

References

[1] USEPA, March 17, 2016 [cited 2016 July 14]; Available from: https://www.epa.gov/
renewable‐fuel‐standard‐program.

Biomass Volume Estimation and Valorization for Energy354

[2] EISA, Energy Independence and Security Act (EISA) of 2007. 2007 January 4, 2007 [cited 2012 
September 27, 2012]; Available from: http://www.gpo.gov/fdsys/pkg/BILLS‐110hr6enr/
pdf/BILLS‐110hr6enr.pdf.

[3] USDOE, 2016 Billion-ton report: advancing domestic resources for a thriving bioeconomy, 
in M.H. Langholtz, B.J. Stokes, and L.M. Eaton, Editors, Economic Availability of 
Feedstocks, vol 1. 2016, Oak Ridge National Laboratory: Oak Ridge, TN, USA.

[4] Hess, J.R., et al., Commodity-scale production of an infrastructure-compatible bulk solid from 

herbaceous lignocellulosic biomass, in Uniform‐Format Bioenergy Feedstock Supply System 
Design Report. 2009, Idaho National Laboratory: Idaho Falls, ID.

[5] Hess, J.R., C.T. Wright, and K.L. Kenney, Cellulosic biomass feedstocks and logistics for 

 ethanol production. Biofuels, Bioproducts and Biorefining, 2007. 1(3): pp. 181–190.

[6] Kenney, K.L., et al., Understanding biomass feedstock variability. Biofuels, 2013. 4(1): pp. 111–127.

[7] Lamers, P., et al., Strategic supply system design—a holistic evaluation of operational and pro-

duction cost for a biorefinery supply chain. Biofuels, Bioproducts and Biorefining, 2015. 9(6): 
pp. 648–660.

[8] Rentizelas, A.A., I.P. Tatsiopoulos, and A. Tolis, An optimization model for multi-biomass 

tri-generation energy supply. Biomass and Bioenergy, 2009. 33(2): pp. 223–233.

[9] Banerjee, S., et al., Commercializing lignocellulosic bioethanol: technology bottlenecks and 

 possible remedies. Biofuels, Bioproducts and Biorefining, 2010. 4(1): pp. 77–93.

[10] Oke, M.A., M.S.M. Annuar, and K. Simarani, Mixed feedstock approach to lignocellulosic 

ethanol production—prospects and limitations. Bioenergy Research, 2016: pp. 1–15.

[11] Argo, A.M., et al., Investigation of biochemical biorefinery sizing and environmental sustain-

ability impacts for conventional bale system and advanced uniform biomass logistics designs. 
Biofuels, Bioproducts and Biorefining, 2013. 7(3): pp. 282–302.

[12] Jacobson, J., et al., Techno-economic analysis of a biomass depot. 2014, Idaho National 
Laboratory: Idaho Falls, ID.

[13] Searcy, E. and J.R. Hess, Uniform‐Format Feedstock Supply System: A Commodity‐
Scale Design to Produce an Infrastructure‐Compatible Biocrude from Lignocellulosic 
Biomass. 2010, Idaho National Laboratory: Idaho Falls, ID.

[14] Hansen, J., J. Jacobson, and M. Roni. Quantifying Supply Risk at a Cellulosic Biorefinery. 
in 33rd International Conference of the System Dynamics Society. 2015. Cambridge, 
MA, USA.

[15] Sultana, A. and A. Kumar, Optimal configuration and combination of multiple lignocellu-

losic biomass feedstocks delivery to a biorefinery. Bioresource Technology, 2011. 102(21): 
pp. 9947–9956.

[16] Langholtz, M., et al., Climate risk management for the U.S. cellulosic biofuels supply chain. 
Climate Risk Management, 2014. 3: pp. 96–115.

Biomass Blending and Densification: Impacts on Feedstock Supply and Biochemical Conversion Performance
http://dx.doi.org/10.5772/67207

355



[17] Emerson, R., et al., Drought effects on composition and yield for corn stover, mixed grasses, and 

Miscanthus as bioenergy feedstocks. Biofuels, 2014. 5(3): pp. 275–291.

[18] Maung, T.A., et al., The logistics of supplying single vs. multi-crop cellulosic feedstocks to a 

biorefinery in southeast North Dakota. Applied Energy, 2013. 109: pp. 229–238.

[19] Tumuluru, J.S., et al., A review of biomass densification systems to develop uniform feedstock 

commodities for bioenergy application. Biofuels, Bioproducts and Biorefining, 2011. 5(6): 
pp. 683–707.

[20] Richard, T.L., Challenges in scaling up biofuels infrastructure. Science, 2010. 329(5993): 
pp. 793–796.

[21] Williams, C.L., et al., Sources of biomass feedstock variability and the potential impact on 

 biofuels production. Bioenergy Research, 2016. 9(1): pp. 1–14.

[22] Li, C., et al., Impact of feedstock quality and variation on biochemical and thermochemical 

 conversion. Renewable and Sustainable Energy Reviews, 2016. 65: pp. 525‐536..

[23] Tumuluru, J.S., et al., Formulation, pretreatment, and densification options to improve biomass 

specifications for co-firing high percentages with coal. Industrial Biotechnology, 2012. 8(3): 
pp. 113–132.

[24] Hill, L.D., Grain Grades and Standards: Historical Issues Shaping the Future. 1990, 
Chicago, IL, USA: University of Illinois Press.

[25] Sami, M., K. Annamalai, and M. Wooldridge, Co-firing of coal and biomass fuel blends. 
Progress in Energy and Combustion Science, 2001. 27(2): pp. 171–214.

[26] Shi, J., et al., Impact of pretreatment technologies on saccharification and isopentenol fermenta-

tion of mixed lignocellulosic feedstocks. BioEnergy Research, 2015. 8(3): pp. 1004–1013.

[27] Boavida, D., et al., A study on coal blending for reducing NOx and N2O levels during fluidized 

bed combustion. Clean Air, 2012. 5: pp. 175–191.

[28] Reddy, D.V. and N. Krishna, Precision animal nutrition: a tool for economic and eco-friendly 

animal production in ruminants. Livestock Research for Rural Development, 2009. 21(3): 
p. 36.

[29] USDOE, Bioenergy Technologies Office Multi‐Year Program Plan. 2016: Washington, D.C.

[30] Crawford, N.C., et al., Evaluating the pelletization of “pure” and blended lignocellulosic 

 biomass feedstocks. Fuel Processing Technology, 2015. 140: pp. 46–56.

[31] Kenney, K.L., et al., Feedstock Supply System Design and Economics for Conversion 
of Lignocellulosic Biomass to Hydrocarbon Fuels. Conversion Pathway: Biological 
Conversion of Sugars to Hydrocarbons: The 2017 Design Case. 2013, Idaho National 
Laboratory: Idaho Falls, ID.

[32] Thompson, V.S., et al., Assessment of municipal solid waste as a blend feedstock to lower 

 biomass feedstock costs, in 36th Symposium on Biotechnology for Fuels and Chemicals. 
2014: Clearwater Beach, FL.

Biomass Volume Estimation and Valorization for Energy356



[17] Emerson, R., et al., Drought effects on composition and yield for corn stover, mixed grasses, and 

Miscanthus as bioenergy feedstocks. Biofuels, 2014. 5(3): pp. 275–291.

[18] Maung, T.A., et al., The logistics of supplying single vs. multi-crop cellulosic feedstocks to a 

biorefinery in southeast North Dakota. Applied Energy, 2013. 109: pp. 229–238.

[19] Tumuluru, J.S., et al., A review of biomass densification systems to develop uniform feedstock 

commodities for bioenergy application. Biofuels, Bioproducts and Biorefining, 2011. 5(6): 
pp. 683–707.

[20] Richard, T.L., Challenges in scaling up biofuels infrastructure. Science, 2010. 329(5993): 
pp. 793–796.

[21] Williams, C.L., et al., Sources of biomass feedstock variability and the potential impact on 

 biofuels production. Bioenergy Research, 2016. 9(1): pp. 1–14.

[22] Li, C., et al., Impact of feedstock quality and variation on biochemical and thermochemical 

 conversion. Renewable and Sustainable Energy Reviews, 2016. 65: pp. 525‐536..

[23] Tumuluru, J.S., et al., Formulation, pretreatment, and densification options to improve biomass 

specifications for co-firing high percentages with coal. Industrial Biotechnology, 2012. 8(3): 
pp. 113–132.

[24] Hill, L.D., Grain Grades and Standards: Historical Issues Shaping the Future. 1990, 
Chicago, IL, USA: University of Illinois Press.

[25] Sami, M., K. Annamalai, and M. Wooldridge, Co-firing of coal and biomass fuel blends. 
Progress in Energy and Combustion Science, 2001. 27(2): pp. 171–214.

[26] Shi, J., et al., Impact of pretreatment technologies on saccharification and isopentenol fermenta-

tion of mixed lignocellulosic feedstocks. BioEnergy Research, 2015. 8(3): pp. 1004–1013.

[27] Boavida, D., et al., A study on coal blending for reducing NOx and N2O levels during fluidized 

bed combustion. Clean Air, 2012. 5: pp. 175–191.

[28] Reddy, D.V. and N. Krishna, Precision animal nutrition: a tool for economic and eco-friendly 

animal production in ruminants. Livestock Research for Rural Development, 2009. 21(3): 
p. 36.

[29] USDOE, Bioenergy Technologies Office Multi‐Year Program Plan. 2016: Washington, D.C.

[30] Crawford, N.C., et al., Evaluating the pelletization of “pure” and blended lignocellulosic 

 biomass feedstocks. Fuel Processing Technology, 2015. 140: pp. 46–56.

[31] Kenney, K.L., et al., Feedstock Supply System Design and Economics for Conversion 
of Lignocellulosic Biomass to Hydrocarbon Fuels. Conversion Pathway: Biological 
Conversion of Sugars to Hydrocarbons: The 2017 Design Case. 2013, Idaho National 
Laboratory: Idaho Falls, ID.

[32] Thompson, V.S., et al., Assessment of municipal solid waste as a blend feedstock to lower 

 biomass feedstock costs, in 36th Symposium on Biotechnology for Fuels and Chemicals. 
2014: Clearwater Beach, FL.

Biomass Volume Estimation and Valorization for Energy356

[33] USDOE, Bioenergy knowledge discovery framework. 2016 [cited 2015 November 4, 2015]; 
Available from: www.bioenergykdf.net.

[34] USDOE, Bioenergy knowledge discovery framework. 2015 [cited 2015 November 4, 2015]; 
Available from: www.bioenergykdf.net.

[35] Lamers, P., et al., Techno-economic analysis of decentralized biomass processing depots. 
Bioresource Technology, 2015. 194: pp. 205–213.

[36] Kaliyan, N. and R.V. Morey, Natural binders and solid bridge type binding mechanisms in 

briquettes and pellets made from corn stover and switchgrass. Bioresource Technology, 2010. 
101(3): pp. 1082–1090.

[37] Larsson, S.H., et al., High quality biofuel pellet production from pre-compacted low density raw 

materials. Bioresource Technology, 2008. 99(15): pp. 7176–7182.

[38] Mani, S., L.G. Tabil, and S. Sokhansanj, Effects of compressive force, particle size and mois-

ture content on mechanical properties of biomass pellets from grasses. Biomass and Bioenergy, 
2006. 30(7): pp. 648–654.

[39] Mani, S., L.G. Tabil, and S. Sokhansanj, Specific energy requirement for compacting corn sto-

ver. Bioresource Technology, 2006. 97(12): pp. 1420–1426.

[40] Greene, J., Q1 2015 Recap: Global Wood Pellet Demand Creates US Opportunities. 2015 April 
14, 2015 [cited 2016 September 11, 2016]; Available from: http://blog.forest2market.com/
wood‐pellet‐demand‐creates‐opportunity.

[41] Bals, B., et al., Ammonia fiber expansion (AFEX) treatment of eleven different forages: 

Improvements to fiber digestibility in vitro. Animal Feed Science and Technology, 2010. 
155(2–4): pp. 147–155.

[42] Himmel, M.E., et al., Biomass recalcitrance: engineering plants and enzymes for biofuels 

 production. Science, 2007. 315(5813): pp. 804–807.

[43] Weiss, N.D., J.D. Farmer, and D.J. Schell, Impact of corn stover composition on hemicellulose 

conversion during dilute acid pretreatment and enzymatic cellulose digestibility of the pretreated 

solids. Bioresource Technology, 2010. 101(2): pp. 674–678.

[44] Chen, Y., et al., Understanding of alkaline pretreatment parameters for corn stover enzymatic 

saccharification. Biotechnology for Biofuels, 2013. 6(1): pp. 1–10.

[45] Chen, X., et al., A highly efficient dilute alkali deacetylation and mechanical (disc)  refining 

 process for the conversion of renewable biomass to lower cost sugars. Biotechnology for 
Biofuels, 2014. 7(1): pp. 1–12.

[46] Tao, L., et al., Process and technoeconomic analysis of leading pretreatment technologies for 

lignocellulosic ethanol production using switchgrass. Bioresource Technology, 2011. 102(24): 
pp. 11105–11114.

[47] Li, C.L., et al., Comparison of dilute acid and ionic liquid pretreatment of switchgrass: Biomass 

recalcitrance, delignification and enzymatic saccharification. Bioresource Technology, 2010. 
101(13): pp. 4900–4906.

Biomass Blending and Densification: Impacts on Feedstock Supply and Biochemical Conversion Performance
http://dx.doi.org/10.5772/67207

357



[48] Passos, H., M.G. Freire, and J.A.P. Coutinho, Ionic liquid solutions as extractive solvents for 

value-added compounds from biomass. Green Chemistry, 2014. 16(12): pp. 4786–4815.

[49] Brandt, A., et al., Deconstruction of lignocellulosic biomass with ionic liquids. Green 
Chemistry, 2013. 15(3): pp. 550–583.

[50] Li, C., et al., Scale-up of ionic liquid-based fractionation of single and mixed feedstocks. 
BioEnergy Research, 2015: pp. 1–10.

[51] Sun, N., et al., Blending municipal solid waste with corn stover for sugar production using ionic 

liquid process. Bioresource Technology, 2015. 186: pp. 200–206.

[52] Li, C.L., et al., Comparing the recalcitrance of eucalyptus, pine, and switchgrass using ionic 

liquid and dilute acid pretreatments. Bioenergy Research, 2013. 6(1): pp. 14–23.

[53] Li, C., et al., Scale-up and process integration of sugar production by acidolysis of municipal 

solid waste/corn stover blends in ionic liquids. Biotechnol Biofuels 2017. In Press.

[54] Singh, S., et al., Mixed feedstocks processing using an ionic liquid. 2013, US20130183739 A1.

[55] Shi, J., et al., Impact of mixed feedstocks and feedstock densification on ionic liquid pretreatment 

efficiency. Biofuels, 2013. 4(1): pp. 63–72.

[56] Tanjore, D., et al., Resolving process scale-up issues of ionic liquid pretreatment and saccharifi-

cation of biomass to monomeric sugars, in 35th Symposium on Biotechnology for Fuels and 
Chemicals. 2013: Portland, Oregon.

[57] Li, C., et al., Scale-up and process integration of sugar production by acidolysis of single and 

mixed feedstocks in ionic liquids, in 37th Symposium on Biotechnology for Fuels and 
Chemicals. 2015: San Diego, CA.

[58] Karki, B., N. Nahar, and S.W. Pryor, Enzymatic hydrolysis of switchgrass and tall wheat-

grass mixtures using dilute sulfuric acid and aqueous ammonia pretreatments. Biological 
Engineering Transactions, 2011. 3(3): pp. 163–171.

[59] Brodeur‐Campbell, M., J. Klinger, and D. Shonnard, Feedstock mixture effects on sugar 

monomer recovery following dilute acid pretreatment and enzymatic hydrolysis. Bioresource 
Technology, 2012. 116: pp. 320–326.

[60] Wolfrum, E., et al., The effect of feedstock densification on structural sugar release and yield in 

and biofuel feedstock and feedstock blends, in Symposium on Biotechnology for Fuels and 
Chemicals. 2015: San Diego, CA.

[61] Wolfrum, E.J., et al., The effect of biomass densification on structural sugar release and yield in 

biofuel feedstock and feedstock blends. BioEnergy Research, 2017. Accepted.

[62] Guragain, Y.N., et al., Evaluation of pelleting as a pre-processing step for effective biomass 

deconstruction and fermentation. Biochemical Engineering Journal, 2013. 77: pp. 198–207.

[63] Nahar, N. and S.W. Pryor, Reduced pretreatment severity and enzyme loading enabled through 

switchgrass pelleting. Biomass and Bioenergy, 2014. 67: pp. 46–52.

Biomass Volume Estimation and Valorization for Energy358



[48] Passos, H., M.G. Freire, and J.A.P. Coutinho, Ionic liquid solutions as extractive solvents for 

value-added compounds from biomass. Green Chemistry, 2014. 16(12): pp. 4786–4815.

[49] Brandt, A., et al., Deconstruction of lignocellulosic biomass with ionic liquids. Green 
Chemistry, 2013. 15(3): pp. 550–583.

[50] Li, C., et al., Scale-up of ionic liquid-based fractionation of single and mixed feedstocks. 
BioEnergy Research, 2015: pp. 1–10.

[51] Sun, N., et al., Blending municipal solid waste with corn stover for sugar production using ionic 

liquid process. Bioresource Technology, 2015. 186: pp. 200–206.

[52] Li, C.L., et al., Comparing the recalcitrance of eucalyptus, pine, and switchgrass using ionic 

liquid and dilute acid pretreatments. Bioenergy Research, 2013. 6(1): pp. 14–23.

[53] Li, C., et al., Scale-up and process integration of sugar production by acidolysis of municipal 

solid waste/corn stover blends in ionic liquids. Biotechnol Biofuels 2017. In Press.

[54] Singh, S., et al., Mixed feedstocks processing using an ionic liquid. 2013, US20130183739 A1.

[55] Shi, J., et al., Impact of mixed feedstocks and feedstock densification on ionic liquid pretreatment 

efficiency. Biofuels, 2013. 4(1): pp. 63–72.

[56] Tanjore, D., et al., Resolving process scale-up issues of ionic liquid pretreatment and saccharifi-

cation of biomass to monomeric sugars, in 35th Symposium on Biotechnology for Fuels and 
Chemicals. 2013: Portland, Oregon.

[57] Li, C., et al., Scale-up and process integration of sugar production by acidolysis of single and 

mixed feedstocks in ionic liquids, in 37th Symposium on Biotechnology for Fuels and 
Chemicals. 2015: San Diego, CA.

[58] Karki, B., N. Nahar, and S.W. Pryor, Enzymatic hydrolysis of switchgrass and tall wheat-

grass mixtures using dilute sulfuric acid and aqueous ammonia pretreatments. Biological 
Engineering Transactions, 2011. 3(3): pp. 163–171.

[59] Brodeur‐Campbell, M., J. Klinger, and D. Shonnard, Feedstock mixture effects on sugar 

monomer recovery following dilute acid pretreatment and enzymatic hydrolysis. Bioresource 
Technology, 2012. 116: pp. 320–326.

[60] Wolfrum, E., et al., The effect of feedstock densification on structural sugar release and yield in 

and biofuel feedstock and feedstock blends, in Symposium on Biotechnology for Fuels and 
Chemicals. 2015: San Diego, CA.

[61] Wolfrum, E.J., et al., The effect of biomass densification on structural sugar release and yield in 

biofuel feedstock and feedstock blends. BioEnergy Research, 2017. Accepted.

[62] Guragain, Y.N., et al., Evaluation of pelleting as a pre-processing step for effective biomass 

deconstruction and fermentation. Biochemical Engineering Journal, 2013. 77: pp. 198–207.

[63] Nahar, N. and S.W. Pryor, Reduced pretreatment severity and enzyme loading enabled through 

switchgrass pelleting. Biomass and Bioenergy, 2014. 67: pp. 46–52.

Biomass Volume Estimation and Valorization for Energy358

[64] Hoover, A.N., et al., Effect of pelleting process variables on physical properties and sugar 

yields of ammonia fiber expansion pretreated corn stover. Bioresource Technology, 2014. 164: 
pp. 128–135.

[65] Bals, B.D., et al., Enzymatic hydrolysis of pelletized AFEX™-treated corn stover at high solid 

loadings. Biotechnology and Bioengineering, 2014. 111(2): pp. 264–271.

[66] Rijal, B., et al., Combined effect of pelleting and pretreatment on enzymatic hydrolysis of switch-

grass. Bioresource Technology, 2012. 116: pp. 34–41.

[67] Theerarattananoon, K., et al., Effects of the pelleting conditions on chemical composition and 

sugar yield of corn stover, big bluestem, wheat straw, and sorghum stalk pellets. Bioprocess and 
Biosystems Engineering, 2012. 35(4): pp. 615–623.

[68] Ray, A.E., et al., Effect of pelleting on the recalcitrance and bioconversion of dilute-acid  pretreated 

corn stover under low- and high-solids conditions. Biofuels, 2013. 4(3): pp. 271–284.

[69] Rijal, B., et al., Effect of initial particle size and densification on afex-pretreated biomass for 

ethanol production. Applied Biochemistry and Biotechnology, 2014. 174(2): pp. 845–854.

[70] Biersbach, G., et al., Effects of enzyme loading, densification, and storage on AFEX-pretreated 

biomass for ethanol production. Applied Biochemistry and Biotechnology, 2015. 177(7): 
pp. 1530–1540.

[71] Sundaram, V. and K. Muthukumarappan, Impact of AFEX™ pretreatment and extrusion 

pelleting on pellet physical properties and sugar recovery from corn stover, prairie cord grass, and 

switchgrass. Applied Biochemistry and Biotechnology, 2016. 179(2): p. 202–219.

Biomass Blending and Densification: Impacts on Feedstock Supply and Biochemical Conversion Performance
http://dx.doi.org/10.5772/67207

359





Chapter 16

Metal Removal by Seaweed Biomass

Claudia Ortiz-Calderon, Héctor Cid Silva and

Daniel Barros Vásquez

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65682

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited. 

Metal Removal by Seaweed Biomass

Claudia Ortiz-Calderon, Héctor Cid Silva and 
Daniel Barros Vásquez

Additional information is available at the end of the chapter

Abstract

Environmental metal pollution is a serious public problem, and it has become an issue 
leading to research in the effluent remediation area. Techniques involving biosorption 
processes have been found to be promising due to the low cost of nonliving biomateri‐
als, which have the potential to adsorb metal ions from wastewaters. One of the most 
promising types of biomasses to be used as biosorbents is the seaweed biomass, par‐
ticularly from brown algae. The biosorption capability of the seaweed biomass relies on 
their cell wall chemical composition, mainly composed of alginates and fucoidans, mol‐
ecules with a high presence of functional groups that interact with metal ions. This book 
chapter focuses on the use of seaweed biomass for metal biosorption and the chemical 
basis underlying the process. The current state of the commercial status of biosorption 
technology based on seaweed biomass is presented. Examples of complementary uses of 
the algae biomass other than industrial wastewater cleaning processes are presented, and 
the potential reuse of the biomass after the biosorption focused on biofuel  production 
is discussed.

Keywords: seaweed biomass, metal removal, biosorption, biosorbent, 
wastewater treatment

1. Introduction

Environmental metal pollution is a serious public problem, and it has become an issue, leading 
to research in the effluent remediation area. Many techniques have been reported for remov‐
ing metals from solutions, such as chemical precipitation, adsorption, ion exchange, filtration, 
chemical oxidation or reduction, electrochemical treatment, membrane processes, and evapo‐
ration. It has been found that these methods are limited, because of high operational costs, 
especially when the initial metal ion concentrations are at the range of 10-100 mg/L [1]. Hence, 
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techniques involving biosorption processes have been found to be promising, due to the low 
cost of nonliving biomaterials, which have the potential to adsorb metal ions from wastewater.

The biosorption processes occur when metal ions interact with the functional groups present 
in biopolymers that are part of the biomass. Chemical groups such as amide, hydroxyl, car‐
boxylate, sulfonate, phosphate, and amino are responsible for the quantitative adsorption of 
metals [2]. Several interaction mechanisms such as complexation, coordination, chelation, ion 
adsorption, cation exchange, and microprecipitation have been proposed as the participants 
in the metal biosorption processes [3].

A wide variety of biomasses has been found to be capable of sequestering metal ions from 
dilute solutions. An interesting approach is the use of the nonliving forms of the biomaterials 
because they do not need nutrition for the maintenance and avoid metal toxicity problems [4]. 
One of the most promising types of biomasses suitable for their use as biosorbents is marine 
algal biomass (seaweeds), which exhibit a high abundance in the oceans [5].

The biosorption capability of algae biomass is mostly related to their cell wall chemical 
composition, which exhibits a fiber-like structure and an amorphous embedding matrix of 
polysaccharides such as alginates and fucoidan [6]. In brown algae, alginates have a high 
affinity for divalent cations and sulfated polysaccharides give account of the uptake of tri‐
valent cations [7]. The physical and chemical nature of the interaction between the metals 
and the functional groups present in the biomass has been intensively studied, in order to 
develop technologies for the sequestration of metals to clean, or to recover, valuable metals 
from industrial effluents [5, 8, 9].

This book chapter focuses on metal biosorption by seaweed biomass and the chemical interac‐
tions between the functional groups of this biomass and the cations. To the end, the potential 
uses of algae biomass in industrial wastewater cleaning processes and its potential reuse are 
highlighted.

2. Seaweed biomass

Algae are autotrophic organisms that contain chlorophyll and carry out oxygenic photosyn‐
thesis; they are widely distributed and have great diversity. Algae do not represent a formal 
taxonomic group of organisms, but a highly heterogeneous collection of organisms of different 
evolutionary lineages and high genetic diversity, which is reflected in the huge diversity that 
algae in morphological terms, ultrastructure, ecological, biochemical, and physiological [10].

Macroalgae, or seaweed, are a group of fast-growing aquatic organisms including about 
9000 species. They are commonly classified into three groups according to the color of the 
thallus, which correspond to the Chlorophyta (green algae), Rhodophyta (red algae), and 
Heterokontophyta phylum, class Phaeophyceae (brown algae) [11] (Figure 1).

The taxonomic classification of these organisms involves much more than this simple des‐
ignation and is performed considering a combination of features, including the nature of 
photosynthetic pigments; polymers present in the cell wall and cellular organization. Today, 

Biomass Volume Estimation and Valorization for Energy362



techniques involving biosorption processes have been found to be promising, due to the low 
cost of nonliving biomaterials, which have the potential to adsorb metal ions from wastewater.

The biosorption processes occur when metal ions interact with the functional groups present 
in biopolymers that are part of the biomass. Chemical groups such as amide, hydroxyl, car‐
boxylate, sulfonate, phosphate, and amino are responsible for the quantitative adsorption of 
metals [2]. Several interaction mechanisms such as complexation, coordination, chelation, ion 
adsorption, cation exchange, and microprecipitation have been proposed as the participants 
in the metal biosorption processes [3].

A wide variety of biomasses has been found to be capable of sequestering metal ions from 
dilute solutions. An interesting approach is the use of the nonliving forms of the biomaterials 
because they do not need nutrition for the maintenance and avoid metal toxicity problems [4]. 
One of the most promising types of biomasses suitable for their use as biosorbents is marine 
algal biomass (seaweeds), which exhibit a high abundance in the oceans [5].

The biosorption capability of algae biomass is mostly related to their cell wall chemical 
composition, which exhibits a fiber-like structure and an amorphous embedding matrix of 
polysaccharides such as alginates and fucoidan [6]. In brown algae, alginates have a high 
affinity for divalent cations and sulfated polysaccharides give account of the uptake of tri‐
valent cations [7]. The physical and chemical nature of the interaction between the metals 
and the functional groups present in the biomass has been intensively studied, in order to 
develop technologies for the sequestration of metals to clean, or to recover, valuable metals 
from industrial effluents [5, 8, 9].

This book chapter focuses on metal biosorption by seaweed biomass and the chemical interac‐
tions between the functional groups of this biomass and the cations. To the end, the potential 
uses of algae biomass in industrial wastewater cleaning processes and its potential reuse are 
highlighted.

2. Seaweed biomass

Algae are autotrophic organisms that contain chlorophyll and carry out oxygenic photosyn‐
thesis; they are widely distributed and have great diversity. Algae do not represent a formal 
taxonomic group of organisms, but a highly heterogeneous collection of organisms of different 
evolutionary lineages and high genetic diversity, which is reflected in the huge diversity that 
algae in morphological terms, ultrastructure, ecological, biochemical, and physiological [10].

Macroalgae, or seaweed, are a group of fast-growing aquatic organisms including about 
9000 species. They are commonly classified into three groups according to the color of the 
thallus, which correspond to the Chlorophyta (green algae), Rhodophyta (red algae), and 
Heterokontophyta phylum, class Phaeophyceae (brown algae) [11] (Figure 1).

The taxonomic classification of these organisms involves much more than this simple des‐
ignation and is performed considering a combination of features, including the nature of 
photosynthetic pigments; polymers present in the cell wall and cellular organization. Today, 

Biomass Volume Estimation and Valorization for Energy362

thanks to molecular systematics, a good progress has been made in the classification of these 
organisms, solving the problem of underestimation of diversity when considering only 
morphological characters [12]. There is great interest in the commercial use of the chemical 
constituents present in the seaweeds, in the field of energy production, agriculture, food, 
environmental, and pharmaceutical industry. The global harvest seaweed for food and algal 
products (e.g., Agar, alginates, and carrageenan) exceeds 3 million tons per year, with a 
potential harvest estimated at 2.6 million tons for red algae and 16 million tons brown algae 
[13]. Of particular interest is the use of seaweed dead biomass as biosorbent of heavy metals 
in solution. Multiple studies have shown a high sorption capacity and selectivity for different 
metal cations attributed to the polysaccharides present in their cell walls [4, 5, 8, 9, 14–18]. The 
basic organization of their cell walls comprises a fibril skeleton mainly composed of cellulose, 
and an amorphous matrix of sulfated galactans constituted by carrageenans and agar in red 
algae and alginates or alginic acid and fucoidan in brown algae (Table 1). Studies to assess 

Figure 1. Brown algae Durvillaea antarctica. Left, a specimen freshly collected from the coastal line. Right, a sample of 
milled Durvillaea antarctica biomass with a size of 500–1000 µm.

Division Common name Pigments Storage product Cell wall

Chlorophyta Green algae Chlorophyll a, b; α-, β- and  
γ-carotenes, and several 
xanthophylls

Starch (amylose and 
amylopectin) (oil in 
some)

Cellulose (β-1,4-
glucopyroside), 
hydroxyproline, 
glucosides, xylans, and 
mannans

Phaeophyta Brown algae Chlorophyll a, c; β-carotene and 
fucoxanthin and several other 
xanthophylls

Laminaran (β-1,3-
lucopyranoside, 
predominantly); 
mannitol

Cellulose, alginic, 
acid, and sulfated, 
mucopolysaccharides 
(fucoidan)

Rhodophyta Red algae Chlorophyll a (d in some 
Florideophyceae); R- and  
C-phycocyanin, allophycocyanin;
R- and B-phycoerythrin. α- and 
β-carotene and several xanthophylls

Floridean starch 
(amylopectin-like)

Cellulose, xylans, several 
sulfated polysaccharides 
(galactans) calcification 
in some; alginate in 
Corallinaceae

Table 1. Physical and chemical characteristics of three algal divisions. Adapted from [2].
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the biosorption (mass of metal adsorbed by mass of biosorbent) of different metals (Pb, Cu, 
Zn, and Cd) by seaweed biomasses have shown that the higher sorption capacity is exhibited 
by brown algae [5, 8, 9, 18].

Phaeophyceae is a large and diverse class of species ranging from small filamentous algae to 
highly complex organisms up to 60 m long. This class presents 2046 species organized into 20 
orders [19]. It is believed that Phaeophyceae emerged between 150 and 200 million years ago in 
a secondary endosymbiosis event, in which a red algae was captured by an ancestral protist 
[12, 20, 21]. Its characteristic color is given by large quantities of fucoxanthin present in their 
chloroplasts. The most important algae orders from the point of view of the biosorption are 
Fucales and Laminariales, presenting species with a greater structural complexity. The com‐
ponents in their cell walls and reserve polymers have been reported as the main cause of its 
great capacity for immobilization of metal cations. The cell wall structure varies according to 
the species, age of the population, climate, and geographical location. Fibril wall structure, 
which provides structural support, is composed of cellulose-like plants, although displayed 
in a lower portion, occupying from 1 to 8% of its dry weight [21]. Two groups of anionic poly‐
saccharides that provide strength and flexibility to the cell wall are alginates (between 10 and 
40% dry weight) and fucoidan (between 5 and 20% dry weight). Mannitol and laminarans 
represent energy backup products. Other components such as proteins and phlorotannins 
also contribute but in a lesser way to the biosorption, representing about 5% of the biomass 
dry weight (Figure 2).

The three major components of the cell wall extracellular matrix of brown algae, cellulose, 
alginic acids, and polymers like mannuronic and guluronic acids, are complexed with light 

Figure 2. Schematic representation of the main components present in the cell wall of brown algae. Alginates rich in 
α-1,4-l-guluronate (1a); alginates rich in β-1,4-d-mannuronate (1b); fucoidans (2); hemicellulose (3); cellulose (4); 
proteins (5); phlorotannins (6); Ca2+ (7). Adapted from [2].
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metals such as sodium, potassium, magnesium, and calcium, and other polysaccharides [19]. 
Alginates and sulfated polysaccharides have been reported as the predominant molecular 
components with reactive groups in brown algae [18]. Biosorption of heavy metals involves 
several mechanisms that differ qualitatively and quantitatively depending of the chemical 
species used, the origin of the biomass, and its processing procedure such as reinforcement 
by crosslinking [20]. Algae biomass possesses several chemical groups that can attract and 
sequester metals: acetamide, amine, amide, sulfhydryl, sulfate, and carboxyl [2]. This chemi‐
cal diversity originates a combination of mechanisms for the capture of the metals, including 
electrostatic attraction, complexation, ion exchange, covalent binding, van der Waals attrac‐
tion, adsorption, and microprecipitation [3].

Alginates are a family of linear polysaccharides, consisting of two uronic acids units: β-1,4-d‐
mannuronate (M) and α-1,4-l-guluronate (G). These units are arranged in homopolymer 
blocks of M, homopolymer blocks of G, and/or heteropolymer blocks of M and G (Figure 1). 
The relative abundance of M and G blocks in the macromolecular structure determines struc‐
tural properties and affinity of alginates for divalent cations. The affinity of some divalent 
metal cations varies with M:G ratio [2, 6, 22]. Studies have shown that the affinity of the algi‐
nates for cations such as Pb, Cu, Cd, Zn, and Ca increases with a higher content of guluronic 
acid [23, 24]. The high specificity for divalent cations is explained by the structure of “zig‐
zag” formed by homopolymers of guluronic acid, which stabilizes the Ca2+ and other divalent 
cations easily (Figure 1) [2, 22]. Alginates fibers are able to adopt an ordered conformation 
in solution through dimerization of homopolymeric regions of guluronic acid, in the pres‐
ence of calcium or other divalent cations, as they are filled with carboxylic groups and other 
electronegative oxygen atoms. This description is known as the model of “egg box” [25]. The 
carboxyl groups are the most abundant functional group in brown algae, determined by the 
percentage of quantifiable sites by titration, reaching about 70%. Furthermore, most of the 
metal cations of interest show high sequestering at pH near to the dissociation constant (pKa) 
of carboxylic acids [2].

Fucoidans are branched sulfated polysaccharides mainly constituted by α-l‐fucose, uronic 
acids, and a small portion of galactose, xylose, arabinose and/or mannose, glucose, and some‐
times proteins, presenting an extremely variable molecular weight. They are presented in 
the form of homopolymers or homofucans called fucans, or heteropolymers called fucoid‐
ans. The sulfonate groups in the fucoidans are the second functional group in abundance in 
brown seaweed, and its role could become prominent, if the binding of the metal occurs at a 
low pH [2].

Mannitol is a compound derived from monomeric d‐mannose present in all brown algae, 
which can represent up to 30% of the biomass dry weight [2]. The second largest reserve prod‐
ucts are laminarans and polysaccharides, which are composed of (1, 3)-β-d-glucans. They 
consist of residues (1, 3)-β-d-glucopyranose with some 6-O-branches of the main chain. Two 
types of laminaran chains exist: M, with a mannitol monomer attached to the reducing end, 
and G, with a glucose monomer attached to the reducing end. All the polysaccharides present 
hydroxyl groups, but these are less abundant and only are negatively charged at pH above 10, 
playing a secondary role at low pH [2].
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3. Seaweed biomass and metal biosorption

Biosorption of heavy metal ions in wastewater using algae can be ecologically safer, cheap, 
and efficient. Algae can be used for sorption of toxic and radioactive metal ions [26] and also 
to recover metal ions like gold and silver [27].

The biosorption of heavy metal ions by seaweed biomass may occur by different mechanisms 
such as ion exchange, complex formation, and electrostatic interaction [28], being ion exchange 
the most important [29]. Polysaccharides and proteins present in the algae cell walls provide 
the metal-binding sites [30]. The sorption capacity of a seaweed cell surface to a specific ion 
depends on several factors such as the amount of functional groups in the algae matrix, the 
coordination number of the metal ion to be sorbed, the accessibility of binding groups for 
metal ions, the complex formation, affinity constants of the metal with the functional group, 
and the chemical state of these sites [31]. Considering the heterogeneity of the cell wall com‐
position in different seaweed species, the capacity of metal biosorption by the algal strains 
will vary. For instance, brown algae with alginate in their cell wall composition have a high 
biosorption affinity for lead ions [5]. Alginate polymers are the primary responsible for heavy 
metal ions sorption in brown algae, and their capacity to bind the metal directly depends on 
the number of binding sites on this polymer [32]. In a second place, fucoidans play a key role 
for heavy metal sequestration.

The functional groups present in the brown and green algae cell wall matrixes, such as 
carboxyl, hydroxyl, sulfate, phosphate, and amine groups, play a dominant role in the 
metal binding [30]. The presence of various functional groups and their complexation 
with heavy metals during biosorption process can be studied by using spectroscopic 
techniques, such as FT-IR and XPS [33]. The X-ray absorption fine structure spectroscopy 
and quantum chemistry calculation are also an experimental approach to explain the 
biosorption mechanisms [34]. An interesting methodology to determine the contribution 
of different functional groups in the metal adsorption is the derivatization of functional 
groups, like the pretreatment of the seaweed biomass with methanol in acid media or with 
propylene oxide, which blocks the action of the carboxyl groups in the biomass [35]. In 
Sargassum fluitans, after 4 h of treatment of the biomass with propylene oxide, about 50% 
of reduction in the biosorption capacity of Cd and Pb ions was observed [35]. Cid et al. 
[36] found a 43.3% of decrease in copper biosorption by esterifying biomass of the species 
Durvillaea antarctica using methanol in acid media. The presence of carboxyl, hydroxyl, 
sulfate, phosphate, and amine functional groups has been found to play a dominant role 
for the algae-metal interaction by an ion-exchange mechanism that occurs between heavy 
metals and intrinsic light metals ions such as Ca2+ and Mg2+, and Na+ and K+ [37]. A sum‐
mary of representative data for efficiency of copper removal for different types of algal 
biomass is presented (Table 2).

Heavy metal ion uptake by algal biomass can be enhanced by physical or chemical treat‐
ments that modify the seaweed cell surface structure and provide additional binding sites [32, 
41–43]. Physical treatments such as heating/boiling, freezing, crushing, and drying usually 
lead to an enhanced level of metal ion biosorption. These treatments provide more surface 
area to increase the biosorption capacity [41] and release cell contents that might bind to 
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metal ions. The most common algal pretreatments are CaCl2, formaldehyde, glutaraldehyde, 
NaOH, and HCl. Pretreatment with CaCl2 causes calcium binding to alginate that plays an 
important role in ion exchange [42]. Formaldehyde and glutaraldehyde strengthen the cross‐
linking between hydroxyl groups and amino groups [43]. NaOH increases the electrostatic 
interactions of metal ion cations and provides optimum conditions for ion exchange, while 
HCl replaces light metal ions with a proton and also dissolves polysaccharides of cell wall 
[32], or denatures proteins, increasing the binding sites for the biosorption process.

4. Industrial uses of seaweed biomass

Over the past four decades, much effort had been devoted to identify readily available non‐
living seaweed biomass, capable of effectively removing heavy metals, with good hydro‐
dynamic capacities, physicochemical stability, and with the possibility to enhance their 
capacities to obtain biosorbents. After years of experimentation on hundreds of raw seaweed 
biomass for biosorption of heavy metals under different conditions, the optimum conditions 
for the biosorption process at bench scale have been stated for many seaweed biomasses. 
This research has conducted the efforts to the development of biosorption technologies for 
industrial applications, considering the volumes and the complex composition of different 
wastewaters.

One of the most important issues to consider is the biomass organic leaching phenomenon 
that is produced by the contact of the biomass with the water to be treated, liberating frac‐
tions of the biomass, biopolymers, and another chemical compounds. Organic leaching is an 
important factor to minimize, because it adds organic pollution to the treated water and gen‐
erates an important biomass loss, resulting in a decrease on the availability of biomass for the 

Brown algae specie pH qm (mmol Cu g-1 biomass) References

Ascophyllum nodosum 4.0 0.91 Romera et al. [5]

Durvillaea antarctica 5.0 1.73 Cid et al. [36]

Fucus serratus 5.5 1.60 Ahmady-Asbchin et al. [37]

Fucus spiralis 4.0 1.10 Romera et al. [5]

Fucus vesiculosus 5.0 1.66 Mata et al. [28]

Padina sp. 5.0 1.14 Sheng et al. [18]

Sargassum sp. 5.0 0.99 Sheng et al. [18]

Sargassum sp. 5.5 1.13 Karthikeyan et al. [38]

Sargassum filipendula 4.5 0.89 Davis et al. [39]

Sargassum filipendula 4.5 1.32 Kleinübing et al. [40]

Sargassum fluitans 4.5 0.80 Davis et al. [39]

Sargassum vulgarie 4.5 0.93 Davis et al. [39]

Table 2. Comparison of Cu(II) biosorption maximum capacities of different types of brown algae. Adapted from [36]
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next cycle of biosorption [24]. Also, organic leaching provokes hydraulic problems in column 
systems, because the biomass tends to accumulate at the exit of the packed columns, generat‐
ing a clot that impairs the normal flow of the treated water passing by the biosorbent bed and 
generates elevated levels of TDS [44, 45]. The problems of excessive leaching and swelling 
can be minimized through proper engineering procedures, but the costs and practicability 
of these procedures are of concern. To control the swelling in seaweed biomass, Chu and 
Hashim [46] employed polyvinyl alcohol to immobilize biomass of Sargassum to construct 
packed columns. Omar et al. [47] immobilized Enteromorpha torta biomass using calcium algi‐
nate and solutions of calcium chloride for the biosorption of Cesium-134 on packed column 
beads. Other authors used calcium or magnesium salts to improve rheological properties of 
the biomass by the crosslinking generated by calcium ions and the alginate fibers [2], and 
used this material to make columns beds [48–52]. Other procedures applied to seaweeds bio‐
mass to improve the material properties include protonation treatments with different acids: 
crosslinking with formaldehyde, glutaraldehyde, bis(ethenyl)sulfone, 1-chloro-2,3-epoxypro‐
pane and polyethylene imine [14, 53], thermal treatment [54], and chemical modifications of 
functional groups, among others [55]. It is important to highlight that the costs associated 
with the raw biomass process and the ultimate disposal of the derived biomass waste should 
be considered for a viability of installation of the process. One simple way to prevent swelling 
of seaweeds in packed columns is to mix seaweed biomass with an inert and stable mate‐
rials such as sand. This will improve the porosity inside the column and thereby enhance 
the solute flow pattern [56]. The modification of the surfaces of these biosorbents for further 
removal of other contaminants, for an integral application on wastewater treatment, is rather 
challenging.

Another important issue to be considered when using biosorbents to treat metal polluted 
wastewaters is the complexity of the solution, because it can affect the biosorption pro‐
cess by competition for the exchange sites by cationic chemical species other than metals. 
Vijayaraghavan et al. [57] studied the nickel biosorption capacities on Sargassum wightii in 
aqueous solutions and residual electroplating solutions, finding that the complex nature of 
electroplating solutions negatively affected the metal biosorption performance, because of 
the competition with other ions. Patrón-Prado et al. [58] studied the biosorption of cadmium 
and copper by Sargassum sinicola in aqueous solutions and in saline wastewaters, finding that 
the salinity of the solution caused a reduction in Cd biosorption from 89 to 5.8%. At the same 
time, the authors found a clear antagonist effect between both metals in solution. The same 
antagonist effect was reported on other seaweed species [59, 60].

Also, it is well known that most of the seaweed sorbents have poor affinity for anions such 
as nitrate, sulfate, and phosphate, due to the predominant anionic sites in their surface. 
These anions are common in effluents and if not removed may lead to eutrophication and 
other undesirable effects on the environment [61]. Alginates, one of the major constituents 
of the seaweed biomass, can be chemically modified to remove anionic contaminants from 
water solutions and can be used to encapsulate materials such as magnetite, leading to the 
formation of a multifunctional sorbent that has magnetic properties and can remove both 
cationic heavy metal ions such as copper ions and anionic contaminants, like arsenic [62]. 
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Alginates can be cross-linked by addition of alkaline metals as Ca or Mg [63], resulting in
a encapsulation of raw biomass, improving their biosorption capacities, and generating a 
solid biosorbent with a better hydrodynamic performance. Mata et al. [15] determined the 
effect of the immobilization of Fucus vesiculosus with alginate xerogels in the biosorption 
of Cd, Cu, and Pb. The immobilization increased the kinetic uptake and intraparticle dif‐
fusion rates for the three metals. Song et al. [64] evaluated the recovery of Li, Sr, and La by 
Ca-alginate beads at different physicochemical conditions, finding the best performance for 
Sr and La.

The feasibility of the biosorption process to reduce toxic metals presents some limitations, 
and a fully understanding of the process in the context of a reactor system is necessary. 
Engineering considerations are crucial when a seaweed‐based biosorption system is designed 
and developed. In general, biosorption systems using dry seaweed biomass correspond to 
a solid-liquid contact process. This process ideally implies several cycles of biosorption and 
desorption stages. The effluents to be treated make contact with the biomass in a batch, semi-
continuous or continuous flow system. Banks [65] describes different types of reactors with 
potential use in biosorption system designs: the conventional stirred tank reactors, packed 
bed reactors, expanded bed reactors, fluidized bed reactors, and airlift reactors, depending on 
the final result and the type of effluent to be treated.

Despite the considerable progress in the understanding of seaweed biomass interactions with 
heavy metals made over four decades of continuous research, most seaweed biosorption 
processes are still at bench scale. Some proposed processes based on biosorption have been 
patented for commercial applications, some of them at pilot scale and some at commercial 
scale, mainly represented by units that were constructed in Canada and USA during the 1990s 
[66]. Thus, only a few industrial processes or products based on biosorption technology have 
been implemented, especially if we refer only to seaweed applications. A search in WIPO 
Patentscope (http://patentscope.wipo.int/search/en/search.jsf) only shows 29 patents related 
to biosorption and heavy metals removal, and only four consider seaweed biomass in the 
development. Pohl [67] patented a preparation of a biosorbent based on brown algae, consist‐
ing in a method to prepare the raw material for biosorption of heavy metals and hydrocarbons 
to finally obtain a milled dry seaweed biosorbent material. Other inventions include directly 
applications of seaweed biomass. For example, Volesky and Kuyucak developed a method for 
the biosorption of gold using seaweed biomass of Sargassum genus [68]. In the market, there 
is a very limited offer on biosorption technologies. Actually, only five products offer a com‐
mercial solution to remove pollutants from water. These commercial technologies include 
AMT-BIOCLAIM™ from Advanced Mineral Technologies, Inc. (AMT), a sorbent obtained 
from industrial fermentation process by Bacillus subtilis [69, 70]. Bio-Recovery System, Inc. 
(Las Cruces, USA) developed a microalgae biosorbent named as AlgaSORB™, which consists 
of Chlorella vulgaris biomass immobilized on silica gel polymer matrix, to treat heavy metal 
ions from diluted solutions (1–100 mg g‐1). Metagener and RAHCO Bio-Beads have developed 
two commercial biosorbents, which could be used as effective materials for removal of heavy 
metal ions from wastewaters (mainly electroplating and mining industry) [1, 71]. Particularly 
interesting is the invention BV-SORBEX™, by B.V. SORBEX, Inc. (Montreal, Canada), that 
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offers a family of commercial sorbents based on metal-binding biomass, including different-
sized powders and granules made of different types of biomass, including seaweeds [72]. 
These biosorbents remove a wide range of metal ions from diluted or concentrated solutions 
with high efficiency (over 99%) in a wide range of pH values and aqueous system conditions 
[73]. However, these products have not been commercially successful [74, 75]. One reason is 
related to the lack of a full understanding of the mechanisms, kinetics, and thermodynam‐
ics of the biosorption process [76]. Another reason is related to the existence of competing 
technologies based on physical and chemical treatments such as ion exchange, activated car‐
bon, chemical precipitation, oxidation/reduction methods, electrocoagulation, electrodialysis, 
ultrafiltration, reverse osmosis, and solvent extraction [77]. However, two major arguments 
that support the biosorption as a convenient cleanup technology are the low cost of the biosor‐
bents and the constant increase in the demands on environmental regulatory standards [61]. 
Paradoxically, processes to improve the biosorbent performance not only increase the final 
price of the product but also raise questions about the toxicity and environmental hazards of 
the final product. All these issues create a need for other commercially attractive applications 
of biosorption technology. The main suggestion is the use of biosorption for the recovery 
of precious metals [61, 75]. Future directions may also include a most integrated solution 
addressed to clean up industrial effluents containing multiple pollutants and the applica‐
tions of hybrid technologies between traditional and biosorbent technology. Unfortunately, 
the increasingly published output on the biosorption field do not reflect an improved knowl‐
edge of the process, nor aid to commercial exploitation [78]. Biosorptive processes may con‐
tribute to primary or secondary biological water treatments including domestic, municipal 
and industrial wastes, and in some circumstances, solid wastes. Biosorption technology is 
still on a developing stage, and commercial success will depend on a better understanding of 
the process, governed by a pragmatic rationale of its commercial development and potential 
applications.

The final cost of biosorption treatment certainly involves the harvest, transportation, and pro‐
cessing of the biomass, together with the control of optimal conditions of the process, the 
regeneration of the biosorbent, and the final disposing of the biomass. Other costs usually 
not discussed are the capital expenses and plant operation costs, because they depend on the 
design of the treatment plant and the nature of wastewaters to be treated. Because many spe‐
cies of seaweed are valuable for the production of molecules with nutritional value, cosmetic 
applications among other uses, the use of residual dead biomass is convenient. Preparation of 
biosorbents is usually a major cost associated with the biosorption process, and biomass pre‐
processing is necessary to guarantee a good performance of the biosorbent. Thus, much atten‐
tion should be taken with the estimation of costs, including the final disposal of the residues. 
Once a biosorbent life cycle ends, the ultimate disposal should be addressed. Landfilling the 
biomass, chemical or thermal destruction techniques seems an easy way to manage waste 
biosorbents, procedures that are not cheap or environmentally friendly. Used biosorbents 
can also be reused for other applications. Therefore, once heavy metal ions are completely 
removed from the used seaweeds by a demineralization process, they can be used for other 
applications.
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Because the sorption technology based on biomasses has not been fully developed at indus‐
trial level, there are scarce data about the technical‐economical evaluation of industrial 
biosorption applications. Some calculations predict that the prices of a biosorbent system 
represent about a tenth of the price of resins [79]. A comparison between classic methods for 
metal sorption and biosorption techniques can be summarized considering advantages and 
disadvantages of different technological approaches (Table 3). From the analysis, it can be 
concluded that biosorption is a clean technology, reducing the amount of solid wastes gener‐
ated, gives the possibility to recover various metals, and has low operational cost in terms of 
energy consumption.

The reuse of seaweed biomass after the remediation process to obtain other products with 
commercial value is an approach to make more attractive the biosorption process. The 
usability of the seaweed biomass after the biosorption has several productive destinies. 
Seaweed biomass residues traditionally are burned, disposed in landfills, or confined, but 

Metal adsorption 
technology

Advantages Disadvantages References

Adsorption High spectrum of pollutants
High capacity and fast kinetics
Potentially selective

Performance depends on the type of 
adsorbent
Needs chemical or thermal treatment 
for better performance

Aderhold et al. [80]

Biosorption High spectrum of pollutants
High capacity and fast kinetics
Obtained directly from the 
nature or from industrial 
waste (low cost)

Poorly selective without chemical 
modifications

Davis et al. [2]

Chemical 
precipitation

High spectrum of metals
Low cost of implementation
Easy operation

High sludge formation implies cost 
on maintenance and sludge disposal

Rubio et al. [81]

Ion exchange Metal selective
High regeneration capacity

High initial capital and maintenance 
cost Limited pH tolerance

Rubio et al. [81]

Coagulation/ 
flocculation

Capacity to reduce biological 
viability.
Good dewatering performance

High cost on chemicals
High costs on sludge management

Rubio et al. [81]

Electrochemical 
precipitation

Applicable for the treatment of 
heavily contaminated wastes
Easy to operate.

High initial capital, high operation cost, 
and maintenance
Need of power energy

Qin et al. [82]

Membrane 
filtration

Low solid waste generation
Low chemical consumption
Small space requirement
Metal selective method

Temperature instability
Low stability at low pH
High initial capital, high cost on 
operation, and maintenance
Easy fouling generation and flow stacks

Madaeni and 
Mansourpanah [83]

Table 3. Comparison of conventional technologies and biosorption for the treatment of metal contaminated waters.
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also can be used to obtain a final valuable product. A new niche of application of the passive 
biosorption process of metals is the enrichment of biomass with microelements to be used 
as biological feed supplements and/or fertilizers. Dietary supplements obtained by this way 
have already demonstrated good results on animals [84, 85]. Micronutrients, such as Cu(II), 
Mn(II), Zn(II), and Co(III), are usually targets for biosorption on wastewater remediation 
processes, and a biomass that incorporates these elements allows obtaining a microelements 
enriched biological material. Seaweed biomass is rich in many nutritional elements such as 
carbohydrates, proteins, microelements, and polyphenols, representing a natural fertilizer, 
but is not a full complement to the all requirements to amend poor soils. Different seaweed 
biomasses were experimented for microelemental enrichment via biosorption, obtaining 
material to be used as feed additives, to supplement livestock diet [86–88]. It was observed 
that for all the studied seaweed, the smaller the content of the microelement in the natural 
biomass, the higher the enrichment coefficient of the biomass reached. Certainly, the dif‐
ficulty to integrate a wastewater bioremediation process to recover metals and the use of 
the biomass as a fertilizer or as a feed supplement is that the microelements present in the 
wastewater are at minimal quantities. Also, the possibility of contamination of the biomass 
with undesirable elements has to be avoided. Another interestingly approach is the poten‐
tial use of biomass for biogas production. Seaweed biomass can be anaerobically digested 
for the production of methane. Nkemka and Murto [89] experimented with the demineral‐
ization of seaweed biomass prior fermentative processes, obtaining an efficient production 
of biogas and at the same time, a residue to be used as a fertilizer. A good demineralization 
process can produce a useful biomass for composting soils [90]. The same concept would 
be applied to obtain bio-oils from residual biomass. Diaz-Vazquez et al. [91] evaluated the 
demineralization of Sargassum sp. biomass by several methods before a hydrothermal liq‐
uefaction process (HTL) of the biomass to increase the yield of bio-oil production. Algae 
biomass has a higher energy content than most of the lignocellulosic biomass used for bio‐
fuel production [92]. In contrast to the high lignocellulosic contents of terrestrial plants, 
seaweeds are primarily composed of elastic polysaccharides such as alginic acid, laminarin, 
carrageenan, and agarose that make them a more suitable feedstock for thermochemical 
conversion processes. The HTL process converts complex polymers present in the biomass 
into simpler molecules that can be converted to bio-oils. One major limitation on the HTL 
process is the high ash content present on seaweed biomass, which reduces the yields an 
quality of the generated bio-oils, restricting their use in direct combustion or gasification 
processes [93, 94], so the biomass has to be pretreated to reduce the ash content. Usually, 
the pretreatment process is carried out with mineral acids like sulfuric acid, nitric acid, or 
organic acids as acetic acid and citric acid usually in a rate of 10% (w/w) between biomass 
and acid [56]. The selection of a specific acid for demineralization relies on the mechanisms 
of removal, the mechanical stability of the biomass, and the final use of the recycled bio‐
mass [56]. A proper demineralization process allows the incorporation of seaweed biomass 
previously used in biosorption processes into a new productive cycle (Figure 3). Once the 
seaweed biomass has been used for the treatment of metal polluted effluents, the treated 
effluent is recovered, and the seaweed biomass loaded with the metal can be demineralized 
in situ. By this procedure, a metal-enriched solution can be recovered, and the biomass can 
be harvested from the container and be submitted to a secondary treatment for further pro‐
ductive processes (Figure 3).
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5. Conclusions

A wide variety of biomasses has been evaluated for the sequestration of metal ions from 
solutions. An interesting approach is the use of the nonliving forms of the biomasses because 
they do not need nutrition for the maintenance and do not present the problem generated 
with the toxicity of the metals on living organisms. The biosorption capability of algae bio‐
mass is mostly related to the cell wall chemical composition, that is, a fiber-like structure, and 
an amorphous matrix embedding with polysaccharides such as alginates and fucoidans. In 
brown algae, alginates have a high affinity for divalent cations and sulfated polysaccharides 
give account of the capture of trivalent cations. Besides, the reuse of seaweed biomass after 
the remediation process in order to obtain products with commercial value is an approach 
that makes attractive the biosorption process at an industrial scale. The chemical composition 
of brown algae biomass makes it suitable for the production of different by-products such as 
biofuels, after the biomass has been demineralized. Nevertheless, much more efforts must be 
done in order to generate quantitative data regarding the performance and the operational 
costs for biosorption processes using dead seaweed biomass at an industrial level.
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Figure 3. Simplified scheme for industrial use of seaweed biomass. (1) Biosorption process; (2) demineralization process; 
(3) secondary treatment such as pyrolysis, fermentation, HTL, gasification, among others.
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Abstract

Heavy metal pollution derived from anthropogenic activities is a relevant environmen‐
tal threat nowadays due to their toxic nature, persistence and accumulation potential in
the  food  chain.  A  wide  variety  of  lignocellulosic‐based  biomaterials  have  been
thoroughly assessed by the scientific community as sorbents for the removal of metals
from aqueous streams. This kind of biomaterials, mainly constituted by lignin and
cellulose, bear functional groups such as alcohol, ketone and carboxylates that provide
active sorption points for the effective removal of heavy metals. The role of lignin in the
sorption process is especially relevant, since this substance provides polyhydroxy and
polyphenol functional groups—especially effective in the coordination of metals—and
that provide ion exchange functionality to the material. Depending on their nature, these
materials can be used either in their raw form or chemically modified form so as to
enhance their  sorption capacity  and/or  to  achieve improved mechanical  and mass
transfer properties.

Keywords: lignocellulosic wastes, immobilisation, heavy metals, sorption, desorption,
kinetics, equilibrium, modelling, recovery

1. Introduction

1.1. Heavy metal pollution

Heavy metals occur as natural constituents of the earth crust and some of them considered as
persistent environmental pollutants. They may vary in oxidation state and hydrochemical
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speciation,  but  cannot  be  degraded or  destroyed.  The  problems  related  to  heavy  metal
pollution are transversal; water, air and soil components are susceptible of being severely
polluted [1].

To a large degree, industrial activities are mainly responsible for environmental discharges
and pollution. There are many industrial sources of pollution including manufacturing proc‐
esses such as smelting and refining, electricity generation and nuclear power, agricultural
fertilisation, wastewater treatment, fuel combustion, production of batteries, alloys manufac‐
turing, electroplating, waste incineration, ceramics production and glass colouring [2].

Human exposure and intake of hazardous levels of heavy metals may occur through food, air
and water [1]. It should be highlighted as well that some metals such as barium, cadmium,
chromium, mercury, lead and hazardous metalloids such as arsenic can be bioaccumulated in
different organs and may exert their toxic effects after long time of periodic ingestion of even
low levels.

1.2. Structure of lignocellulosic biomass

Lignocellulosic biomass has been pointed out as a valuable source of chemicals and materials
for different applications and a very relevant actor in the design of strategies to reduce the
social and economic reliance on fossil resources. These materials are naturally produced from
incorporation of CO2 and water (driven by solar power) through the photosynthesis process.
In this context, lignocellulosic biomass is the most abundant and biorenewable biomass on
earth [3].

The major components of these materials are cellulose, hemicellulose and lignin, and cellu‐
lose and hemicellulose are considered to be polysaccharides. The structure of cellulose is
based on the molecular formula (C6H10O5)n and is one of the most relevant polysaccharides
occurring in the plant cell wall. Hundreds of glucose units are linked through glucosidic
linkage (Figure 1a) and individual chains usually interact with one another through hydro‐
gen bonds. This material has found an extensive use in the paper industry. Hemicellulose is
another important polysaccharide usually contained in lignocellulosic biomass with a more
intricate structure and linkages than cellulose. Hemicellulose is composed of heteropolymers
and may contain xyloglucan, xylan, glucomannans and galactoglucomannans in variable ra‐
tios depending on the type of biomass.

When it comes to heavy metal sorption by raw, unmodified lignocellulosic biomass, lignin has
been found to play a key role. Lignin is a three‐dimensional structure made of phenolic
polymers that consists of three types of phenylpropanoid units: p‐coumaryl alcohol, coniferyl
alcohol and sinapyl alcohol (Figure 1b). A short section of a lignin polymer is presented in
Figure 1(c). This substance acts as cellular glue, joining the individual fibres and conferring
strength to the plant tissue. The richness in electron‐donor active sites that are provided in the
polyhydroxy and polyphenol functional groups of lignin offers a unique frame for the
interaction and binding of cationic heavy metals [6].
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Figure 1. Structure of (a) cellulose, (b) main phenylpropane units and their related residues found in lignin and (c)
structure of a lignin template [4, 5].

Abdolali et al. reported the chemical composition of some common lignocellulosic materials
studied in metal sorption processes [6]. In general terms, lignocellulosic sorbents are composed
of cellulose (30–35%), hemicellulose (20–40%), lignin (15–25%) and small amounts of water,
ash, cyclic hydrocarbons and extractives. The chemical compositions in lignocellulosic
materials are in different percentages depending on plant and also on the part of plant: leaves
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contain lower percentage of cellulose (15–25%) and lignin (5–10%) but higher percentage of
hemicellulose (70–80%), while in stones and nuts, the lignin content is higher than cellulose
and hemicellulose (30–40%). Pujol et al. reported a composition of about 25% total lignin and
23% polysaccharides in exhausted coffee wastes [7]. They also reported a relative composition
depending on the particle size when characterising the different components of grape stalks
(GS) [8].

The main constituents of lignocellulosic materials contain a variety of functional groups that
play an important role in metal sorption. It was reported that acetamido groups, carbonyl,
phenolic, structural polysaccharides, amino, amido, sulphydryl, carboxyl groups, alcohol and
esters, present in lignocellulosic materials have affinity for metal complexation [9]. Ion
exchange between positive cations and sodium, potassium, calcium and magnesium present
in the adsorbent was identified as an important mechanism in several studies. These two
mechanisms, together with chelation, are the main mechanisms known for metal sorption in
lignocellulosic sorbents [9].

2. Lignocellulosic-based materials for the removal of heavy metals from
aqueous effluents

Lignocellulosic materials from agricultural or plant wastes have been widely studied due to
their renewable nature, large production and great local availability. A review of the recent
literature reveals that hundreds of lignocellulosic materials around the world were tested to
be used as low‐cost sorbents for heavy metals and most of them are considered efficient and
promising sorbents. The only negative aspects related to the use of raw lignocellulosic
materials are connected to the lower sorption capacity compared to activated carbons and
commercial ion exchange resins, as well as the potential release of organic matter that might
cause a secondary pollution in the water treated.

Recently, Malik et al. reviewed low‐cost adsorbents from different plant parts: husks, shells,
straws, stems and woods, leaves, barks, grasses, stalks, seeds and hulls, fibres, fruit peels and
pulps, bagasse and other lignocellulosic‐based materials such as corn cob, oaks or fruit stones
to be used as biosorbents [10]. The particular physicochemical properties of each material
determine its properties as a sorbent.

Metal sorption by these heterogeneous materials is a complex process affected not only by the
main mechanism, but also by other secondary mechanisms and combinations of different
phenomena including chemisorption, adsorption on surface pores, adsorption by physical
forces, entrapment in inter‐ and intra‐fibrillar capillaries and spaces of the structural polysac‐
charides network, diffusion through cell walls and membranes, surface precipitation and metal
reduction [9, 11]. The main mechanisms involved in the interaction between a specific sorbent
material and metals could be predicted and verified by combination of different spectroscopic
techniques and conventional techniques such as titration, chemical blocking of functional
groups and related release of cations from sorbent [6].
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The efficiency of each sorbent extremely depends on the operating conditions such as tem‐
perature, sorbent particle size, pH, contact time or initial metal concentration. For this reason,
a thorough study to find out the optimal sorption conditions is required for each couple sorbent
metal. Hundreds of these studies can be found in the literature, where the optimal conditions
for a specific pair of lignocellulosic sorbent metal were reported. The main results in this field
can be found in reviews published in prestigious journals, helping the researchers to update
the information about potential biosorbents suitable for a given application [6, 9, 11–14]. In
these reviews, the performance of different types of lignocellulosic sorbents is usually
expressed as maximum sorption capacity (qmax) and the efficiency comparison between
materials used to be based in these values. Nevertheless, additional information is needed to
compare sorption efficiency between sorbents for a specific metal due to differences in particle
sorbent sizes, sorbent dosages and other experimental conditions used in each work.

A large share of current research on metal sorption by lignocellulosic materials has focused
on the removal of heavy metal cations, such as Pb(II), Cd(II), Zn(II) and Cu(II) [4], but other
toxic metals such as Ni(II), Al(III), Hg(II), Fe(II), chromium and metalloids (arsenic, selenium,
molybdenum, and vanadium) have been also studied as target pollutant in biosorption
processes [15].

Nowadays however, there is a growing interest in biosorption processes that use low‐cost
materials as sorbents for the recovery of rare earths or precious metals [16, 17]. The recovery
of valuable metals by biosorption opens a challenging and exciting new scenario in sorption
studies far beyond the regular water treatment, since the recovered material is expected to
have an intrinsic economic value.

Despite metal sorption using biomass has been regarded as an environmental‐friendly
technique and provides a set of potential advantages against traditional technologies; most of
the studies have been focused on synthetic solutions. To the best of our knowledge, studies
reporting the use of biosorption‐based technologies for metal removal from real scenarios of
contaminated wastewaters are scarce. Few studies have so far explored the use of lignocellu‐
losic materials in the treatment of real polluted wastewater. Fruit shell of gulmohar and olive
stones were investigated for the removal of Cr(VI) from an electroplating wastewater [18, 19],
and rice agro‐wastes, coconut shell, neem leaves and hyacinth roots were used for the removal
of Pb(II) from wastewater in a battery industry [20], and recently Liu et al. [21] published a
complete method for chromium electroplating wastewater treatment based on biosorption
using exhausted coffee.

3. Structural characterisation of lignocellulosic wastes and their
interactions with heavy metals

3.1. Infrared spectroscopy

Infrared spectroscopy (IR) is a technique based on the vibrations of the atoms on a given
molecule and is a result of the molecular vibration mechanism, which refers to energy‐matter
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interaction [22]. Usually, an infrared spectrum is obtained by passing infrared radiation
through a sample and quantifying the fraction of incident radiation of each frequency that has
been absorbed. The energy at which a peak appears in an absorption (or transmission) spectra
corresponds to the characteristic energy of the vibration in a part of the molecule. The selection
rule for IR spectroscopy is that an electric dipole moment in the molecule has to change during
the vibration.

Techniques based on IR spectroscopy have become a powerful tool for determining the
functional groups and the mechanisms involved in the removal of heavy metals by different
type of biomass. A magnification in the region 800–1800 cm−1 of a raw lignocellulosic mate‐
rial (grape stalk wastes) and exposed to either Cr(III) or Cr(VI) solutions are presented in
Figure 2. In the spectra, the positions of the main bands that have suffered modifications in
their frequencies have been indicated with arrows.

Figure 2. Grape stalks (GS) FTIR‐ATR spectra before and after treatment with Cr(III) and Cr(VI) solutions. Initial metal
concentration: 800 mg⋅L−1. Agitation time: 24 h, pH0 = 3.

The initial and final positions of the modified bands have been summarised in Table 1,
including the assignment of the band to the functional group/s involved in Cr(III) and Cr(VI)
sorption.

Grape stalks treated with Cr(III) and Cr(VI) solutions show modifications in the characteristic
bands of syringyl and guaiacyl moieties (1263 and 1315 cm−1, respectively), the methoxy
deformation (1440 cm−1), the aromatic skeleton vibration (1521 cm−1) and the aromatic ring
vibration (1606 cm−1). All these bands, characteristic of the lignin macromolecule, indicate that
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both Cr(III) and Cr(VI) are adsorbed onto this component of the sorbent, making the cellulose
almost unaltered during the sorption process. The important role of lignin in sorption of copper
and nickel onto the cork had been previously noticed in results of 13CP‐MAS‐NMR on the solid
phase of the sorbent [25].

Frequency (cm−1)

GS GS-Cr(III) GS-Cr(VI) Assignment Ref.

898 897 898 Carbohydrates (unaltered) [23]

1263 1238 1247 Guayacyl/C–O phenolic [24]

1315 1319 1321 Syringyl [23]

1440 1444 1421 Methoxy deformation [23]

1521 1515 1511 Aromatic skeleton vibration [23]

1606 1614 1612 C=C Aromatic vibration [23]

Table 1. Observed frequencies and assignment.

3.2. Scanning electron microscopy-energy dispersive X-ray analysis

Scanning electron microscopy (SEM) coupled to energy dispersive X‐ray analysis (EDX) is a
powerful instrumental combination to assess the mechanisms governing heavy metal removal
by lignocellulosic biomass. SEM provides a great magnification of the surfaces and allows
gathering high‐quality images, from which the morphology and topography of the materials
can be assessed. The additional use of detection of backscattered electrons (BSE) helps finding
target regions where metals may have been selectively accumulated in lignocellulosic bioma‐
terials. EDX is widely used coupled to SEM and allows obtaining local elemental analysis of
the surfaces under the observation. The technique becomes especially relevant in the assess‐
ment of sorption processes where local microprecipitation is likely to occur.

Metal microprecipitation takes place when the solubility of the sorbate reaches its limit.
Microprecipitation in metal‐removal processes—despite not being directly related to sorption
—positively contributes to the overall detoxification of the effluent, since the metal micropre‐
cipitate remains immobilised in the surface and remains separated from the solution.

This may occur even due to local conditions, e.g. on or inside the sorbent, and not necessarily
in the bulk of the solution. These favourable conditions for microprecipitation may be created
by local deviations in physical conditions such as pH or by the presence of materials released
from the sorbent itself. Escudero et al. [26] using SEM‐BSE‐EDX techniques observed micro‐
precipitation phenomena when exploring the removal of hexavalent chromium by grape stalk
wastes (GS) entrapped into calcium alginate gel beads. Micrographs in the SEM mode (a, d),
BSE mode (b) and characteristic EDX spectra (c) are presented in Figure 3.
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Figure 3. Electronic micrograph of grape stalks entrapped into a calcium alginate gel matrix exposed to a Cr(VI) solu‐
tion. (a) Scanning mode, (b) backscattered electrons mode, (c) EDX local analysis and (d) focus on the grape stalk re‐
gion in the SEM mode [26].

The observations indicated that chromium is mostly accumulated in the grape stalk surface,
as it may be evidenced by the bright colour observed in the BSE picture (b). While magnifying
the region, small nodules appear onto the surface of the grape stalks, indicating the formation
of microprecipitates (d). The evidence of chromium accumulation in these nodules was further
demonstrated through the EDX local analysis (c). Using further electron spin resonance
analysis of the solids, the authors evidenced the formation of Cr(III). It was hypothesised then
that Cr(VI) undergoes a reduction process that partially converts hexavalent into trivalent
chromium with an associated large proton consumption (Scheme 1a). In this local alkalinised
environment, Cr(III) precipitates onto the surface of the lignocellulosic material as hydroxide
through reaction 1 (b) and remains isolated by the bulk of the solution by the surrounding
calcium alginate gel.

Scheme 1. Hexavalent chromium removal through a combined reduction‐precipitation process promoted by grape
stalks [26].
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4. Immobilisation techniques: the use of hydrogels as high-permeable
immobilising materials

Native biomass shows low density and poor mechanical strength and rigidity [27]. These
properties make its application difficult in biosorption processes either in batch or in column.
In the batch mode, mechanical stirring and shear forces can break fragile particles of the
biosorbent resulting in particle attrition (breakage, fragmentation, fines formation) and then,
a continuous change on the original particle size distribution. Particle size is a key parameter
in the performance of sorption processes; it is desirable that size distribution remains homo‐
geneous throughout the entire process. It is known that, to maximise mass transfer and
sorption efficiency, the sorbent particle size of the sorbent must be as small as possible
(maximising surface‐to‐mass ratio). Limitations in the use of small particle sizes are (i) sorbent
should be easily handled and (ii) clogging in filters, columns, valves and pipes must be
prevented.

In the case of continuous bed up‐flow sorption processes (columns), additional problems due
to the native biomass physical properties must be considered. Biomass needs to be wetted to
allow free swelling of the particles prior to column filling and to remove the finest particles by
natural flotation. In addition to this, the non‐uniform shape of the native biomass hinders the
estimation of a form factor (sphere, cylinder, ellipsoid) of the particles. This parameter is
needed when formulating a model to describe sorption processes. Most of the aforementioned
drawbacks and limitations can be overcome, however, by immobilisation of the biomass in a
water‐permeable polymeric matrix. Immobilisation of biomass provides several advantages
over native biomass: (i) increase of mechanical resistance, (ii) increase of density, (iii) possibility
of enhancement of effective surface area due to the use of biomass powder, (iv) easy handling
and (v) achievement of precision in form factor, since immobilisation can yield quasi‐spherical
beads or granules.

Biomass immobilisation consists of the attachment or entrapment of biomass on a support.
Immobilisation can be carried out by four different techniques: adsorption, covalent binding,
entrapment and membrane confinement. Entrapment in a gel matrix or gel encapsulation is
among the most widely studied methods for immobilisation of enzymes, microbial biomass
and animal and plant cells, being calcium alginate one of the regularly used matrixes [28]. The
support selection is of crucial importance and must be chosen according to the target appli‐
cation of the immobilised material. Applications of immobilisation techniques are found in
different scopes of several fields such as biotechnology and pharmaceutical, environment, food
and biosensor industries [29].

For the treatment of wastewater, support materials need to meet (among others) the following
criteria: insoluble, non‐biodegradable, non‐toxic, high mechanical and chemical stability, high
diffusivity and ease of immobilisation procedure [30]. Natural polymer derivatives of algal
polysaccharides (alginate, carrageenan, agar and agarose) and chitosan (an amino polysac‐
charide derived from chitin) have been experimentally used. Crini [31] has recently reviewed
the most important features of polysaccharide‐based materials used as adsorbents.
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One of the most used immobilisation supports is alginate [32]. Alginate is a common term used
for natural polymers composed of linear, unbranched chains of varying lengths, proportions
and sequences of 1,4 linked residues of β‐D‐mannuronic acid and α‐L‐guluronic acid residues
[33]. As the composition of alginates depends on the source from which they are extracted,
they can exhibit different physical and chemical properties. The main source of alginates are
different species of brown seaweeds Laminaria digitata [34] and Macrocystis pyrifera [35]. One
of the properties of alginates is that they can cross‐link with divalent metal ions such as calcium,
barium, copper, zinc and lead [36, 37] to form M2+‐alginate hydrogels. Alginate gelation takes
place when divalent metals interact with blocks of acid residues resulting in the formation of
a 3D network, which is usually described by an ‘egg‐box’ model [38]. Calcium alginate is one
of the most utilised entrapment matrixes in environmental studies. Heavy metals adsorption
takes place via ion exchange between Ca2+ ions from the hydrogel and metal ions. Pandey et
al. [39] studied Cr(VI, Pb(II) and Cu(II) by using calcium alginate beads and Jodra and
Mijangos [40] determined the ion exchange selectivity of calcium alginate gels for heavy metals
and found the selectivity order: Pb > Cu > Cd > Ni > Zn > Co. During the last years different
types of biomass used for heavy metals sorption have been entrapped in calcium alginate with
the aim of enhancing their sorption performance. Studies on fungi [41, 42], algae [43, 44],
bacteria [45] and yeast [46] encapsulated in calcium alginate have been recently carried out.
Nevertheless, studies on metal sorption by using vegetable wastes and specifically lignocel‐
lulosic materials encapsulated in calcium alginate are scarce. The most probable reason is the
high capacity of calcium alginate itself to sorb heavy metal ions. The only example of vegetable
waste can be found in the work of Ansari et al. [47]. The authors encapsulated rose waste
biomass in calcium alginate beads to sorb Pb(II) and found that the immobilised biomass
yielded to higher metal ion sorption. Unfortunately, the authors did not report the amount of
lead sorbed by pure calcium alginate beads.

Grape stalks, a lignocellulosic waste produced in wine production, was entrapped in calcium
alginate and used for Cr(VI) removal at pH 3 in batch mode [48–50] and in column [51] from
single metal solutions and from binary mixtures containing Cr(VI) and Cr(III) [52]. A scheme of
a typical arrangement to obtain gel beads by the dropping technique is presented in Figure 4.

Figure 4. Entrapment procedure to obtain gel beads of grape stalks using calcium alginate [48].
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Grape stalks were reported to be a very effective reducing agent to reduce Cr(VI) to Cr(III) [53].
Results of the above‐mentioned studies with grape stalk demonstrated that both sorption and
reduction processes were enhanced when the sorbent was immobilised into calcium alginate.
Furthermore, the Cr(III) formed as a consequence of the reduction reaction was sorbed onto
calcium alginate beads via ion exchange with calcium ions. It must be remarked that at pH 3
major chemical species of Cr(VI) is HCrO4

− that is hardly sorbed by calcium alginate beads.
Therefore, the joint action of both sorbents under appropriate conditions can lead to the total
elimination of Cr(VI) [26].

Treatment phase

Electrochemical treatment Biosorption-based treatment

1. Electrochemical reduction Subtotal 1. Batch reactor Subtotal

Electricity 1.560 Stirring 780

2. Reagent addition Subtotal 2. Biosorbent addition Subtotal

Sodium hydroxide (NaOH) 500 Sodium hydroxide (NaOH) 500

Hydrochloric acid (HCl) 100 Hydrochloric acid (HCl) 100

Coagulant 2000 Grape stalks 21

3. Control sensors and separation unit Subtotal 3. Control sensors and separation unit Subtotal

Electrodes (pH and redox) 1000 Electrodes (pH and redox) 1000

Filter clothes 100 Filter clothes 100

Energy 200 Energy 200

4. Waste management Subtotal 4. Waste management Subtotal

Waste collection 240 Waste collection 240

post-treatment phase

Electrochemical treatment Biosorption-based treatment

5. Treatment with activated carbon Subtotal 5. Treatment with biosorbent Subtotal

Activated carbon 134.4 Grape stalks 1.2

Sodium alginate 339.4

Other expenses

Electrochemical treatment Biosorption-based treatment

Internal labour costs 3000 Internal labour costs 1500

External labour costs 1000 External labour costs 750

Pumps and valves 1000 Pumps and valves 1000

Total 10,834€ Total 6532€

Table 2. Comparison between electrolytic and biosorption‐based schemes for the treatment of 300 m3/year of
wastewater from an electroplating water industry. Costs are expressed in €.
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The authors of the present chapter carried out a thorough techno‐economical study con‐
cerning implementation of biosorption‐based technology for the treatment of wastewater
from an electroplating industry (unpublished data). A brief economic summary showing
the different technological processes involved and their related expenses is presented in
Table 2. The table compares the costs related to the use of regular technology (based on
electroreduction) with the ones associated with a water treatment based on biosorption/
bioreduction by grape stalks (GS) and precipitation/refining using GS entrapped into calci‐
um alginate (CA).

In a regular wastewater treatment, Cr(VI) is reduced to Cr(III) using electricity. In acidic media,
3 mols of electrons are consumed in this process per mol of Cr(VI) reduced. In the case of the
GS sorption/reduction process, there is no electric current applied to the solution and the only
energetic requirements are related to the mixing of the material with the Cr(VI) solution.
Avoiding electrochemical reduction in the treatment phase, decreases the costs related to
energy consumption to half (from 1560 to 780€). In terms of reagents, NaOH and HCl are
reagents used in both treatment schemes. In the secondary phase (post‐treatment or refining),
the costs related to the use of activated carbon are about 134€. Using GS and CA for the removal
of residual Cr(VI) and the formed Cr(III) involve about 341€. In terms of other expenses, there
is both an internal and external labour costs reduction when biosorption‐based technologies
are used. This saving is due to the frequent cleaning and, in the last term, replacement of the
electrodes in the electrochemical cells. In the case of a biosorption unit, repairs are less frequent
and maintenance less expensive.

Overall, the use of GS and CA in the detoxification of Cr(VI) polluted effluents involves a saving
close to 40% if compared to the electrochemical reduction process. These data are just an
example that clearly shows the viability of lignocellulosic materials for real wastewater
treatment. There is a clear opportunity to go beyond the laboratory studies and implement
properly scaled biosorption processes to the treatment of real industrial effluents.

5. Equilibrium and kinetics modelling

5.1. Equilibrium models in single component solutions

A precise mathematical description of the equilibrium isotherms is of paramount importance
for the effective design of sorption systems. The most widely used adsorption isotherms found
in the literature to describe the amount of solute adsorbed as a function of the equilibrium
concentration in solution are summarised in Table 3.

From these models, by far the most widely employed are Langmuir and Freundlich. While
Langmuir isotherm model relies on the adsorption theory and assumes the formation of a
sorbate monolayer, Freundlich isotherm is an empirical model to correlate the concentration
of a sorbate on the solid phase and the concentration of the sorbate in the fluid.
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Isotherm model Equation Linear expression Ref.

Langmuir  = 𝀵𝀵𝀵𝀵1+𝀵𝀵𝀵𝀵 𝀵𝀵 = 1𝀵𝀵 + 𝀵𝀵 [54–56]

Freundlich  = 𝀵𝀵1 ln = ln + 1ln𝀵𝀵 [54–56]

Redlich‐Peterson  = 𝀵𝀵𝀵𝀵𝀵𝀵1+𝀵𝀵𝀵𝀵𝀵𝀵 ln 𝀵𝀵𝀵𝀵𝀵𝀵 − 1 = ln𝀵𝀵𝀵𝀵 + ln𝀵𝀵 [55, 56]

Sips  = 𝀵𝀵𝀵𝀵1+𝀵𝀵𝀵𝀵
[54–56]

Temkin  = 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 ln 𝀵𝀵𝀵𝀵  = 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 ln𝀵𝀵 + 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 ln𝀵𝀵 [54–56]

Dubinin‐Radushkevich  = exp −2 = 𝀵𝀵𝀵𝀵𝀵𝀵 1+ 1𝀵𝀵
ln = ln − 2𝀵𝀵2𝀵𝀵2ln 1+ 1𝀵𝀵 [55, 56]

Toth  = 𝀵𝀵𝀵𝀵
1+ 𝀵𝀵𝀵𝀵  1

[54, 56]

Table 3. Mathematical equations of single component isotherm models.

Obtaining isotherm parameters from experimental data is a key aspect to consider. Using linear
regression to determine the sorption isotherm parameters and decide which model provides
the best fit was not only the easiest way at the time this approach was proposed, but also has
become a ‘custom’ extended to our days. Obviously, the linearisation of the equations involves
a transformation of the data in a process that alters the structure of errors, violates the error
variance assumptions and the normality of the least squares method [57–59]. This set of error
sources explains that the linear parameters obtained through Freundlich model produces
isotherms that best fit data at low concentrations, while the linear parameters of the Langmuir
tend to better match isotherm data at higher concentrations [57, 60]. Taking into account the
aforementioned drawbacks of the linear procedures, direct calculation of the isotherm
parameters through non‐linear optimisation methods is strongly recommended. The non‐
linear optimisation is a more complex method than the linearisation approach and requires
the proper choice of an error function to accurately evaluate the fit of the experimental results
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to the chosen isotherm, since the choice of the error function may affect the derived parameters.
The most widely used error functions to fit sorption isotherm data are summarised in Table 4.

Error function Expression Ref.

The sum of the squares of the errors (SSR) ∑ = 1 , exp − , 𝀵𝀵𝀵𝀵𝀵𝀵 2 [54, 57, 61]

Hybrid fractional error function (HYBRD) 100 − 𑨒𑨒 ∑ = 1 , exp − , 𝀵𝀵𝀵𝀵𝀵𝀵 2, exp
[54, 57, 61]

Marquardt’s percent standard deviation (MPSD) 100 1 − 𑨒𑨒 ∑ = 1 , exp − , 𝀵𝀵𝀵𝀵𝀵𝀵, exp 2 [54, 57, 61]

Average relative error (ARE) 100 ∑ = 1 , exp − , 𝀵𝀵𝀵𝀵𝀵𝀵, exp [54, 57, 61]

Sum of the absolute errors (EABS) ∑ = 1 , exp − , 𝀵𝀵𝀵𝀵𝀵𝀵 [54, 57, 61]

Table 4. Error functions.

The sum of the squares of the errors (SSR) is the most widely used error function, but it shows
an important drawback; the isotherm parameters obtained provides a better fit in the case of
high concentrations due to the fact that errors and therefore their squares increase, when it
does the concentration.

Hybrid fractional error function (HYBRD) is an error function developed with the attempt of
improving the adjustment of the SSR at low concentrations divided by the measured value
and includes the degrees of freedom of the system.

Marquardt’s percent standard deviation (MPSD) is similar in some aspect to a geometric mean
error distribution modified according to the number of degrees of freedom of the system.

Average relative error function (ARE) attempts to minimise the fractional error distribution
across the entire concentration range.

Sum of the absolute errors (EABS) uses a similar approach to that used in the SSR. Isotherm
parameters determined using this error function provide a better fit as the magnitude of the
error increases, biasing the fit towards the high concentration data [61].

In terms of least‐squares regression analysis, one of the central premises is that the independ‐
ent variable x remains fixed, i.e. there is no measured error in x. Therefore, there should be no
error in the measurement of the equilibrium concentration in solution (Ce). However, the
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determination of the remaining concentration in the solution is not free from error, despite
careful calibration and repetition of sample analysis is performed. Hence, the application of
orthogonal distance regression (ODR) may be appropriate [59, 62–65].

The ODR takes into account the errors in both variables (Ce and q). The most widely used error
functions are summarised in Table 5.

Error function Expression  Ref.

Theoretical orthogonal

distance regression ∑ = 1 , exp − , 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 2 + 𝀵𝀵, exp − 𝀵𝀵, 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵
2 [59, 63]

Orthogonal

distance regression ∑ = 1 , exp − , 𝀵𝀵𝀵𝀵𝀵𝀵, exp 2 + 𝀵𝀵, exp − 𝀵𝀵, 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵, exp 2 [62, 63, 65, 66]

Experimental weighted

orthogonal distance regression ∑ = 1 , exp − , 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 2 + 𝀵𝀵, exp − 𝀵𝀵, 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 2 [63]

Triplicate orthogonal

distance regression ∑ = 1 , exp − , 𝀵𝀵𝀵𝀵𝀵𝀵, exp 2 + 𝀵𝀵, exp − 𝀵𝀵, 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵, exp 2 [63]

Table 5. Error functions.

5.2. Equilibrium models in multicomponent solutions

Since the interaction of a component with other components in a mixture can be synergistic,
antagonistic or non‐interactive, the biosorption results cannot be predicted on the basis of
studies derived from single component solutions. The behaviour of each species in a multi‐
component system depends largely on the physical and chemical properties of both, sorbent
and sorbate. However, most of the isotherms of a single component can be extended to describe
a multi‐component adsorption system. The most frequently used extensions are summar‐
ised in Table 6.

In the scientific literature, there are few models to describe synergistic effects in sorption
processes. A straightforward and simple way to develop a synergistic model is based on the
use of monocomponent models and introduction of correction factors, for example, by
combining a single isotherm (Langmuir, Freundlich, etc.) with a form factor 1+   [72, 73].

When it comes to obtaining the parameters of these models, the same comments stated
previously for monocomponent sorption isotherms applies. The error function most widely
used is based on the sum of the SSR for each component although the most suitable method
would be the use of ODR.
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Isotherm model Equation Ref.

Extended Langmuir: ,  = 0,, 1+∑ ,  [67–69]

Modified competitive Langmuir: ,  = 0,, 1+∑ , 
[67, 70, 71]

Extended Freundlich:

,  = , , 1 + 
,  + , 

[67, 68]

Competitive non modified Redlich Peterson model: ,  = 𝀵𝀵𝀵𝀵, , 1+∑ 𝀵𝀵𝀵𝀵, ,  [67, 68]

Competitive modified Redlich Peterson model: ,  = 𝀵𝀵𝀵𝀵, , 
1+∑ 𝀵𝀵𝀵𝀵,  , 


[68]

Table 6. Multicomponent equilibrium models.

5.3. Kinetics models

A summary on the most widely used models to describe the time‐course profile of metal
removal in sorption processes is presented in Table 7.

The scientific literature to date shows that, in most cases, the obtention of the characteristic
parameters of the aforementioned models is performed through linearisation. As previously
discussed, this process involves a transformation of the data set and the subsequent alteration
of the error structure and therefore a given bias in the so obtained parameters. To avoid this,
non‐linear regression should be used using the SSR as target error function. In this case, the
use of ODR is not strictly needed since it can be considered that there is no error in the accurate
determination of the time variable.

As a final remark, it should be highlighted that a good fitting of an experimental data set to a
given kinetic or equilibrium model does not necessarily imply that the sorption process is
governed by the mechanisms on which the model relies [74].

Biomass Volume Estimation and Valorization for Energy396



Isotherm model Equation Ref.

Extended Langmuir: ,  = 0,, 1+∑ ,  [67–69]

Modified competitive Langmuir: ,  = 0,, 1+∑ , 
[67, 70, 71]

Extended Freundlich:

,  = , , 1 + 
,  + , 

[67, 68]

Competitive non modified Redlich Peterson model: ,  = 𝀵𝀵𝀵𝀵, , 1+∑ 𝀵𝀵𝀵𝀵, ,  [67, 68]

Competitive modified Redlich Peterson model: ,  = 𝀵𝀵𝀵𝀵, , 
1+∑ 𝀵𝀵𝀵𝀵,  , 


[68]

Table 6. Multicomponent equilibrium models.

5.3. Kinetics models

A summary on the most widely used models to describe the time‐course profile of metal
removal in sorption processes is presented in Table 7.

The scientific literature to date shows that, in most cases, the obtention of the characteristic
parameters of the aforementioned models is performed through linearisation. As previously
discussed, this process involves a transformation of the data set and the subsequent alteration
of the error structure and therefore a given bias in the so obtained parameters. To avoid this,
non‐linear regression should be used using the SSR as target error function. In this case, the
use of ODR is not strictly needed since it can be considered that there is no error in the accurate
determination of the time variable.

As a final remark, it should be highlighted that a good fitting of an experimental data set to a
given kinetic or equilibrium model does not necessarily imply that the sorption process is
governed by the mechanisms on which the model relies [74].

Biomass Volume Estimation and Valorization for Energy396

Kinetic model Equation Linear expression Ref.

Pseudo-first-order or Lagergren equation 𝀵𝀵𝀵𝀵𝀵𝀵 = 1 𝀵𝀵 − 𝀵𝀵𝀵𝀵 = 𝀵𝀵 1−exp −1
ln 𝀵𝀵 − 𝀵𝀵 = ln𝀵𝀵 − 1 [56, 74]

Pseudo-second-order 𝀵𝀵𝀵𝀵𝀵𝀵 = 2 𝀵𝀵 − 𝀵𝀵 2
𝀵𝀵 = 2𝀵𝀵21+2𝀵𝀵

𝀵𝀵 = 12𝀵𝀵2 + 𝀵𝀵 [56, 74]

Weber-Morris or intra-particle diffusion 𝀵𝀵 = 12 [56, 74]

Elovich equation 𝀵𝀵𝀵𝀵𝀵𝀵 = exp −𝀵𝀵𝀵𝀵 = 1ln  + 0 − 1ln 00 = 1

[74]

Table 7. Kinetic models.

6. Metal desorption and regeneration of lignocellulosic wastes

Metal laden biomass can either be directly disposed or incinerated, delivering the ashes to a
regular hazardous waste landfill. Incineration reduces waste volume, but enhances the metal
content per mass unit and may cause environmental issues due to potential toxic metal
leaching. Disposal or incineration of metal-laden biomass is recommended when biomass is
abundant and cheap and metal is not worth recovering. Another alternative is regeneration of
the biomass by elution of the loaded metal using desorbing agents. The selection criteria that
guides to choose the appropriate desorbing agent are: (i) small volume of eluent should yield
high metal concentration in the resulting solution, (ii) the structural integrity of the biomass
must not be severely affected, and (iii) the eluent should be economic and environmentally
friendly.

Most of the desorbing agents used for sorbents regeneration and metal recovery are based on
strong mineral acids (HCl, HNO3, H2SO4), short-chain organic acids (HCOOH, CH3COOH),
bases (NaOH, NaHCO3, Na2CO3, KOH, K2CO3), salts (NaCl, KCl, CaCl2, KNO3), chelating
agents (ethylenediaminetetraacetic (EDTA), diethylenediaminepentacetic (DTPA), nitrilotri-
acetic (NTA)) or buffer solutions (phosphate, bicarbonate). Recently, the most widely used
desorbing agents have been reviewed [75].
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The most used desorption agents to remove metal‐laden lignocellulosic biomass are acids.
An acidic solution (pH 2.0) was found to be the best desorbing solution for Cu(II) and
Cr(VI) loaded onto commercial coffee wastes [76]. A 0.1 M HCl solution resulted to be ef‐
fective to desorb Cd(II) (83.9%) from rice husk in both batch and column modes [77]; Cu(II)
(99.4%), Cd(II) (98.5%) and Zn(II) (99.3%) from papaya wood [78]; As(V) from coconut coir
pith [79]; Cu(II) from cork and yohimbe bark [80]; and 0.2 and 0.5 M HCl for chromium
recovery from avena by‐products and Ga(III) desorption from coir [71]. A 0.1 M HNO3 sol‐
ution was used by Gupta and Nayak [81] to desorb 98.2% Cd(II) loaded onto orange peel
powder with Fe3O4. Higher concentrations than 0.01 M of HNO3 and HCl were needed to
effectively desorb Cd(II) loaded onto coffee beans [82]. Ficus religiosa lead(II) laden was re‐
generated by using 0.05 M HNO3 [83]. HCl and EDTA solutions were used to desorb U(VI)
from citrus waste material. The best desorption yields were obtained by 0.1 EDTA (94.7%)
followed by 0.1 HCl (89.71%) [84]. HCl and EDTA were also tested by Martinez et al. to
recover Pb, Cu, Cd and Ni from grape stalk and olive stones wastes, the former being the
most effective [85, 86].

Alkaline solutions were also successfully tested as desorbing agents for metal ions from
biomass. Note that 0.5 M sodium citrate was able to remove lead(II) laden on hop by‐
products [87]. Elution of arsenic‐laden rice polish and rice husk packed columns was ach‐
ieved by passing through the column of 10% NaOH [88] and 1 M KOH [89] solutions,
respectively.

The main conclusion retrieved from the literature survey is that recovery of metals from
exhausted lignocellulosic materials and other low‐cost sorbent materials and the regeneration
of the sorbent is not nowadays the focus of researchers. It may be foreseen however that in the
future, when some metals become scarce, further research will be conducted to find out
selective metal desorbing agents that meet the most of the aforementioned criteria.

7. Conclusion

Lignocellulosic biomass has a huge potential as a low cost, renewable source and environ‐
mentally friendly alternative to conventional methods for the removal of heavy metals from
aqueous polluted streams. This technology is of special interest to treat large volumes of
effluent containing low metal concentration to produce a final effluent that does not pose
environmental hazards. A thorough screening and selection of the most effective low‐cost
sorbents with sufficiently high metal‐binding capacity and selectivity for heavy metal ions are
prerequisites for full‐scale implementation in industrial processes. Despite further research,
efforts towards full understanding of sorption mechanisms and development of more accurate
mathematical models might be required, the technology can be considered mature enough as
to face scale‐up scenarios to large scale. Industrial stakeholders, policymakers and regulators
have nowadays a challenging and exciting opportunity to take a step forward towards
environmental sustainability considering sorption onto biomaterials on their wastewater
treatment schemes.
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Annex 1: Notation

 Amount of sorbate adsorbed per unit mass of sorbent at equilibrium Maximum uptake of sorbate per unit mass of sorbent Langmuir constant related to sorbent affinity Concentration of sorbate in solution at equilibrium Freundlich constant related to the amount of sorbate adsorbed Freundlich constant related to sorption intensity𝀵𝀵𝀵𝀵 Redlich‐Peterson constant related to the amount of sorbate adsorbed𝀵𝀵𝀵𝀵 Redlich‐Peterson constant Redlich‐Peterson exponent 0 ≤  ≤ 1 Sips constant related to sorption intensity𝀵𝀵 Universal gas constant Temperature Temkin constant Temkin constant related to binding Dubinin‐Radushkevich constant related to sorption energy Polanyi potential Toth model exponent, 𝀵𝀵𝀵𝀵 Experimental data values, 𝀵𝀵𝀵𝀵𝀵𝀵 Data values calculated from the model Number of data𝀵𝀵 Number of model parameters Population standard deviation of measurement error in dependent variable𝀵𝀵 Population standard deviation of measurement error in equilibrium concentration𝀵𝀵𝀵𝀵𝀵𝀵 Estimates of population standard deviation for dependent variable𝀵𝀵𝀵𝀵𝀵𝀵 Estimates of population standard deviation for independent variable Dimensionless interaction factor Amount of sorbate adsorbed per unit mass of sorbent at time 1 First‐order reaction rate equilibrium constant2 Second‐order reaction rate equilibrium constant Time𝀵𝀵 Intra‐particle diffusion rate constant𝀵𝀵 Elovich equation constant Elovich equation constant

Valorisation of Lignocellulosic Biomass Wastes for the Removal of Metal Ions from Aqueous Streams: A Review
http://dx.doi.org/10.5772/65958

399



Author details

Carlos Escudero‐Oñate1*, Núria Fiol2, Jordi Poch3 and Isabel Villaescusa2

*Address all correspondence to: carlos.escudero@niva.no

1 Norwegian Institute for Water Research (NIVA), Gaustadalléen, Oslo, Norway

2 Chemical Engineering Department, EPS, University of Girona, Girona, Spain

3 Applied Mathematics Department, EPS, University of Girona, Girona, Spain

References

[1] Järup L. Hazards of heavy metals contamination. British Medical Bulletin, 2003. 68;
167–182. DOI: 10.1093/bmb/ldg032.

[2] Wang J, Chen C. Biosorbents for heavy metals removal and their future. Biotechnology
Advances. 2009. 27; 195–226. DOI: 10.1016/j.biotechadv.2008.11.002.

[3] Zhou CH, Xia X, Lin CX, Tong DS, Beltramini J. Catalytic conversion of lignocellulosic
biomass to fine chemicals and fuels. Chemical Society Reviews. 2011. 40(11); 5588–5617.
DOI: 10.1039/C1CS15124J.

[4] Vanholme R, Demedts B, Morreel K, Ralph J, Boerjan W. Plant Physiology, 2010. 153(3);
895–905. DOI: 10.1104/pp.110.155119.

[5] Walker GM. Bioethanol: Science and technology of fuel alcohol. Ventus Publishing ApS.
Frederiksberg, Denmark, 2010. ISBN 978‐87‐7681‐681‐0.

[6] Abdolali A, Guo WS, Ngo HH, Chen SS, Nguyen NC, Tung KL. Typical lignocellulosic
wastes and by‐products for biosorption process in water and wastewater treatment: A
critical review. Bioresource Technology. 2014. 160; 57–66. DOI: 10.1016/j.biortech.
2013.12.037.

[7] Pujol D, Liu C, Gominho J, Olivella MA, Fiol N, Villaescusa I, Pereira H. The chemical
composition of exhausted coffee waste. Industrial Crops and Products. 2013. 50; 423–
429. DOI: 10.1016/j.indcrop.2013.07.056.

[8] Pujol D, Liu C, Fiol N, Olivella MA, Gominho J, Villaescusa I, Pereira H. Chemical
characterization of different granulometric fractions of grape stalks waste. Industrial
Crops and Products. 2013. 50; 494–400. DOI: 10.1016/j.indcrop.2013.07.051.

[9] Sud D, Mahajan G, Kaur MP. Agricultural waste material as potential adsorbent for
sequestering heavy metal ions from aqueous solutions – A review. Bioresource
Technology. 2008. 14(99); 6017–6027. DOI: 10.1016/j.biortech.2007.11.064.

Biomass Volume Estimation and Valorization for Energy400



Author details

Carlos Escudero‐Oñate1*, Núria Fiol2, Jordi Poch3 and Isabel Villaescusa2

*Address all correspondence to: carlos.escudero@niva.no

1 Norwegian Institute for Water Research (NIVA), Gaustadalléen, Oslo, Norway

2 Chemical Engineering Department, EPS, University of Girona, Girona, Spain

3 Applied Mathematics Department, EPS, University of Girona, Girona, Spain

References

[1] Järup L. Hazards of heavy metals contamination. British Medical Bulletin, 2003. 68;
167–182. DOI: 10.1093/bmb/ldg032.

[2] Wang J, Chen C. Biosorbents for heavy metals removal and their future. Biotechnology
Advances. 2009. 27; 195–226. DOI: 10.1016/j.biotechadv.2008.11.002.

[3] Zhou CH, Xia X, Lin CX, Tong DS, Beltramini J. Catalytic conversion of lignocellulosic
biomass to fine chemicals and fuels. Chemical Society Reviews. 2011. 40(11); 5588–5617.
DOI: 10.1039/C1CS15124J.

[4] Vanholme R, Demedts B, Morreel K, Ralph J, Boerjan W. Plant Physiology, 2010. 153(3);
895–905. DOI: 10.1104/pp.110.155119.

[5] Walker GM. Bioethanol: Science and technology of fuel alcohol. Ventus Publishing ApS.
Frederiksberg, Denmark, 2010. ISBN 978‐87‐7681‐681‐0.

[6] Abdolali A, Guo WS, Ngo HH, Chen SS, Nguyen NC, Tung KL. Typical lignocellulosic
wastes and by‐products for biosorption process in water and wastewater treatment: A
critical review. Bioresource Technology. 2014. 160; 57–66. DOI: 10.1016/j.biortech.
2013.12.037.

[7] Pujol D, Liu C, Gominho J, Olivella MA, Fiol N, Villaescusa I, Pereira H. The chemical
composition of exhausted coffee waste. Industrial Crops and Products. 2013. 50; 423–
429. DOI: 10.1016/j.indcrop.2013.07.056.

[8] Pujol D, Liu C, Fiol N, Olivella MA, Gominho J, Villaescusa I, Pereira H. Chemical
characterization of different granulometric fractions of grape stalks waste. Industrial
Crops and Products. 2013. 50; 494–400. DOI: 10.1016/j.indcrop.2013.07.051.

[9] Sud D, Mahajan G, Kaur MP. Agricultural waste material as potential adsorbent for
sequestering heavy metal ions from aqueous solutions – A review. Bioresource
Technology. 2008. 14(99); 6017–6027. DOI: 10.1016/j.biortech.2007.11.064.

Biomass Volume Estimation and Valorization for Energy400

[10] Malik DS, Jain CK, Yadav AK. Removal of heavy metals from emerging cellulosic low‐
cost adsorbents: A review. Applied Water Science. 2016. 1–24. DOI: 10.1007/s13201‐
016‐0401‐8.

[11] Miretzky P, Fernandez Cirelli A. Cr(VI) and Cr(III) removal from aqueous solution by
raw and modified lignocellulosic materials: A review. Journal of Hazardous Materials.
2010. 180(1–3); 1–19. DOI: 10.1016/j.jhazmat.2010.04.060.

[12] Demirbas A. Heavy metal adsorption onto agro‐based waste materials: A review.
Journal of Hazardous Materials. 2008. 2–3; 220–229. DOI: 10.1016/j.jhazmat.2008.01.024.

[13] Hubbe MA, Hasan SH, Ducoste JJ. Cellulosic substrates for removal of pollutants from
aqueous systems: A review. Metals BioResources. 2011. 1. 2161–2287 ISSN: 1930–2126.

[14] Michalak I, Chojnacka K, Witek‐Krowiak A. State of the art for the biosorption process
—A review. Applied Biochemistry and Biotechnology. 2013. 170; 1389. DOI: 10.1007/
s12010‐013‐0269‐0.

[15] Volesky B. Sorption and biosorption. BV Sorbex, Inc, Montreal, Canada. 2004.

[16] Das N. Recovery of precious metals through biosorption—A review. Hydrometallurgy.
2010. 103(1–4); 180–189. DOI: 10.1016/j.hydromet.2010.03.016.

[17] Das N, Das D. Recovery of rare earth metals through biosorption: An overview. Journal
of Rare Earths. 2013. 31(10); 933–943. DOI: 10.1016/S1002‐0721(13)60009‐5.

[18] Prasad AGD, Abdullah MA. Biosorption of Cr (VI) from synthetic wastewater using
the fruit shell of gulmohar (Delonix regia): Application to electroplating wastewater.
BioResources. 2010. 5(2); 838–853. ISSN: 1930–2126.

[19] Martín‐Lara MA, Blázquez G, Trujillo MC, Pérez A, Calero M. New treatment of real
electroplating wastewater containing heavy metal ions by adsorption onto olive stone.
Journal of Cleaner Production. 2014. 81; 120–129. DOI: 10.1016/j.jclepro.2014.06.036.

[20] Singha B, Das SK. Removal of Pb(II) ions from aqueous solution and industrial effluent
using natural biosorbents. Environmental Science and Pollution Research. 2012. 19;
2212. DOI: 10.1007/s11356‐011‐0725‐8.

[21] Liu C, Fiol N, Poch J, Villaescusa I. A new technology for the treatment of chromium
electroplating wastewater based on biosorption. Journal of Water Process Engineering.
2016. 11. 143–151 DOI: 10.1016/j.jwpe.2016.05.002.

[22] Chipara M, Hamilton J, Chipara AC, George T, Chipara DM, Ibrahim EE, Lozano K,
Sellmyer DJ. Fourier transform infrared spectroscopy and wide‐angle X‐ray scattering:
Investigations on polypropylene–vapor‐grown carbon nanofiber composites. Journal
of Applied Polymer Science. 2012. 125(1); 353–360. DOI: 10.1002/app.35576.

[23] Dupont L, Guillon E. Removal of hexavalent chromium with a lignocellulosic substrate
extracted from wheat bran. Environmental Science and Technology. 2003. 15(18); 4235–
4241. DOI: 10.1021/es0342345.

Valorisation of Lignocellulosic Biomass Wastes for the Removal of Metal Ions from Aqueous Streams: A Review
http://dx.doi.org/10.5772/65958

401



[24] Twardowska I, Kyziol J. Sorption of metals onto natural organic matter as a function of
complexation and adsorbent‐adsorbate contact mode. Environment International.
2003. 8; 783–791. DOI: 10.1016/S0160‐4120(02)00106‐X.

[25] Villaescusa  I,  Fiol  N,  Cristiani  F,  Floris  C,  Lai  S,  Nurchi  VM.  Copper(II)  and
nickel(II)  uptake  from  aqueous  solutions  by  cork  wastes:  A  NMR  and  poten‐
tiometric  study.  Polyhedron.  2002.  21(14);  1363–1367.  DOI:  10.1016/S0277‐5387(02)
00957‐9.

[26] Escudero C, Fiol N, Villaescusa I, Bollinger JC. Effect of chromium speciation on its
sorption mechanism onto grape stalks entrapped into alginate beads. Arabian Journal
of Chemistry. 2013. DOI: 10.1016/j.arabjc.2013.03.011.

[27] Misra SP. Adsorption‐desorption of heavy metal ions. Current Science. 2014. 107(4);
601–612.

[28] Chaplin MF, Bucke C. The preparation and kinetics of immobilised enzymes in enzyme
technology. Cambridge University Press. Cambridge, United Kingdom. 1990. Chapter
3. pp. 81–89.

[29] Peinado RA, Moreno JJ, Maestre O, Mauricio JC. Use of a novel immobilization yeast
system for winemaking. Biotechnology Letters. 2005. 27; 1421–1424. DOI: 10.1007/
s10529‐005‐0939‐2.

[30] Martins SCS, Martins CM, Fiúza LMCG, Santaella ST. Immobilization of microbial cells:
A promising tool for treatment of toxic pollutants in industrial wastewater. African
Journal of Biotechnology. 2013. 12(28); 4412–4418. DOI: 10.5897/AJB12.2677.

[31] Crini G. Recent developments in polysaccharide‐based materials used as adsorbents in
wastewater treatment. Progress in Polymer Science. 2005. 30; 38–70. DOI: 10.1016/
j.progpolymsci.2004.11.002.

[32] Eroglu E, Smith SM, Raston CL. Application of various immobilization techniques for
algal bioprocesses. Biofuel and Biorefinery Technologies. 2015. 2; 19–44. DOI:
10.1007/978‐3‐319‐16640‐7_2.

[33] Feng L, Cao Y, Su D, You S, Han F. Influence of sodium alginate pretreated by ultra‐
sound on papain properties: Activity, structure, conformation and molecular weight
and distribution. Ultrasonic Sonochemistry. 2016. 32; 224–230. DOI: 10.1016/j.ultsonch.
2016.03.015.

[34] Vauchel P, Kaas R, Arhaliass A, Baron R, Legrand J. A new process for extracting
alginates from Laminaria digitata: Reactive extrusion. Food and Bioprocess Technolo‐
gy. 2008. 1(3); 297–300. DOI: 10.1007/s11947‐008‐0082‐x.

[35] Hernández‐Carmona G, McHugh DJ, Arvizu‐Higuera DL, Rodríguez‐Montesinos E.
Pilot plant scale extraction of alginate from Macrocystis pyrifera. 1. Effect of pre‐
extraction treatments on yield and quality of alginate. Journal of Applied Phycology.
1999. 10; 507–513. DOI: 10.1023/A:1008004311876.

Biomass Volume Estimation and Valorization for Energy402



[24] Twardowska I, Kyziol J. Sorption of metals onto natural organic matter as a function of
complexation and adsorbent‐adsorbate contact mode. Environment International.
2003. 8; 783–791. DOI: 10.1016/S0160‐4120(02)00106‐X.

[25] Villaescusa  I,  Fiol  N,  Cristiani  F,  Floris  C,  Lai  S,  Nurchi  VM.  Copper(II)  and
nickel(II)  uptake  from  aqueous  solutions  by  cork  wastes:  A  NMR  and  poten‐
tiometric  study.  Polyhedron.  2002.  21(14);  1363–1367.  DOI:  10.1016/S0277‐5387(02)
00957‐9.

[26] Escudero C, Fiol N, Villaescusa I, Bollinger JC. Effect of chromium speciation on its
sorption mechanism onto grape stalks entrapped into alginate beads. Arabian Journal
of Chemistry. 2013. DOI: 10.1016/j.arabjc.2013.03.011.

[27] Misra SP. Adsorption‐desorption of heavy metal ions. Current Science. 2014. 107(4);
601–612.

[28] Chaplin MF, Bucke C. The preparation and kinetics of immobilised enzymes in enzyme
technology. Cambridge University Press. Cambridge, United Kingdom. 1990. Chapter
3. pp. 81–89.

[29] Peinado RA, Moreno JJ, Maestre O, Mauricio JC. Use of a novel immobilization yeast
system for winemaking. Biotechnology Letters. 2005. 27; 1421–1424. DOI: 10.1007/
s10529‐005‐0939‐2.

[30] Martins SCS, Martins CM, Fiúza LMCG, Santaella ST. Immobilization of microbial cells:
A promising tool for treatment of toxic pollutants in industrial wastewater. African
Journal of Biotechnology. 2013. 12(28); 4412–4418. DOI: 10.5897/AJB12.2677.

[31] Crini G. Recent developments in polysaccharide‐based materials used as adsorbents in
wastewater treatment. Progress in Polymer Science. 2005. 30; 38–70. DOI: 10.1016/
j.progpolymsci.2004.11.002.

[32] Eroglu E, Smith SM, Raston CL. Application of various immobilization techniques for
algal bioprocesses. Biofuel and Biorefinery Technologies. 2015. 2; 19–44. DOI:
10.1007/978‐3‐319‐16640‐7_2.

[33] Feng L, Cao Y, Su D, You S, Han F. Influence of sodium alginate pretreated by ultra‐
sound on papain properties: Activity, structure, conformation and molecular weight
and distribution. Ultrasonic Sonochemistry. 2016. 32; 224–230. DOI: 10.1016/j.ultsonch.
2016.03.015.

[34] Vauchel P, Kaas R, Arhaliass A, Baron R, Legrand J. A new process for extracting
alginates from Laminaria digitata: Reactive extrusion. Food and Bioprocess Technolo‐
gy. 2008. 1(3); 297–300. DOI: 10.1007/s11947‐008‐0082‐x.

[35] Hernández‐Carmona G, McHugh DJ, Arvizu‐Higuera DL, Rodríguez‐Montesinos E.
Pilot plant scale extraction of alginate from Macrocystis pyrifera. 1. Effect of pre‐
extraction treatments on yield and quality of alginate. Journal of Applied Phycology.
1999. 10; 507–513. DOI: 10.1023/A:1008004311876.

Biomass Volume Estimation and Valorization for Energy402

[36] Bajpai SK, Sharma S. Investigation of swelling degradation behaviour of alginate beads
crosslinked with Ca2+ and Ba2+ ions. Reactive & Functional Polymers. 2004. 59; 129–140.
DOI: 10.1016/j.reactfunctpolym.2004.01.002.

[37] Hassan R, Tirkistani F, Zaafarany I, Fawzy A, Khairy M, Iqbal S. Polymeric biomaterial
hydrogels. I. Behavior of some ionotropic cross‐linked metal‐alginate hydrogels
especially copper‐alginate membranes in some organic solvents and buffer solutions.
Advances in Bioscience and Biotechnology. 2012. 3; 845–854. DOI: 10.4236/abb.
2012.37105.

[38] Grant GT, Morris ER, Rees DA, Smith PJC, Thom D. Biological interactions between
polysaccharides and divalent cations: The egg‐box model. FEBS Letters. 1973. 32(1);
195–198. DOI: 10.1016/0014‐5793(73)80770‐7.

[39] Pandey A, Bera D, Shukla A, Ray L. Studies on Cr(VI), Pb(II) and Cu(II) adsorption‐
desorption using calcium alginate as biopolymer. Chemical Speciation & Bioavailabil‐
ity. 2007. 19(1); 17–24. DOI: 10.3184/095422907X198031.

[40] Jodra Y, Mijangos F. Ion exchange selectivities of calcium alginate gels for heavy metals.
Waters Science & Technology. 2001. 43(2); 237–244.

[41] Bishnoi NR, Kumar R, Bishnoi K. Biosorption of Cr(VI) with Trichoderma viride
immobilised fungal biomass and cell free Ca‐alginate beads. Indian Journal of Experi‐
mental Biology. 2007. 45(7); 657–664.

[42] Wuyep PA, Chuma AG, Awodi S, Nok AJ. Biosorption of Cr, Mn, Fe, Ni, Cu and Pb
metals from petroleum refinery effluent by calcium alginate immobilized mycelia of
Polyporus squamosus. Scientific Research & Essay. 2007. 2(7); 217–221.

[43] Mata YN, Blázquez ML, Ballester A, González F, Muños JA. Biosorption of cadmium,
lead and copper with calcium algiante xerogels and immobilized Fucus vesiculosus.
Journal of Hazardous Materials. 2009. 163(2–3); 555–562. DOI: 10.1016/j.jhazmat.
2008.07.015.

[44] Olusola B, Aransiola MN. Biosorption of zinc (Zn2+) and Iron (Fe2+) from wastewater
using Botrydium granulatum and Euglena texta. Bioscience and Bioengineering. 2015.
1(2); 17–21.

[45] Samuel J, Pulimi M, Paul ML, Maurya A, Chandrasekaran N, Mukherjee A. Batch and
continuous flow studies of adsorptive removal of Cr(VI) by adapted bacterial consortia
immobilized in alginate beads. Bioresource Technology. 2013. 128; 423–430. DOI:
10.1016/j.biortech.2012.10.116.

[46] Gad A,  Attia  M,  Ahmed HA.  Heavy metals  bio‐remediation by immobilizaed
Saccharomyces cerevisiae  and Opuntia ficus indica.  Journal of American Science. 2010.
6(8);  79–87.

[47] Ansari  TM,  Hanif  MA,  Mahmood  A,  Ijaz  U,  Khan  MA,  Nadeem  R,  Ali  M.
Immobilization  of  rose  waste  biomass  for  uptake  of  Pb(II)  from  aqueous

Valorisation of Lignocellulosic Biomass Wastes for the Removal of Metal Ions from Aqueous Streams: A Review
http://dx.doi.org/10.5772/65958

403



solutions. Biotechnology Research International. 2011. 2011; 1–9. DOI: 10.4061/2011/
685023.

[48] Fiol N, Poch J, Villaescusa I. Chromium(VI) uptake by grape stalks wastes encapsulated
in calcium alginate beads: Equilibrium and kinetics studies. Chemical Speciation &
Bioavailability. 2004. 16(1/2). 25–33 DOI: 10.3184/095422904782775153.

[49] Fiol N, Poch J, Villaescusa I. Grape stalks wastes encapsulated in calcium alginate beads
for Cr(VI) removal from aqueous solutions. Separation Science and Technology. 2005.
40; 1013–1028. DOI: 10.1081/SS‐200048041.

[50] Sillerová H, Komárek M, Liu C, Poch J, Villaescusa I. Biosorbent encapsulation in
calcium alginate: Effects of process variables on Cr(VI) removal from solutions.
International Journal of Biological Macromolecules. 2015. 80; 260–270. DOI: 10.1016/
j.ijbiomac.2015.06.032.

[51] Fiol N, Escudero C, Poch J, Villaescusa I. Preliminary studies on Cr(VI) removal from
aqueous solution using grape stalk wastes encapsulated in calcium alginate beas in a
packed bed up‐flow column. Reactive & Functional Polymers. 2006. 66; 795–807. DOI:
10.1016/j.reactfunctpolym.2005.11.006.

[52] Escudero C, Fiol N, Villaescusa I. Chromium sorption on grape stalks encapsulated in
calcium alginate beads. Environmental Chemistry Letters. 2006. 4; 239–242. DOI:
10.1007/s10311‐006‐0055‐0.

[53] Fiol N, Escudero C, Villaescusa I. Chromium sorption and Cr(VI) reduction to Cr(III)
by grape stalks and yohimbe bark. Bioresource Technology. 2008. 99(11); 5030–5036.
DOI: 10.1016/j.biortech.2007.09.007.

[54] Anirudhan TS, Radhakrishnan PG. Kinetic and equilibrium modelling of cadmium(II)
ions sorption onto polymerized tamarind fruit shell. Desalination. 2009. 249(3); 1298–
1307. DOI: 10.1016/j.desal.2009.06.028.

[55] Rangabhashiyam S, Anu S, Giri Nandagopal MS, Selvaraju N. Relevance of isotherm
models  in  biosorption of  pollutants  by agricultural  by‐products.  Journal  of
Environmental  Chemical  Engineering.  2014.  2(1);  398–414.  DOI:  10.1016/j.jece.
2014.01.014.

[56] Abdolali A, Ngo HH, Guo WS, Lee DJ, Tung KL, Wang XC. Development and evalua‐
tion of a new multi‐metal binding biosorbent. Bioresource Technology. 2014. 160; 98–
106. DOI: 10.1016/j.biortech.2013.12.038.

[57] Allen SJ, Mckay G, Porter JF. Adsorption isotherm models for basic dye adsorption by
peat in single and binary component systems. Journal of Colloid and Interface Science.
2004. 280(2); 322–333. DOI: 10.1016/j.jcis.2004.08.078.

[58] Badertscher M, Pretsch E. Bad results from good data. Trends in Analytical Chemistry.
2006. 25(11); 1131–1138. DOI: 10.1016/j.trac.2006.09.003.

Biomass Volume Estimation and Valorization for Energy404



solutions. Biotechnology Research International. 2011. 2011; 1–9. DOI: 10.4061/2011/
685023.

[48] Fiol N, Poch J, Villaescusa I. Chromium(VI) uptake by grape stalks wastes encapsulated
in calcium alginate beads: Equilibrium and kinetics studies. Chemical Speciation &
Bioavailability. 2004. 16(1/2). 25–33 DOI: 10.3184/095422904782775153.

[49] Fiol N, Poch J, Villaescusa I. Grape stalks wastes encapsulated in calcium alginate beads
for Cr(VI) removal from aqueous solutions. Separation Science and Technology. 2005.
40; 1013–1028. DOI: 10.1081/SS‐200048041.

[50] Sillerová H, Komárek M, Liu C, Poch J, Villaescusa I. Biosorbent encapsulation in
calcium alginate: Effects of process variables on Cr(VI) removal from solutions.
International Journal of Biological Macromolecules. 2015. 80; 260–270. DOI: 10.1016/
j.ijbiomac.2015.06.032.

[51] Fiol N, Escudero C, Poch J, Villaescusa I. Preliminary studies on Cr(VI) removal from
aqueous solution using grape stalk wastes encapsulated in calcium alginate beas in a
packed bed up‐flow column. Reactive & Functional Polymers. 2006. 66; 795–807. DOI:
10.1016/j.reactfunctpolym.2005.11.006.

[52] Escudero C, Fiol N, Villaescusa I. Chromium sorption on grape stalks encapsulated in
calcium alginate beads. Environmental Chemistry Letters. 2006. 4; 239–242. DOI:
10.1007/s10311‐006‐0055‐0.

[53] Fiol N, Escudero C, Villaescusa I. Chromium sorption and Cr(VI) reduction to Cr(III)
by grape stalks and yohimbe bark. Bioresource Technology. 2008. 99(11); 5030–5036.
DOI: 10.1016/j.biortech.2007.09.007.

[54] Anirudhan TS, Radhakrishnan PG. Kinetic and equilibrium modelling of cadmium(II)
ions sorption onto polymerized tamarind fruit shell. Desalination. 2009. 249(3); 1298–
1307. DOI: 10.1016/j.desal.2009.06.028.

[55] Rangabhashiyam S, Anu S, Giri Nandagopal MS, Selvaraju N. Relevance of isotherm
models  in  biosorption of  pollutants  by agricultural  by‐products.  Journal  of
Environmental  Chemical  Engineering.  2014.  2(1);  398–414.  DOI:  10.1016/j.jece.
2014.01.014.

[56] Abdolali A, Ngo HH, Guo WS, Lee DJ, Tung KL, Wang XC. Development and evalua‐
tion of a new multi‐metal binding biosorbent. Bioresource Technology. 2014. 160; 98–
106. DOI: 10.1016/j.biortech.2013.12.038.

[57] Allen SJ, Mckay G, Porter JF. Adsorption isotherm models for basic dye adsorption by
peat in single and binary component systems. Journal of Colloid and Interface Science.
2004. 280(2); 322–333. DOI: 10.1016/j.jcis.2004.08.078.

[58] Badertscher M, Pretsch E. Bad results from good data. Trends in Analytical Chemistry.
2006. 25(11); 1131–1138. DOI: 10.1016/j.trac.2006.09.003.

Biomass Volume Estimation and Valorization for Energy404

[59] El‐Khaiary MI. Least‐squares regression of adsorption equilibrium data: Comparing
the options. Journal of Hazardous Materials. 2008. 158(1); 73–87. DOI: 10.1016/j.jhaz‐
mat.2008.01.052.

[60] Ayoob S, Gupta AK. Insights into isotherm making in the sorptive removal of fluoride
from drinking water. Journal of Hazardous Materials. 2008. 152; 976–985. DOI: 10.1016/
j.jhazmat.2007.07.072.

[61] Foo KY, Hameed BH. Insights into the modeling of adsorption isotherm systems.
Chemical Engineering Journal. 2010. 156; 2–10. DOI: 10.1016/j.cej.2009.09.013.

[62] Poch J, Villaescusa I. Orthogonal distance regression: A good alternative to least squares
for modeling sorption data. Journal of Chemical & Engineering Data. 2012. 57(2); 490–
499. DOI: 10.1021/je201070u.

[63] Marković DD, Lekić BM, Rajaković‐Ognjanović VN, Onjia AE, Rajaković LV. A new
approach in regression analysis for modeling adsorption isotherms. The Scientific
World Journal. 2014. 1–17 DOI: 10.1155/2014/930879.

[64] Yan F, Chu Y, Zhang K, Zhang F, Bhandari N, Ruan G, Dai Z, Liu Y, Zhang Z, Kan AT,
Tomson MB. Determination of adsorption isotherm parameters with correlated errors
by measurement error models. Chemical Engineering Journal. 2015. 281(1); 921–930.
DOI: 10.1016/j.cej.2015.07.021.

[65] Millar GJ, Miller GL, Couperthwaite SJ, Papworth S. Factors influencing kinetic and
equilibrium behaviour of sodium ion exchange with strong acid cation resin. Separa‐
tion and Purification Technology. 2016. 163; 79–91. DOI: 10.1016/j.seppur.2016.02.045.

[66] Beltrán JL, Pignatello JJ, Teixidó M. ISOT_Calc: A versatile tool for parameter estimation
in sorption isotherms. Computers & Geosciences. 2016. 94; 11–17. DOI: 10.1016/j.cageo.
2016.04.008.

[67] Gupta A, Balomajumder C. Simultaneous adsorption of Cr(VI) and phenol onto tea
waste biomass from binary mixture: Multicomponent adsorption, thermodynamic and
kinetic study. Journal of Environmental Chemical Engineering. 2015. 3; 785–796. DOI:
10.1016/j.jece.2015.03.003.

[68] Chan OS, Cheung WH, McKay G. Single and multicomponent acid dye adsorption
equilibrium studies on tyre demineralised activated carbon. Chemical Engineering
Journal. 2012. 191; 162–170. DOI: 10.1016/j.cej.2012.02.089.

[69] Villaescusa I, Fiol N, Martínez M, Miralles N, Poch J, Serarols J. Removal of copper and
nickel ions from aqueous solutions by grape stalks wastes. Water Research. 2004. 38(4);
992–1002. DOI: 10.1016/j.watres.2003.10.040.

[70] Escudero C, Poch J, Villaescusa I. Modelling of breakthrough curves of single and
binary mixtures of Cu(II), Cd(II), Ni(II) and Pb(II) sorption onto grape stalks waste.
Chemical Engineering Journal. 2013. 217(1); 129–138. DOI: 10.1016/j.cej.2012.11.096.

Valorisation of Lignocellulosic Biomass Wastes for the Removal of Metal Ions from Aqueous Streams: A Review
http://dx.doi.org/10.5772/65958

405



[71] Suryavanshi US, Shukla SR. Adsorption of Ga(III) on oxidized coir. Industrial and
Engineering Chemical Research. 2009. 48; 870–876. DOI: 10.1021/ie801259c.

[72] Aksu  Z,  Alper  Isoglu  I.  Use  of  dried  sugar  beet  pulp  for  binary  biosorption
of  Gemazol  Turquoise  Blue‐G  reactive  dye  and  copper(II)  ions:  Equilibrium
modeling.  Chemical  Engineering  Journal.  2007.  127;  177–188.  DOI:  10.1016/j.cej.
2006.09.014.

[73] Pujol D, Bartrolí M, Fiol N, de la Torre F, Villaescusa I, Poch J. Modelling synergistic
sorption of Cr(VI), Cu(II) and Ni(II) onto exhausted coffee wastes from binary mixtures
Cr(VI)–Cu(II) and Cr(VI)–Ni(II). Chemical Engineering Journal. 2013. 230; 396–405.
DOI: 10.1016/j.cej.2013.06.033.

[74] Liu Y, Liu YJ. Biosorption isotherms, kinetics and thermodynamics. Separation and
Purification Technology. 2008. 61(3); 229–242. ISSN 1383‐5866. DOI: 10.1016/j.seppur.
2008.07.017.

[75] Lata S, Singh PK, Samadder SR. Regeneration of adsorbents and recovery of heavy
metals. International Journal of Environmental Science and Technology. 2015. 12; 1461–
1478. DOI: 10.1007/s13762‐014‐0714‐9.

[76] Kyzas GZ. Commercial coffee wastes as material for adsorption of heavy metals from
aqueous solutions. Materials. 2012. 5; 1826–1840. DOI: 10.3390/ma5101826.

[77] Ajmal M, Rao RAK, Anwar S, Ahmad J, Ahmad R. Adsorption studies on rice husk:
Removal and recovery of Cd(II) from wastewater. Bioresource Technology. 2003. 86(2);
147–149. DOI: 10.1016/S0960‐8524(02)00159‐1.

[78] Saeed A, Akhter MW, Iqbal M. Removal and recovery of heavy metals from aqueous
solution using papaya wood as a new biosorbent. Separation & Purification Technology.
2005. 45; 25–31. DOI: 10.1016/j.seppur.2005.02.004.

[79] Anirudhan TS, Unnithan MR. Arsenic (V) removal from aqueous solutions using an
anion exchanger derived from coconut coir pith and its recovery. Chemosphere. 2007.
66(1); 60–66. DOI: 10.1016/j.chemosphere.2006.05.031.

[80] Villaescusa I, Martínez M, Miralles N. Heavy metal uptake from aqueous solution by
cork and yohimbe bark. Journal of Chemical Technology & Biotechnology. 2000. 75;
812–816. DOI: 10.1002/1097‐4660(200009)75:9.

[81] Gupta VK, Nayak A. Cadmium removal and recovery from aqueous solutions by novel
adsorbents prepared from orange peel and Fe2O3 nanoparticles. Chemical Engineering.
2012. 180; 81–90. DOI: 10.1016/j.cej.2011.11.006.

[82] Kaikake  K,  Hoaki  K,  Sunada  H,  Dhakal  RP,  Baba  Y.  Removal  characteristics
of metal ions using degreased coffee beans: Adsorption equilibrium of cadmium(II).
Bioresource Technology. 2007. 98(15); 2787–2791. DOI: 10.1016/j.biortech.2006.02.040.

Biomass Volume Estimation and Valorization for Energy406



[71] Suryavanshi US, Shukla SR. Adsorption of Ga(III) on oxidized coir. Industrial and
Engineering Chemical Research. 2009. 48; 870–876. DOI: 10.1021/ie801259c.

[72] Aksu  Z,  Alper  Isoglu  I.  Use  of  dried  sugar  beet  pulp  for  binary  biosorption
of  Gemazol  Turquoise  Blue‐G  reactive  dye  and  copper(II)  ions:  Equilibrium
modeling.  Chemical  Engineering  Journal.  2007.  127;  177–188.  DOI:  10.1016/j.cej.
2006.09.014.

[73] Pujol D, Bartrolí M, Fiol N, de la Torre F, Villaescusa I, Poch J. Modelling synergistic
sorption of Cr(VI), Cu(II) and Ni(II) onto exhausted coffee wastes from binary mixtures
Cr(VI)–Cu(II) and Cr(VI)–Ni(II). Chemical Engineering Journal. 2013. 230; 396–405.
DOI: 10.1016/j.cej.2013.06.033.

[74] Liu Y, Liu YJ. Biosorption isotherms, kinetics and thermodynamics. Separation and
Purification Technology. 2008. 61(3); 229–242. ISSN 1383‐5866. DOI: 10.1016/j.seppur.
2008.07.017.

[75] Lata S, Singh PK, Samadder SR. Regeneration of adsorbents and recovery of heavy
metals. International Journal of Environmental Science and Technology. 2015. 12; 1461–
1478. DOI: 10.1007/s13762‐014‐0714‐9.

[76] Kyzas GZ. Commercial coffee wastes as material for adsorption of heavy metals from
aqueous solutions. Materials. 2012. 5; 1826–1840. DOI: 10.3390/ma5101826.

[77] Ajmal M, Rao RAK, Anwar S, Ahmad J, Ahmad R. Adsorption studies on rice husk:
Removal and recovery of Cd(II) from wastewater. Bioresource Technology. 2003. 86(2);
147–149. DOI: 10.1016/S0960‐8524(02)00159‐1.

[78] Saeed A, Akhter MW, Iqbal M. Removal and recovery of heavy metals from aqueous
solution using papaya wood as a new biosorbent. Separation & Purification Technology.
2005. 45; 25–31. DOI: 10.1016/j.seppur.2005.02.004.

[79] Anirudhan TS, Unnithan MR. Arsenic (V) removal from aqueous solutions using an
anion exchanger derived from coconut coir pith and its recovery. Chemosphere. 2007.
66(1); 60–66. DOI: 10.1016/j.chemosphere.2006.05.031.

[80] Villaescusa I, Martínez M, Miralles N. Heavy metal uptake from aqueous solution by
cork and yohimbe bark. Journal of Chemical Technology & Biotechnology. 2000. 75;
812–816. DOI: 10.1002/1097‐4660(200009)75:9.

[81] Gupta VK, Nayak A. Cadmium removal and recovery from aqueous solutions by novel
adsorbents prepared from orange peel and Fe2O3 nanoparticles. Chemical Engineering.
2012. 180; 81–90. DOI: 10.1016/j.cej.2011.11.006.

[82] Kaikake  K,  Hoaki  K,  Sunada  H,  Dhakal  RP,  Baba  Y.  Removal  characteristics
of metal ions using degreased coffee beans: Adsorption equilibrium of cadmium(II).
Bioresource Technology. 2007. 98(15); 2787–2791. DOI: 10.1016/j.biortech.2006.02.040.

Biomass Volume Estimation and Valorization for Energy406

[83] Qaiser S, Saleemi AR, Umar M. Biosorption of lead from aqueous solution by Ficus
religiosa leaves: Batch and column study. Journal of Hazardous Materials. 2009. 166(2–
3); 998–1005. DOI: 10.1016/j.jhazmat.2008.12.003.

[84] Saleem N, Bhatti HM. Adsorptive removal and recovery of U(VI) by citrus waste
biomass. BioResources. 2011. 6(3); 2522–2538. ISSN: 1930–2126.

[85] Martínez M, Miralles N, Hidalgo S, Fiol N, Villaescusa I, Poch J. Removal of lead(II)
and cadmium(II) from aqueous solutions using grape stalk waste. Journal of Hazardous
Materials. 2006. B133; 203–211. DOI: 10.1016/j.jhazmat.2005.10.030.

[86] Fiol N, Villaescusa I, Martínez M, Miralles N, Poch J, Serarols J. Sorption of Pb(II), Ni(II),
Cu(II) and Cd(II) from aqueous solution by olive stone waste. Separation & Purification
Technology. 2006. 50(1); 132–140. DOI: 10.1016/j.seppur.2005.11.016.

[87] Gardea‐Torresdey J, Hejazi M, Tiemann K, Parsons JG, Duarte‐Gardea M, Henning J.
Use of hop (Humulus lupulus) agricultural by‐products for the reduction of aqueous
lead(II) environmental health hazards. Journal of Hazardous Materials. 2002. B91; 95–
112. DOI: 10.1016/S0304‐3894(01)00363‐6.

[88] Ranjan D, Talat M, Hasan SH. Rice polish: An alternative to conventional adsorbents
for treating arsenic. Industrial and Engineering Chemical Research. 2009. 48; 10180–
10185. DOI: 10.1021/ie900877p.

[89] Amin MN, Kaneco S, Kitagawa T, Begum A, Katsumata H, Suzuki T, Ohta K. Removal
of arsenic in aqueous solutions by adsorption onto waste rice husk. Industrial and
Engineering Chemical Research. 2006. 45(24); 8105–8110. DOI: 10.1021/ie060344j.

Valorisation of Lignocellulosic Biomass Wastes for the Removal of Metal Ions from Aqueous Streams: A Review
http://dx.doi.org/10.5772/65958

407





Chapter 18

Progress Towards Engineering Microbial Surfaces to

Degrade Biomass

Grace L. Huang and Robert T. Clubb

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65509

Provisional chapter

Progress Towards Engineering Microbial Surfaces to
Degrade Biomass

Grace L. Huang and Robert T. Clubb

Additional information is available at the end of the chapter

Abstract

Lignocellulosic  biomass  is  a  promising  feedstock  to  sustainably  produce  useful
biocommodities. However, its recalcitrance to hydrolysis limits its commercial utility.
One attractive strategy to overcome this problem is to use consolidated bioprocessing
(CBP)  microbes  to  directly  convert  biomass  into  chemicals  and  biofuels.  Several
industrially useful microbes possess desirable consolidated bioprocessing characteris‐
tics, yet they lack the ability to degrade biomass. Engineering these microbes’ surfaces
to display cellulases and cellulosome‐like structures could endow them with potent
cellulolytic activity, enabling them to be used in CBP. In this chapter, we discuss recent
progress in engineering the surfaces of Saccharomyces cerevisiae, Escherichia coli, Bacillus
subtilis, Corynebacterium glutamicum, and lactic acid bacteria. We discuss the techniques
used to display cellulases on their surfaces, their recombinantly achieved cellulolytic
activities, and current obstacles that limit their utility.

Keywords: lignocellulose, consolidated bioprocessing, cellulase, minicellulosome, cell
surface display

1. Introduction

As concerns over limited petroleum supplies rise, the momentum to produce renewable fuels,
chemicals, and other materials from biomass has increased [1–3]. Second‐generation biofuels
derived from sustainable feedstocks such as lignocellulosic biomass are attractive, as plant
biomass is  cheap and highly abundant;  over 1 billion tons of lignocellulosic biomass are
produced annually  in  the  United  States,  while  an  estimated  10–50 billion  tons  of  waste
lignocellulose are produced worldwide [4–6]. However, the resistance of lignocellulose to
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hydrolysis limits its use in biofuel production and has driven the search for new technologies
to cost‐effectively exploit  this valuable resource [7,  8].  To produce fermentable sugars to
generate cellulosic ethanol, conventional industrial processes utilize a multistep procedure to
degrade lignocellulose (Figure 1A) [7, 9]. Typically, the biomass is first pretreated with strong
acids and high temperatures to remove lignin and to partially degrade its  cellulose and
hemicellulose components [7]. It is then exposed to purified cellulase enzymes that hydrolyze
the remaining polysaccharides into shorter polysaccharides and monosaccharides that can be
fermented into ethanol by yeast. Significant effort has been put forth to optimize these steps,
including the development of a range of new pretreatment approaches and enzyme cocktails
[9–11]. It is generally believed that the cost of converting biomass into useful biocommodities
could be greatly reduced by using a consolidated bioprocessing (CBP) microbe,  a single
microorganism that produces all of the necessary enzymes to degrade lignocellulose and then
utilizes the resulting sugars to produce high levels of the biocommodity (Figure 1B) [12–14].
A CBP microbe would decrease costs by reducing the number of processing steps required to
generate the final product and avoid the use of costly purified cellulase enzymes that are
estimated to contribute $0.68–1.47 to the per gallon cost of cellulosic ethanol [15]. Given their
great potential, a number of research groups have sought to develop a lignocellulose‐utilizing
CBP microbe using native and recombinant strategies [12]. In the native strategy, product
production  pathways  are  engineered  into  naturally  cellulolytic  microbes,  while  in  the
recombinant strategy, genetically well‐studied microorganisms that may already be capable
of  producing a  desired product  are  engineered to  possess  cellulolytic  activity.  Here,  we
describe progress towards creating recombinant cellulolytic microbes to convert biomass into
useful commodities by engineering their surfaces to display cellulase enzymes.

Lignocellulose is recalcitrant to degradation and requires the action of many different types
of enzymes to break it down [15]. It is composed of varying amounts of cellulose (25–55%),
hemicellulose (8–30%), and lignin (18–35%) [7, 16]. Cellulose is a polymer of β‐1,4‐linked
glucose molecules that can hydrogen‐bond with other cellulose polymers to form both
amorphous and crystalline regions [17]. It is synergistically degraded by three types of
cellulases: endoglucanases, exoglucanases, and β‐glucosidases [7]. Endoglucanases attack
within a cellulose strand to hydrolyze the β‐1,4‐glucosidic bonds, producing new reducing
and nonreducing ends that can be further broken down by exoglucanases [18]. The shorter
cellodextrin chains that are produced by these enzymes, including the disaccharide cellobiose,
are then degraded into glucose monomers by β‐glucosidases [18]. Hemicellulose is a sugar
polymer that is composed of a number of different types of pentose and hexose sugars [16].
Xylan is its main component and is the second most abundant polysaccharide in lignocellulose.
As compared to cellulose, hemicellulose is more accessible to degradation by a range of
enzymes with different substrate specificities, including among others: xylanases, arabinases,
and mannanases. Finally, lignin surrounds and blocks enzyme access to cellulose and hemi‐
cellulose and is a complex polymer containing a mixture of phenolic compounds linked
through radical coupling reactions [19]. A large number of enzymes are needed to degrade it,
including peroxidases and laccases [20].
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Figure 1. Conventional and consolidated bioprocessing (CBP) methods to convert biomass into biocommodities. (A)
Many conventional industrial methods first pretreat biomass using heat and chemicals to remove lignin and to partial‐
ly digest cellulose and hemicellulose. Complex enzyme mixtures are then added to the pretreated biomass to degrade
its cellulose more fully. The resultant sugars are then fermented by a microorganism to generate the final product (cur‐
rently only cellulosic ethanol). (B) A consolidated bioprocessing (CBP) microorganism could directly convert either
pretreated or untreated lignocellulose into a biocommodity. It would bypass multiple steps in the conventional proc‐
ess, including the use of purified enzymes to degrade the biomass.

One promising recombinant strategy to create a useful CBP microbe is to engineer it to display
a range of enzymes that degrade lignocellulose, thereby allowing it to produce sugars that can
be further metabolized by the microorganism into useful chemicals [21–26]. In this approach,
the goal was to engineer the microbial surface to effectively mimic the activity of naturally
cellulolytic anaerobic bacteria. These microbes have the impressive capacity to adhere to, and
degrade, untreated biomass and are typified by the cellulolytic anaerobic bacterium Clostridi‐
um thermocellum [27]. This eubacterium efficiently degrades biomass using a surface displayed
complex called a cellulosome (Figure 2A) [27]. The cellulosome contains a central scaffolding
protein that coordinates the binding of different enzymes. The primary scaffoldin, CipA,
contains nine type‐I cohesin modules that bind to cellulases harboring type‐I dockerin
modules [28]. CipA also contains a carbohydrate‐binding module (CBM) that tethers the
cellulosome complex to its cellulose substrate and a C‐terminal type‐II dockerin module [29].
The type‐II dockerin module anchors the cellulosome complex to cell surface proteins by
interacting with their type‐II cohesin domains. As these surface proteins can contain multiple
cohesin domains (1, 2, or 7 domains), large polycellulosomal structures can be displayed. Even
more complex polycellulosomal structures exist in other species of bacteria and can contain
over 100 enzymes [28].
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Figure 2. Natural cellulosomes and recombinant minicellulosomes. (A) The prototypical cellulosome from C. thermocel‐
lum. It contains the CipA scaffoldin that is capable of coordinating the binding of nine cellulases. CipA contains nine
type‐I cohesin domains that bind to cellulases containing type‐I dockerin domains. It also contains a carbohydrate‐
binding module (CBM) that can bind to cellulose, holding the enzymes and the microorganism in close proximity to
the substrate. CipA is anchored to the cell surface through its type‐II dockerin domain that interacts with type‐II cohe‐
sin modules present in the cell wall bound SdbA, Orf2, or OlpB proteins. (B) Basic structure of a minicellulosome that
is displayed on a recombinant microbe. It is similar to the cellulosome, but contains fewer binding sites for enzymes.
Color and symbol code: grey circles, cells; pink units, type‐II cohesin‐dockerin pairs; tan units, type‐I cohesin‐dockerin
pairs; dark blue comb, CBM; and partial circular units: cellulases.

Microbes displaying cellulosomes are believed to degrade lignocellulose much more efficiently
than microbes that degrade biomass by secreting cellulases [30]. There are three main reasons
why increased efficiencies may be obtained. First, secreting enzymes presumably imposes a
higher metabolic burden upon the microorganism as compared to displaying the enzymes on
the cell surface. This is because the secreted enzymes can be lost to the environment with no
guarantee that the sugars that they will produce will ultimately be accessible to the microbe
for use as nutrients. As a result, larger quantities of the enzymes must be produced if they are
to be secreted. For example, aerobic fungi (such as Trichoderma reesei, from which many purified
industrial enzyme cocktails are derived) secrete 1–10 g of enzymes per liter of culture to
degrade biomass, while cellulolytic anaerobic bacteria (such as C. thermocellum) need to
produce only ∼0.1 g of enzymes per liter of culture [31]. Second, colocalization of enzymes
with different substrate preferences within a cellulosome promotes synergistic enzyme‐
enzyme and enzyme‐proximity interactions, where the cellulolytic activity of the complexed
enzymes is greater than that of individual enzymes due to their complementary activities and
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optimal enzyme spacing [32]. The presence of both hemicellulases and cellulases in a cellulo‐
some complex also enables hemicellulose and cellulose fibers to be removed simultaneously,
thereby overcoming potential physical hindrances. The benefits of the C. thermocellum
cellulosomal system have been quantified: its specific activity against crystalline cellulose is
15‐fold higher than the secreted enzyme system from T. reesei [33]. Finally, the placement of
the cellulosome on the microbial surface increases the rate of hydrolysis by promoting
cellulose–enzyme–microbe (CEM) synergy [34]. In this process, sugar uptake by the microbe
presumably becomes more efficient by promoting import of the products into cells and
removing potential enzyme inhibitors such as glucose and cellobiose from the environment
[35].

Microbe‐based CBP technologies are not currently used industrially to produce biocommod‐
ities from lignocellulosic biomass. However, a major step towards CBP of starch into ethanol
has recently been demonstrated by Lallemand and Mascoma. These companies created
TransFerm®, a genetically modified yeast strain that secretes a glucoamylase and that is
optimized to produce higher yields of ethanol. Although the cells do not fully degrade starch
on their own, they reduce by 20–45% the amount of exogenous enzymes that needs to be added
to process starch. At present, microbe‐based CBP of lignocellulose is not being performed
industrially, and ongoing research is primarily focused on constructing and identifying
microorganisms with optimal cellulolytic and biocommodity production capabilities. Fur‐
thermore, detailed cost analyses of CBP versus conventional pretreatment and saccharification
approaches have not been reported [36]. This is because the specific costs associated with CBP
will vary based on the biocommodity produced, and the microbe and biomass source that is
employed. However, the greatest cost savings associated with CBP will likely be obtained by
reducing the costs of saccharification. A detailed cost analysis has been performed for cellulosic
ethanol production from corn stover using dilute acid pretreatment, enzymatic saccharifica‐
tion, and cofermentation [37]. In this analysis, on‐site production of fungal enzymes was
estimated to contribute $0.34 per gallon of ethanol (assuming enzyme loadings of 20 mg
enzyme per gram of biomass), which could in principle be eliminated using a CBP microbe.
Another analysis by Johnson explored the potential cost savings associated with altering the
source of enzyme production from off‐site to on‐site cultivation, specifically on biomass as a
primary substrate [38]. The estimated full cost of producing cellulosic ethanol was reduced by
19% if the enzymes were produced on‐site because it eliminated the need for enzyme
purification, formulation of the enzyme mixture to preserve stability, and transport. Similar
substantial gains could be obtained using microbe‐based CBP.

In this chapter, we review progress towards engineering microbes to display “minicellulo‐
somes,” smaller cellulosome‐like complexes that can degrade biomass (Figure 2B). A list of
the microorganisms engineered to display minicellulosomes discussed in this chapter is
presented in Table 1. We discuss recent developments in displaying these structures on
industrially useful microorganisms, including Saccharomyces cerevisiae, Escherichia coli, Bacillus
subtilis, Corynebacterium glutamicum, and lactic acid bacteria. The mechanisms used to display
enzymes, their cellulolytic activities, and current obstacles that limit their utility are discussed.
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Anchor Assembly (# enzymes/

complex)

Enzymes displayed References

S. cerevisiae

Aga2 Ex vivo (3) C. cellulolyticum: Exoglucanase (CelE) [73]

C. thermocellum Endoglucanase (CelA)

and

C. cellulolyticum Endoglucanase (CelG)

or

C. thermocellum: β‐Glucosidase (BglA)

Aga2 Ex vivo consortium (3) C. thermocellum Endoglucanase (CelA) [74]

T. aurantiacus β‐Glucosidase (Bgl1)

and

C. cellulolyticum Exoglucanase (CelE)

or

T. reesei: Cellobiohydrolase (CBHII)

α‐Agglutinin Ex vivo consortium (3) C. thermocellum:

T. aurantiacus:

T. reesei:

Endoglucanase (CelA)

β‐Glucosidase (Bgl1)

Cellobiohydrolase (CBHII)

[75]

Aga2 Ex vivo consortium (2) C. thermocellum:

T. reesei:

Endoglucanase (CelA)

Exoglucanase (CBHII)

[76]

Aga2 Ex vivo adaptive

assembly (4)

C. cellulolyticum:

C. thermocellum:

Endoglucanase (CelG)

β‐Glucosidase (BglA)

[77]

Aga2 In vivo (3) A. aculeatus:

T. reesei:

β‐Glucosidase 1 (BGL1)

Cellobiohydrolase II (CBHII)

Endoglucanase II (EGII)

[32]

Aga2 In vivo (5) A. aculeatus:

T. reesei:

H. insolens:

T. aurantiacus:

β‐Glucosidase 1 (BGL1)

Cellobiohydrolase II (CBHII)

Endoglucanase II (EGII)

Cellobiose dehydrogenase (CDH)

Lytic polysaccharide monooxygenase

(LPMO)

[78]

Aga2 In vivo adaptive assembly

(12 max)

C. cellulolyticum: Endoglucanase (CelCCA)

Cellobiohydrolase (CelCCE)

β‐Glucosidase (Ccel_2454)

[79]

α‐Agglutinin Ex vivo (3) A. awamori:

A. niger:

T. lanuginosus:

Acetylxylan esterase (AwAXEf)

β‐xylosidase (XlnDt)

Endoxylanase (XynAc)

[87]

Aga2 In vivo (3) A. niger: Arabinofuranosidase (AbfB) [88]
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Anchor Assembly (# enzymes/

complex)

Enzymes displayed References

S. cerevisiae

T. reesei: β‐Xylosidase (XlnD)

Endoxylanase (XynII)

α‐Agglutinin In vivo (4) A. aculeatus:

T. reesei:

β‐Glucosidase 1 (BGL1)

Endoglucanase II (EGII)

[89]

Aga2 Ex vivo (N/A) C. cellulolyticum: Endoglucanase (CelA) [90]

B. subtilis

LysM Ex vivo (3) B. subtilis:

C. phytofermentans: 

C. thermocellum:

Endoglucanase (Cel5)

Cellobiohydrolase (Cel48)

Endoglucanase (Cel9)

[31]

LPXTG from S.

aureus

Ex vivo (3) C. cellulolyticum:

C. thermocellum:

Exoglucanase (Cel9E)

Endoglucanase (Cel9G)

Endoglucanase (Cel8A)

[118]

Lactic acid bacteria

LPXTG from S.

pyogenes

Ex vivo

(1‐2)

E. coli: β‐Glucuronidase (UidA) [127]

LPXTG from S.

pyogenes

Ex vivo

(2)

E. coli: β‐Glucuronidase (UidA)

β‐Galactosidase (LacZ)

[128]

LPXTG from L.

plantarum

Ex vivo consortium (2) T. fusca: Endoglucanase (Cel6A)

Xylanase (Xyn11A)

[129]

C. glutamicum

MscCG In vivo (2) C. thermocellum: Endoglucanase (CelE)

β‐Glucosidase (BglA)

[133]

Table 1. Multi‐enzyme display in minicellulosomes.

2. Displaying enzymes on Saccharomyces cerevisiae

Significant effort has been put forth to display cellulolytic enzymes on the surface of S. cerevisiae
because of its established role in producing bioethanol [39]. The yeast cell surface is comprised
of β‐glucans, mannoproteins, and small amounts of chitin [40]. As β‐glucan is the major
constituent, displayed proteins are typically anchored to this fibrous scaffold. The most widely
used approach to display cellulases and minicellulosomes employs a glycosylphosphatidyli‐
nositol (GPI)‐anchoring system (Figure 3A). The protein of interest is expressed as a fusion
with a polypeptide GPI attachment signal that is typically derived from the α‐agglutinin
protein or other cell wall proteins such as Sed1 and Cwp2 [41, 42]. After protein synthesis, GPI
is added to the ω‐site amino acid in the anchor signal sequence by the GPI transamidase
complex in the endoplasmic reticulum [43, 44]. The GPI‐linked protein is then directed towards
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the lipid bilayer and subsequently covalently linked to the cell wall β‐1,6‐glucan by the putative
Dfg5 and Dcw1 cross‐linkers [45–48]. Cellulase can also be displayed indirectly. In this
approach, the enzyme is expressed as a fusion protein with the a‐agglutinin Aga2 subunit,
which in turn, forms disulfide bonds to the Aga1 subunit that is covalently linked to the cell
wall via a GPI anchor. An estimated 1 × 104 to 1 × 105 proteins per cell are displayed using the
Aga2 subunit [49]. The number of proteins displayed on the surface can be increased by
genetically modifying the yeast strain. For example, deletion of a major endogenous GPI‐
anchored cell wall protein, SED1, can greatly improve heterologous protein display by
reducing competition for cell wall‐anchoring sites [50]. Display levels can also be improved by
lowering the mannan content of the cell surface [51] and by employing the SED1 signal peptide,
promoter and anchor [52, 53]. Reducing protein glycosylation also improves minicellulosome
display [54]. The general strategies used to enhance enzyme display in yeast may also be useful
in optimizing the other recombinant microbes that are discussed below.

Figure 3. Cellulase and minicellulosome display in S. cerevisiae. (A) Methods used to display cellulases and their com‐
plexes on the cell surface. Proteins of interest (POI) are attached to the cell surface by a GPI anchor that is covalently
linked to the β‐glucan of the cell wall. The GPI anchor is attached to the displayed protein by expressing it as a fusion
protein that contains the GPI attachment signal from either the α‐agglutinin, SED1, or Cwp2 proteins. Proteins can also
be displayed indirectly by expressing them as a fusion with the Aga2 protein that in turn interacts with the GPI anch‐
ored a‐agglutinin Aga1 located on the cell surface. (B) One of the most active cellulolytic minicellulosomes that has
been displayed on the surface of S. cerevisiae. It contains five enzyme functionalities and is displayed through fusion of
the miniscaffoldin to the Aga2 protein. Symbols have been described in Figure 2. Enzymes 1–5 correspond to T. reesei
endoglucanase (EGII), T. reesei cellobiohydrolase (CBHII), A. aculeatus β‐glucosidase (BGL1), T. aurantiacus GH61a lytic
polysaccharide monooxygenase (LPMO), and H. insolens cellobiose dehydrogenase (CDH), respectively. Abbreviations:
POI, protein of interest; PM, plasma membrane; BG, β‐glucan.
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2.1. Individual cellulases

Individual cellulases were originally displayed on the cell surface by the Tanaka group [55].
They engineered cells to codisplay individual carboxymethylcellulase (CMCase) and β‐
glucosidase (BGL1) enzymes derived from Aspergillus aculeatus by fusing them to a C‐terminal
GPI anchor sequence from α‐agglutinin. The cells could degrade cellodextrins, soluble glucose
polymers that contain up to six glucose residues. Subsequently, the Kondo laboratory
significantly advanced this technology by developing S. cerevisiae strains that display addi‐
tional enzymatic activities. Initially, they constructed strains that codisplayed the A. aculeatus
BGL1 and T. reesei endoglucanase II (EGII) enzymes, which when cultured in nutrient‐rich
media fermented β‐glucan into ethanol [56]. Later, the inclusion of the T. reesei cellobiohydro‐
lase II (CBHII) enzyme allowed the strains to ferment more complex amorphous phosphoric
acid swollen cellulose (PASC) into ethanol [57]. Separately, the Kondo group also demonstrated
that cellulose degradation can be further improved using a variety of approaches, including
engineering a displayed cellulase to contain multiple cellulose‐binding domains, integrating
multiple copies of the cellulases genes into the yeast chromosome, and by strain diploidiza‐
tion [58–60]. Increasing the number and density of the displayed cellulases significantly
improves the ability of S. cerevisiae to degrade cellulose. For example, a strain displaying the
BGL1, EGII, and CBHII enzymes produces more ethanol from PASC than a strain that displays
only BGL1 and secretes EGII and CBHII [61, 62]. Enzyme proximity on the cell surface also
appears to have a major effect on activity, as the cellulolytic properties of cells displaying one
or more cellulases improved as the enzyme density increased [63]. Interestingly, in these
studies, good activity was observed when the enzymes were estimated to be separated on the
cell surface by 10–100 nm, an enzyme spacing that is presumably similar to the spacing found
in certain types of bacterial cellulosomes [64].

Yeast displaying cellulases may be industrially useful. For example, strains displaying the
BGL1, CBHII, and EGII enzymes produced 43.1 g/L ethanol from 200 g/L liquid hot water
pretreated rice straw in 72 h [65]. While supplementation with a purified cellulase cocktail at
10 filter paper units (FPU)/g‐biomass was necessary to achieve this high ethanol yield, a control
strain that did not display the enzymes required 10‐fold more added cellulase to produce
similar quantities of ethanol. Attractively, the cells displaying the enzymes could be reused in
five fermentation cycles without significantly losing their activity [66]. Displaying enzymes
also reduces the amount of purified cellulase lost through irreversible adsorption onto
crystalline cellulose, facilitating more efficient cellulose degradation and higher ethanol
yields [67]. Recently, studies using cellulase displaying cells have further reduced the amount
of purified cellulase cocktail that needs to be added to convert biomass into ethanol [68]. These
newer generation cells require 44% less commercial enzyme supplementation to degrade
pretreated biomass by displaying four enzymes using the Sed1 anchor: A. aculeatus BGL1, T.
reesei EGII, Talaromyces emersonii cellobiohydrolase I (CBHI), and Chrysosporium lucknowense
cellobiohydrolase II (CBH2). When supplemented with 1 FPU of commercial enzyme cocktails,
the cells yielded 18 g/L ethanol from 100 g/L of pretreated and milled rice straw in 96 h,
obtaining 80% of the theoretical yield. In contrast, without enzymatic supplementation, only
7% of the theoretical yield was obtained using the same cells. Therefore, while the use of
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cellulase displaying yeast cells can significantly reduce the amount of commercial enzyme that
needs to be added to degrade pretreated biomass, current generation cells still require enzyme
supplementation.

Towards the goal of improving their cellulolytic activity, several studies have engineered
cellulase displaying yeast cells to also produce complementary enzymes and transporters that
improve cellulose solubilization and utilization. The Kondo group constructed cells that co‐
expressed three displayed cellulases, as well as the Neurospora crassa cellodextrin transporter
(CTDI) and intracellular BGL1 enzyme [69]. This strain produces 1.7‐fold more ethanol from
PASC than a strain that only displays the cellulases, presumably by reducing the build‐up of
enzyme inhibitory products on the cell surface. Additionally, strains displaying cellulases as
well as proteins that disrupt the structure of cellulose show improvements in ethanol produc‐
tion; cells codisplaying three cellulases and an Aspergillus oryzae expansin‐like protein (AoelpI)
produce 1.4‐fold more ethanol from PASC than a control strain that only displayed the
cellulases [70]. Finally, the Ueda group demonstrated that sequential exposure of biomass to
engineered yeast cells could be beneficial. In this work, pretreatment of hydrothermally
processed rice straw with yeast displaying the Trametes sp. Ha1. laccase I enzyme enabled 1.21‐
fold more ethanol to be produced from the biomass after it was subsequently exposed to yeast
displaying three cellulases [71]. These studies highlight interesting enzyme functionalities that
should be considered for inclusion in other recombinant microorganisms.

2.2. Ex vivo assembled minicellulosomes

Several research groups engineered S. cerevisiae to display minicellulosomes that are smaller
than natural cellulosomes (Figure 2B). In the minicellulosome, a cell‐surface displayed
“miniscaffoldin” protein that contains cohesin domains noncovalently binds cellulases via
their dockerin modules. These recombinant miniscaffoldins are either attached directly to the
cell wall by fusing them to a GPI anchor sequence (from α‐agglutinin or Cwp2) or indirectly
by fusing them to the a‐agglutinin Aga2 subunit. Two general methods are used to display
minicellulosomes, an ex vivo approach in which cellulases need to be added to cells that display
a miniscaffoldin (Figure 4A, 4B), or an in vivo approach in which the microbe produces all of
the protein components that are necessary to assemble and display the minicellulosome
(Figure 4C).

In 2009, two groups demonstrated ex vivo minicellulosome assembly by creating cells that
display a miniscaffoldin and then adding to the cells cellulases that contained a dockerin
domain. The Volschenk group displayed a miniscaffoldin by fusing two cohesin modules and
a CBM to the Cwp2 GPI anchor. They visually demonstrated binding of this yeast strain to
filter paper via the CBM and constructed a minicellulosome by adding a purified endogluca‐
nase–dockerin enzyme to the cells [72]. Concurrently, the Chen laboratory constructed an
Aga2‐fused recombinant minicellulosome that contained three cohesin modules derived from
three different bacterial species [73]. This more elaborate minicellulosome used species‐specific
cohesin–dockerin interactions to target β‐glucosidase, exoglucanase, and endoglucanase
enzymes to specific sites within the complex. Quantitatively, the researchers demonstrated that
incorporation into the minicellulosome enabled the enzymes to function synergistically to
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nase–dockerin enzyme to the cells [72]. Concurrently, the Chen laboratory constructed an
Aga2‐fused recombinant minicellulosome that contained three cohesin modules derived from
three different bacterial species [73]. This more elaborate minicellulosome used species‐specific
cohesin–dockerin interactions to target β‐glucosidase, exoglucanase, and endoglucanase
enzymes to specific sites within the complex. Quantitatively, the researchers demonstrated that
incorporation into the minicellulosome enabled the enzymes to function synergistically to
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produce ethanol from PASC. Later, the Chen laboratory bypassed the need to add purified
enzymes or cell lysates to cells to produce the minicellulosome by using a consortium of yeast
strains to produce the cellulases [74]. This was accomplished using four strains: one that
displayed the miniscaffoldin and three strains that secreted each of the enzymes needed to
form the complex. After determining the optimal ratio of strains, they demonstrated that ∼1.9 
g/L of ethanol could be produced from 10 g/L of PASC in 48 h. Additionally, they demonstrated
that fusing the miniscaffoldin directly to the cell wall via an attached α‐agglutinin GPI anchor
instead of indirectly through the Aga2 subunit improved minicellulosome display [75].
Similarly, the Hahn laboratory utilized a consortium approach to build an ex vivo assembled
minicellulosome that contained three identical cohesin–dockerin pairs and randomly incor‐
porated enzymes [76]. Cells displaying this structure also obtained similar ethanol yields,
1.8 g/L of ethanol from 10 g/L of PASC in 94 h.

Figure 4. Summary of strategies used to assemble minicellulosomes on microbial surfaces. (A) Ex vivo assembly. Exoge‐
nous cellulase‐dockerin fusion proteins (either purified or derived from cell lysates) are added to cells engineered to
display a miniscaffoldin that binds to the cellulases. (B) Ex vivo assembly using a microbial consortium. Similar to (A),
but miniscaffoldin displaying cells are cultured with a consortium of microbes that have been engineered to secrete
cellulase‐dockerin fusion proteins. (C) In vivo assembly. A single microorganism is engineered to express all of the
components of the minicellulosome, enabling its spontaneous assembly on the cell surface. (D) Adaptive assembly
method used to construct larger minicellulosomes. The miniscaffoldin contains two basic parts, a non‐catalytic anchor‐
anchoring scaffoldin that attaches the structure to the cell wall and a primary scaffoldin that binds to the cellulase‐
dockerin fusion proteins. Color and symbol code as described in Figure 2.
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In order to build larger surface structures with higher enzyme densities, the Chen laboratory
used an adaptive assembly approach [77]. In this procedure, the minicellulosome is built using
two separate scaffoldin pieces: a primary scaffoldin that binds to the catalytic components and
an anchoring scaffoldin that is attached to the cell surface and only binds to the primary
scaffoldin (Figure 4D). They produced a yeast strain that displayed an Aga2‐fused anchoring
scaffoldin that contained two cohesin domains from Acetivibrio cellulolyticus and Bacteroides
cellulosolvens. Two E. coli strains were then used to produce two primary scaffoldins that each
contained the C. thermocellum and R. flavefaciens cohesins, and either the dockerin module from
A. cellulolyticus or B. cellulosolvens. Thus, the final complex contained a total of four enzymes,
with two copies each of the C. cellulolyticum endoglucanase (CelG) and C. thermocellum β‐
glucosidase (BglA) enzymes. This strain produced only 1.9 g/L of ethanol from 10 g/L of PASC
in 72 h, presumably because it lacked exoglucanase activity.

2.3. In vivo assembled minicellulosome

The need to add enzymes to cells displaying a miniscaffoldin may make the use of ex vivo
assembled minicellulosomes industrially impractical. To overcome this problem, two research
groups engineered S. cerevisiae to express all of the components of the minicellulosome such
that it could form spontaneously (in vivo assembly). The Zhao laboratory constructed a yeast
strain that produced an Aga2‐fused miniscaffoldin, T. reesei EGII and CBHII, and A. aculeatus
BGL1 enzymes [32]. By comparing the display of a single enzyme to the simultaneous display
of two or three noncomplexed enzymes, they demonstrated enzyme‐enzyme synergy, which
improved activity by 5.5‐fold. They also demonstrated enzyme‐proximity synergy, as the
trifunctional minicellulosome degraded biomass better than cells containing three independ‐
ently displayed enzymes (1.6‐fold improvement). Quantitative measurements indicated that
each cell displays 3 × 104 unifunctional miniscaffoldins, whereas 1.8 × 104 tri‐functional
minicellulosomes are displayed per cell. In vivo construction of increasingly more elaborate
minicellulosomes decreased protein expression, likely due to metabolic burden. Compared to
unifunctional minicellulosomes, the production of the miniscaffoldin and two enzymes caused
the expression of all components to decrease slightly, and overexpression of an additional third
enzyme caused protein expression levels of CBHII to drop significantly. This suggests that it
will be increasingly more challenging to display larger, more complex enzyme structures on
the cell surface. This is unfortunate, because adding additional enzyme functionalities is
advantageous to cellulose solubilization. Although difficult to achieve, for example, the tri‐
functional displayed minicellulosome constructed by the Zhao group produces 1.8 g/L of
ethanol from 10 g/L of PASC in 70 h. However, pentafunctional minicellulosomes are more
effective, as they produce 2.7 g/L of ethanol from 10 g/L of PASC in 96 h and 1.8 g/L of ethanol
from 10 g/L of Avicel in 96 h [78]. This larger pentafunctional complex contains two additional
enzymes with new functionalities, the Thermoascus aurantiacus GH61a lytic polysaccharide
monooxygenase (LPMO) and Humicola insolens cellobiose dehydrogenase (CDH) (Figure 3B).
Even though fermentative growth was reduced because of the presence of oxygen needed for
monooxygenase function, greater ethanol yields were still obtained.
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The largest in vivo assembled minicellulosome reported thus far was constructed by the Tan
group using an adaptive assembly approach [79]. This structure could display up to 12
enzymes and was formed using a cell surface‐associated Aga2‐fused anchoring scaffoldin that
contained type‐II cohesin domains that could bind four primary miniscaffoldins harboring
type‐II dockerin domains. Each primary scaffoldin also contained a CBM and three species‐
specific type‐I cohesin modules for controlled cellulase binding. Combined, this strain displays
in a single complex four copies each of the C. cellulolyticum endoglucanase, cellobiohydrolase,
and β‐glucosidase enzymes. However, the investigators found that as longer anchoring
scaffoldins were used, a smaller percentage of cells displayed the scaffoldin. For this reason,
they demonstrated the production of 1.4 g/L ethanol from 10 g/L Avicel in 96 h from a smaller
six enzyme displaying strain.

2.4. Hemicellulases and hemicellulosomes

In order to develop xylose‐fermenting strains of yeast, similar strategies have been employed
to display hemicellulases and hemicellulosomes on the cell surface. The Kondo laboratory
displayed an individual T. reesei endoxylanase II (XYNII) enzyme using the α‐agglutinin
anchor and demonstrated that the cells degraded birchwood xylan into xylobiose, xylotriose,
and xylotetraose [80]. Subsequently, the cells were further engineered to produce ethanol from
birchwood xylan by adding the A. oryzae β‐xylosidase (XylA) to the cell surface and by
expressing intracellular xylose utilization proteins (the Pichia stipitis xylose reductase (XYL1)
and xylitol dehydrogenase (XYL2), as well as the S. cerevisiae xylulokinase (XKS1)) [81]. In a
separate set of studies, the investigators later demonstrated cellodextrin degradation and
xylose assimilation by yeast displaying A. aculeatus BGL1 enzyme, which enabled the microbe
to produce ethanol from the sulfuric acid hydrolysate of wood chips [82]. Interestingly, the
ability of this strain to co‐utilize cellobiose and xylose avoided carbon catabolite repression
[83]. Additional engineering created cells that displayed the XylA, XYNII, and BGL1 enzymes,
enabling the xylose‐utilizing strain to produce 8.2 g/L of ethanol from 80% (v/v) rice straw
hydrolysate [84]. When P. stipitis xylose reductase (XR) was produced intracellularly in place
of the three aforementioned xylose utilization proteins, xylitol accumulated, which is a starting
material for chemical production of some pharmaceuticals [85]. Using an alternative pathway
to utilize xylose, the Ueda group produced α‐agglutinin anchored Clostridium cellulovorans
xylose isomerase (XI) which converted xylose to xylulose extracellularly before fermenting it
to ethanol [86].

Clustering hemicellulases within surface displayed complexes leads to improved enzymatic
activity. The Silva group developed an ex vivo assembled xylanosome using the α‐aggluti‐
nin anchor [87]. The xylanosome contained the Thermomyces lanuginosus endoxylanase (Xy‐
nAC), Aspergillus niger β‐xylosidase (XlnDt), Aspergillus awamori acetylxylan esterase
(AwAXEf) enzymes, as well as the xylose‐binding domain (XBD) from Thermotoga maritima.
The xylanases in the complex functioned synergistically, with enzyme‐enzyme synergy im‐
proving xylan hydrolysis by 1.6‐fold, and enzyme‐substrate synergy improving hydrolysis
by 3.3‐fold as compared to the free enzymes. Proximity of the endoxylanase to the XBD
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improved xylan hydrolysis by 2.5‐fold, suggesting that placement of substrate binding do‐
mains can contribute significantly to hydrolysis. The Zhao laboratory created an in vivo as‐
sembled minihemicellulosome that is structurally related to their minicellulosome complex
described above [88]. The minihemicellulosome contained the A. niger arabinofuranosidase
(AbfB), β‐xylosidase (XlnD), and T. reesei endoxylanase (XynII) enzymes. The yeast strain
also possessed P. stipitis xylose utilization enzymes and could hydrolyze arabinoxylan bet‐
ter than the uni‐ and bifunctional yeast strains. Surprisingly, against birchwood xylan, a
bifunctional minihemicellulosome containing XynII and XlnD exhibited a higher hydrolysis
rate than the tri‐functional complex, producing 0.95 g/L of ethanol from 10 g/L of birch‐
wood xylan in 80 h.

2.5. Artificial cellulosome structures

In order to better control enzyme placement and increase the number of displayed enzymes
on the cell surface, several groups have created artificial cellulosomes that are structurally
distinct from naturally occurring cellulosomes. These structures use unique protein‐protein
interaction domains to tether the enzymes to the scaffoldin instead of naturally occurring
cohesin‐dockerin interactions. The Kondo laboratory created an in vivo assembled minicellu‐
losome using a miniscaffoldin that contained two cohesin domains and two Z domains
derived from Staphylococcus aureus protein A [89]. This enabled codisplay of the A. aculeatus
BGL1—dockerin fusion protein and the T. reesei EGII protein fused to the Fc domain of human
IgG. The group suggested that this artificial construct enables tighter regulation of the display
ratio of the enzymes. Similarly, the use of type‐I and type‐II cohesin‐dockerin pairs, or cohesin‐
dockerin pairs from different species, allows control over enzyme incorporation. The advan‐
tages of this noncellulosome‐like structure were not extensively investigated, but activity
against β‐glucan was demonstrated. The Su group has displayed enzymes using a novel ex
vivo assembled complex that contains an amyloid‐like scaffoldin [90]. A multistep process was
required to assemble the complex. Initially, yeast expressed an Aga2 anchored GFP‐specific
antibody fragment. Then, cells were incubated with a GFP‐dockerin fusion protein to prime
the cells to bind the protein scaffold. The protein scaffold itself was then created through the
fibrillation of a recombinant‐purified protein that contained a cohesin and a hydrophilic linker
region that was fused to the N‐terminus of Ure2, an amyloid‐like yeast protein. In this way,
multiple cohesin domains were incorporated into a large protein scaffold. As compared to cells
displaying a single cohesin‐dockerin pair harboring the C. cellulolyticum endoglucanase (CelA),
cells displaying the amyloid‐like scaffoldin had 8.5‐fold greater activity against CMC. How‐
ever, the process of assembly is complex, and certain cohesin domains may be rendered
nonfunctional during fibrillation. The use of extremely large supramolecular scaffoldins to
coordinate enzyme binding may also reduce the potential benefits of CEM synergy. Whether
the enzymatic activities of these artificial cellulosomes are superior to complexes that more
closely resemble natural cellulosomes remains to be determined, as their ability to degrade
complex cellulose substrates to produce ethanol was not reported.
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3. Escherichia coli surface display of individual cellulases

The model Gram‐negative bacterium E. coli has several features that are attractive for CBP,
including a robust genetic system that enables surface and metabolic engineering, as well as
the microbe's innate ability to utilize the main components of lignocellulose, glucose, arabi‐
nose, and xylose [91, 92]. Its cell envelope is comprised of an inner membrane, a peptidoglycan
layer, and an outer membrane. Only individual, noncomplexed cellulases and xylanases have
been displayed on the surface of E. coli by fusing them to lipoproteins or integral membrane
proteins (Figure 5). Lipoprotein anchors that have been used to display cellulases include the
E. coli‐derived Lpp‐OmpA fusion protein [93, 94], the P. syringae ice nucleation protein (INP)
[95–97], and the E. coli bacterial lipocalin (Blc) protein [98–100]. Cellulases have also been
displayed by fusing them to outer membrane proteins such as the: B. subtilis poly‐ɣ‐glutamate
synthase A (PgsA) [101, 102], E. coli outer membrane protein C (OmpC) [103], and the E. coli
outer membrane protein X (OmpX) [104]. Cellulases can also be displayed through a unique
mechanism in which they are fused to the E. coli autotransporter protein (AIDA‐I) [105]. Other
less commonly used approaches to display cellulases include fusing them to the E. coli inner
membrane protein HdeD [100], or to the B. anthracis BclA exosporal protein whose mechanism
of display in E. coli is not well understood [106]. In most cases, except for the work reported
by the Kondo and the Karim groups, only single enzymes have been displayed on the surface,
leading to cells that have limited cellulolytic activity [100, 101].

Figure 5. Methods used to display cellulases in E. coli. Proteins of interest are displayed as a result of fusion to lipopro‐
teins (E. coli Lpp‐OmpA, P. syringae INP, E. coli Blc), fusion to outer membrane proteins (B. subtilis PgsA, E. coli OmpC,
E. coli OmpX), or fusion to the E. coli autotransporter AIDA‐I. Not all anchoring methods are depicted here. At present,
only individual enzymes have been displayed on the cell surface. Abbreviations: protein of interest (POI), inner mem‐
brane (IM), peptidoglycan (PG),and outer membrane (OM).

Pilot studies have shown that E. coli displaying cellulases can be used to produce ethanol or
isopropanol from cellulosic substrates. Using the E. coli AIDA‐I anchor, the display of the T.
fusca β‐glucosidase enzyme yielded cells that produced approximately 17–17.9 g/L of ethanol
from 40 g/L of cellobiose in 72 h [105]. By utilizing the E. coli Blc anchor to display the T. fusca
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β‐glucosidase, cells could produce 69.0 ± 11.6 mM of isopropanol in a 21 h fermentation
containing 50 g/L of cellobiose [99]. The low yield of isopropanol, as compared to when glucose
was supplied, suggested that the β‐glucosidase activity was too low to efficiently produce
glucose from cellobiose. The most complex E. coli display system thus far achieved displayed
three enzymes using the B. subtilis PgsA anchor [101]. This strain displayed endocellulase,
exocellulase, and β‐glucosidase enzymes derived from C. cellulolyticum. From 10 g/L of PASC,
it produced 3.59 ± 0.15 g/L of ethanol in 60 h. It could also make ethanol from dilute sulfuric
acid pretreated corn stover hydrolysate (2 g/L), producing 0.71 ± 0.12 g/L of ethanol in 48 h.
One notable study performed by Bokinsky et al. demonstrated that E. coli strains that secreted
cellulases could produce advanced biofuels from ionic liquid pretreated biomass [107]. A
consortium of two E. coli strains was used to produce either the Bacillus sp. D04 endocellu‐
lase and the Cellvibrio japonicus β‐glucosidase, or the Clostridium stercorarium endoxylanase
and the C. japonicus xylobiosidase. The consortia could grow on ionic liquid (IL)‐treated
biomass, albeit to half the cell density of strains grown on glucose. Additional engineering
enabled cells to produce fatty‐acid ethyl esters, butanol, and pinene from IL‐pretreated
switchgrass. However, only 5 and 6% of the available cellulose and hemicellulose were
digested, respectively. Improved cellulolytic activity could be achieved by displaying cellulase
containing complexes, but E. coli cells that display minicellulosomes have yet to be constructed.

4. Displaying cellulases and minicellulosomes in Gram‐positive bacteria

Many species of Gram‐positive bacteria are used industrially to produce biocommodities and
have great promise as agents to produce second‐generation biofuels. However, they are not
naturally cellulolytic, prompting efforts designed to decorate their surfaces with cellulases.
Below, we discuss progress towards creating cellulolytic strains of B. subtilis, C. glutamicum,
and several industrially useful species of lactic acid bacteria. A common feature of these
microbes is the absence of an extensive outer membrane, as they are surrounded by a thick
peptidoglycan layer that in some instances is further surrounded by additional protective
layers. Thus, the mechanisms used to display proteins on their surfaces are distinct from those
employed to decorate Gram‐negative bacteria.

4.1. Bacillus subtilis

B. subtilis is a model Gram‐positive bacterium that is used industrially to produce commercial
enzymes. It has several desirable traits that could enable its use in consolidated bioprocessing
including established genetic tools to manipulate its genome as well as its generally recognized
as safe status (GRAS) [108, 109]. It is also tolerant to high concentrations of salts and solvents
and has the ability to utilize both pentose and hexose sugars produced from lignocellulose
[110]. Finally, B. subtilis naturally secretes large quantities of extracellular enzymes (20–25 g of
protein per liter of growth culture), suggesting that it should be capable of robustly exporting
the enzymes needed to build cellulase containing complexes [111, 112]. The Gram‐positive cell
wall offers many sites for both covalent and noncovalent protein anchoring. Three mechanisms
have been used to display cellulase on vegetative B. subtilis cells: membrane association via a
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lipoprotein anchor, noncovalent cell wall interactions using the LysM domain, and covalent
attachment to the cell wall using sortase enzymes (Figure 6A). Covalent attachment occurs
through sortase enzyme processing of a C‐terminal cell wall sorting signal (CWSS) that
contains a LPXTG motif and has been estimated to display ∼2.4 × 105 proteins per cell [113,
114]. Noncovalent methods enable ∼1.2 × 107 proteins to be displayed per cell when the protein
of interest is fused to the LysM domain, a binding module that interacts with the N‐acetyl‐
muramic acid and N‐acetyl‐d‐glucosamine components of the peptidoglycan [115, 116].
Cellulases have also been displayed by expressing them as a fusion protein with the mem‐
brane‐associated lipoprotein, PrsA [117]. However, this display mechanism requires lysozyme
treatment of the cell to remove the peptidoglycan.

Two groups have displayed ex vivo assembled minicellulosomes on the surface of B. subtilis.
The Zhang laboratory displayed a minicellulosome with a miniscaffoldin that contained three
cohesin domains, a CMB, and three LysM domains [31]. An estimated 2 × 104 miniscaffoldins
bound to the surface of each cell. Minicellulosomes were assembled by incubating the cells
with purified B. subtilis endoglucanase, C. thermocellum endoglucanase, and Clostridium
phytofermentans cellobiohydrolase enzymes. Against regenerated amorphous cellulose (RAC)
and crystalline cellulose, respectively, cell‐tethered minicellulosomes degraded substrate 2.3‐
and 4.5‐fold better than free minicellulosomes. As compared to commercial fungal enzymes
dosed at the same protein concentrations, minicellulosome‐displaying cells degraded RAC to
a similar extent after 72 h, but exhibited 30% greater hydrolytic activity on Avicel. The Clubb
group also demonstrated ex vivo assembly of a minicellulosome complex using a LPXTG
anchor that can be processed by a sortase enzyme [118]. Purified C. cellulolyticum endogluca‐
nase and exoglucanase, and C. thermocellum endoglucanase enzymes associated with a
covalently cell wall attached miniscaffoldin. A major challenge specific to B. subtilis is the large
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exposed proteins [119]. The Zhang group addressed this problem by displaying the cellulo‐
some in a B. subtilis strain in which six extracellular proteases had been deleted, while the
Clubb group improved protein display by deleting WprA, a cell wall‐associated protease.
Display of an in vivo assembled minicellulosome has yet to be achieved. Notably, an in vivo
assembled minicellulosome was reported that could degrade untreated biomass, but this work
was later retracted.

B. subtilis sporulates to produce a highly stress‐resistant, dormant spore cell that can be
decorated with cellulases. During the process of spore formation within the mother cell,
genomic DNA is encapsulated within multiple protective layers including a cortex, coat, and
crust [120]. Attractively, proteins do not need to be translocated across the cytoplasmic
membrane in order to be displayed on the spore. There has been a significant amount of
research performed to optimize protein display on B. subtilis spores [121]. While spore coat
proteins are typically used as carriers to display proteins, a recent study found that native,
unmodified proteins could be overexpressed in the mother cell and absorbed to the spore
surface for display (Figure 6B) [122]. Using this approach, monomeric B. subtilis carboxyme‐
thylcellulase (CelB) and multimeric E. coli β‐galactosidase (LacZ) were successfully displayed
on the spore surface, and vigorous physiochemical treatment was shown to be needed to
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remove the enzymes. Interestingly, proteins can also be directly adsorbed on the spore surface
by incubating them with spores, resulting in 7.75 × 103 to 1.55 × 104 individual proteins being

Figure 6. Cellulase and minicellulosome display in Gram‐positive bacteria. (A) Methods used to display cellulases and
their complexes. Proteins can be anchored to the plasma membrane through fusion to PrsA, but lysozyme treatment is
necessary to expose this cellulase to the external environment. More conventionally, proteins are cell surface displayed
either through noncovalent interactions with cell wall peptidoglycan by protein fusion to the LysM domain, or through
covalent attachment to cell wall peptidoglycan by protein fusion to a cell wall sorting signal containing the LPXTG mo‐
tif, which is processed by sortase transpeptidase. (B) Proteins can be displayed on the surface of B. subtilis spores. Na‐
tive proteins, without fusion to anchor proteins, can be absorbed by the spore surface during spore formation. (C)
Methods used to display cellulases and their complexes on the cell surface of C. glutamicum. Proteins of interest are
displayed through fusion to membrane protein MscCG or porin proteins PorB, PorC, and PorH. Abbreviations: Protein
of interest (POI), plasma membrane (PM), peptidoglycan (PG), arabinogalactan (AG), mycomembrane (MM), and top
layer (TL).
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displayed per particle [123]. Thus, cellulases that cannot be secreted or expressed as fusion
proteins can be readily displayed on spores using this method.

4.2. Lactic acid bacteria (LAB)

Gram‐positive lactic acid bacteria (LAB) are widely used in the food industry to ferment sugars
into lactic acid [124]. They have potential in biomass processing, as they can utilize pentose
and hexose sugars, and some members of this group, namely Lactobacillus plantarum, are
tolerant to low pH and ethanol concentrations up to 13% [26, 125]. Similar methods are used
to display proteins in LAB and B. subtilis, as their cell wall envelopes are structurally related
(Figure 6A). In particular, proteins can be displayed noncovalently using LysM‐binding
modules, or covalently using LPXTG anchors that are processed by sortase enzymes. Com‐
parison studies using Lactococcus lactis have shown that covalent attachment using sortase
enzymes leads to the largest number of functionally displayed proteins on this microbe's
surface, but the relative efficiencies of the sortase and LysM display systems in other species
of LAB have not been determined [126].

Two groups have used sortases to assemble minicellulosomes ex vivo in LAB. The Martin group
anchored a variety of nuclease A‐fused miniscaffoldin constructs onto the surface of a single
protease‐deficient strain of L. lactis [127]. These constructs either contained one cohesin, two
cohesins, a cohesin and a CBM, or only a CBM. Using a purified E. coli β‐glucuronidase (UidA)‐
dockerin fusion protein, they estimated that ∼104 complexes are displayed per cell. Interest‐
ingly, unlike work in yeast, scaffoldin size was not a limiting factor for display. Instead, it was
suggested that protein secretion might be limiting, as scaffoldins containing a CBM showed
improved secretion, presumably due to more rapid folding facilitated by the CBM. Using
similar approaches, this group later produced a bifunctional minicellulosome using specifi‐
cally associating type‐I and type‐II cohesin‐dockerin pairs [128]. They demonstrated that the
order of enzyme docking affected the activities of the E. coli UidA and LacZ enzymes, due to
steric factors that influenced enzyme binding.

In separate studies, the Mizrahi group engineered L. plantarum to display a sortase attached
miniscaffoldin and then used a consortium of cellulase secreting strains to assemble the
minicellulosome ex vivo [129]. In these studies, recombinant T. fusca endoglucanase (Cel6A)
and xylanase (Xyn11A) activities were studied in their free form, individually bound to cells,
or bound to surface displayed minicellulosomes. Against hypochlorite pretreated wheat straw,
secreted enzymes had the best initial activity, followed by the minicellulosome. However, the
sugar production rate of the surface displayed minicellulosome slowly increased over time,
while the rate for the secreted enzymes decreased. Eventually, cellulosomal activity overtook
that of the secreted enzymes, presumably because the cell‐associated enzymes are more stable.
Interestingly, cells displaying individually anchored enzymes had minimal activity. This is
consistent with results obtained in yeast that have shown that enzymes with different substrate
specificities are most active against cellulose when they are densely clustered with one another
on the cell surface to promote synergistic interactions [63].

Progress Towards Engineering Microbial Surfaces to Degrade Biomass
http://dx.doi.org/10.5772/65509

427



4.3. Corynebacterium glutamicum

C. glutamicum is an industrially important microbe that produces several tons of glutamate
and lysine annually. Although it is a Gram‐positive bacterium, its peptidoglycan layer is
covered by an arabinogalactan layer, a mycolic acid bilayer, and a top layer composed of
polysaccharides, glycolipids, and proteins [130]. The presence of the outer mycolic acid layer
confers Gram‐negative characteristics to the bacterium and, along with the cytoplasmic
membrane, is the primary point to which cellulases are attached (Figure 6C). The Kondo
laboratory demonstrated the feasibility of displaying heterologous proteins by attaching them
to the mycolic acid layer [131]. This was achieved by expressing the cellulase as a fusion protein
in which it was joined to the PorC porin. C. glutamicum displaying a Saccharophagus degradans
β‐glucosidase‐PorC fusion produced 1.08 g/L of lysine from 20 g/L of cellobiose in 96 h [132].
The Han group also displayed an in vivo assembled bifunctional minicellulosome that
associated with the cytoplasmic membrane. This was accomplished by expressing the
scaffoldin as a fusion protein with the mechanosensitive channel (MscCG) [133]. The complex
contained the C. thermocellum endoglucanase E (CelE) and β‐glucosidase A (BglA) enzymes
and could release sugars from pretreated rice straw, miscanthus, and rape stem. In the future,
engineering these cells to more efficiently degrade complex lignocellulose may lead to more
cost‐effective ways to produce lysine and glutamate from inexpensive biomass.

5. Conclusions

Towards the goal of cost effectively converting biomass into useful biocommodities, several
research groups have developed creative ways to display cellulases on microbes to endow
them with cellulolytic activity. Comparing the biomass degradation efficiencies of different
types of recombinant microorganisms is difficult. This is because investigators have measured
their activities using a variety of cellulosic substrates that can vary dramatically in their
resistance to enzymatic degradation as they differ in their solubility, enzyme accessibility,
crystallinity, degree of polymerization, fraction of reducing ends, and the presence of hemi‐
cellulose and lignin [134]. Moreover, different methods are frequently used to pretreat biomass
and to measure the extent of degradation, which can be reported as enzymatic activity, sugar
released, biomass remaining, or product produced [17, 135, 136]. However, despite these
qualifiers, the results of studies reported to date enable several major conclusions to be drawn.
In particular, they provide convincing evidence that clustering enzymes on the surface within
minicellulosomes leads to improved microbial cellulolytic activity by promoting synergistic
interactions, and in some instances, by improving enzyme stability [32]. Interestingly, syner‐
gistic enzyme interactions can also be obtained by displaying different types of individual
enzymes, as long as they are densely clustered and have complementary activities [63]. Because
complexed enzyme systems require smaller amounts of enzymes to be produced than secreted
enzyme systems to achieve efficient degradation of lignocellulose, the cellulosomal system
may be optimal for CBP microorganisms, since conserved energy may be directed towards
product production.
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Displaying large, enzymatically diverse recombinant minicellulosomes remains a challenging
problem, but progress has been made in S. cerevisiae, B. subtilis, C. glutamicum, and lactic acid
bacteria (summarized in Table 1). Surface engineering in S. cerevisiae is the most advanced,
with several groups developing strains that can assemble minicellulosomes in vivo, leading to
significant improvements in biomass utilization [32, 78, 79, 89]. Complexes containing up to
12 enzymes have been displayed, but great challenges remain as expressing large structures
with more enzymes reduces cellular display levels [79]. A variety of promising approaches
may help to overcome this limitation, including adaptive assembly and host engineering
methods. Furthermore, greater cellulolytic activity through the incorporation of new syner‐
gistic enzyme functionalities may offset the decreases associated with the production of larger
proteins, as seen by the increased activity of a pentafunctional minicellulosome [78]. Ap‐
proaches to display minicellulosome structures on eubacteria that have developed genetic
systems are less advanced. Thus far, only ex vivo assembled complexes have been displayed in
Gram‐positive B. subtilis and LAB, and only individual enzymes have been displayed on the
Gram‐negative bacterium E. coli. The potential of displaying complexes on the cell surface of
E. coli would seem to be bleak, as the presence of a second outer membrane in this microbe
hampers protein secretion. However, studies of C. glutamicum are promising, as it is the only
bacterium that has been engineered to display an in vivo assembled minicellulosome, although
this complex contained only two enzymes. In B. subtilis, exogenous proteases appear to be a
limiting factor, while in LAB protein expression levels are suboptimal [119, 137]. However, it
would seem likely that these limitations can be overcome by optimizing display using genetic
engineering and directed evolution approaches, as well as the use of cell consortiums to
construct complexes ex vivo.

A great variety of surface engineering approaches have been developed to create ever more
impressive recombinant cellulolytic organisms. However, it is clear that the lignocellulose
hydrolysis rates of these recombinant microorganisms needs to be improved if they are to be
used in CBP. Future studies may improve their cellulolytic activity by using directed evolution
to enhance complex display and stability, by judiciously displaying cellulases that exhibit
maximal enzyme synergy, and by devising new methods to stably attach proteins to the cell
surface. Genetic engineering of the host will also be critical, enhancing expression, secretion,
and display levels, and by eliminating proteins or factors affecting the stability and retention
of anchored protein complexes over time. Displayed complexes will also have to be optimized
to be maximally active against different types of biomass that have different sugar composi‐
tions and structures [138–140]. When these cells are further engineered to produce useful
chemicals, their ability to cost‐effectively produce biocommodities from biomass will be an
important step towards reducing the world's dependency on oil [141–144].
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Abstract

Studies have been conducted in France and Spain for (1) the validation of sampling meth‐
ods to achieve representative samples of end‐of‐life tyre (ELT) materials and (2) the com‐
parison and validation of test methods to quantify their biomass content. Both studies 
conclude that the 14C techniques are the most reliable techniques for determining the 
biomass content of end‐of‐life tyres. Indeed, thermogravimetry and pyrolysis‐GC/MS do 
not lead to results consistent with the theoretical content of biogenic materials present 
in tyres, and results in both cases differ considerably from the known natural rubber 
content of the reference samples studied using thermogravimetric analysis. Furthermore, 
in the two last techniques, natural isoprene cannot be distinguished from synthetic iso‐
prene. Results obtained with radiocarbon analysis based on 14C contents could be used 
as reference values of the biomass content of the ELTs: in the ranges of 18–22% for pas‐
senger car tyres and 29–34% for truck tyres, in line with actual natural rubber and other 
components content. Additionally, the presence of textile fibres and stearic acid, which 
are known sources of biomass in the tyre, cannot be evaluated by thermogravimetry and 
pyrolysis‐GC/MS techniques.

Keywords: end‐of‐life tyres, biomass, natural rubber, reference values, alternative fuel, 
pyrolysis‐GC‐MS, thermogravimetry, radiocarbon analysis, isoprene

1. Introduction

End‐of‐life tyre (ELT) is any pneumatic tyre removed from any vehicle and not selected to 
be mounted on a vehicle again [1]. Because the end‐of‐life tyre is a non‐reusable tyre in its 
original form, it enters a waste management system based on product/material recycling and 
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energy recovery. For that, it is important to know the composition of the tyres and their prop‐
erties in order to recycle them or recover their energy.

Tyres could be classified according to the type of vehicle in which they are suitable to be 
mounted, so the main groups established by the industry are passenger car, truck and bus, 
and agro tyres, all of them included in this chapter.

Tyres are composite materials, essentially made of rubber, metal wire and textile fibres, in Ref. 
[1]. The rubber component is based on a vulcanized mixture of elastomers with some different 
chemicals (see Table 1), such as carbon black, silica and extender oils which also constitute a 
high percentage of the tyres.

Their compositions and combustion properties are similar to, or even better than those of coal 
(see Table 2). Due to their high carbon content (60–70%), they have become an interesting 
alternative fuel with a net calorific value in the range of 26.4–30.2 MJ/kg [2].

The use of secondary fuels is progressively increasing, not only because of its economic ben‐
efits, but also because of the environmental advantages of using solid recovered fuels [3]. 
These include natural resource savings, the preservation of fossil fuels such as petroleum 
coke, and above all the reduction in net emissions of CO2 due to the biogenic origin of some 
components of the tyre, mainly natural rubber. Indeed, according to Directive 2003/87/EC [4], 
emissions associated with biomass fraction are considered to be neutral with regard to the 
greenhouse effect.

It also leads to the reduction in other pollutants [5] such as SOx, mainly because the sulphur 
content in tyres (1–2%), used for the vulcanization process, is in any case lower than the quan‐
tity in most fossil fuels (see Table 2).

ELTs contain a fraction of biogenic carbon that mainly comes from their natural rubber con‐
tent. This is not, however, the only source of biogenic carbon. Most tyre formulations also 
include stearic acid in small quantities, used as activator of the vulcanization reaction, and 

Material Passenger car tyre (%) Trucks tyre (%)

Rubber/elastomers 43 42

Carbon black and silica 28 24

Metal 13 25

Textile 5 –

Zinc oxide 2 2

Sulphur 1 1

Accelerators/antidegradants 8 –

Stearic acid 1 n.a

Oils 7 n.a

Table 1. Main components of the passenger car tyre and truck tyre.
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also smaller quantities of rayon, a natural fibre used as a reinforcement material in the manu‐
facturing of some tyre carcasses. Nowadays, cotton could only be found in carcasses of older 
tyres [6, 7].

Despite the range of variation in the formulation of tyres, in practice their composition hardly 
varies, and thus they are one of the more dependable fuels, coming from wastes.

The greatest variation in biomass content is found among tyres of different types: passenger 
car tyres, truck tyres or agro vehicle tyres [1].

Each tyre particles obtained from treatment by shredding is quite heterogeneous in terms 
of biomass content. This intrinsic heterogeneity of tyres particles at the microscopic level is 
related to their composition. For example, elastomer mixtures are not the same in each part 
of the tyre (see Figure 1).

Although the heterogeneity does not appear at the industrial scale (consumption of around 
one ton per hour), the microscopic heterogeneity is of importance when it is necessary to take 
representative laboratory samples and to prepare them for analysis, in order to prevent dif‐
ferent results.

In order to quantify the biomass content of an ELT, three analytical techniques have been 
identified. The first one is a method that determines the biogenic carbon content by measuring 
the activity of the 14C isotope, a technique employed in archaeology to date organic materi‐
als [8–10]. Another widely used technique for determining the composition of vulcanized 
elastomers is thermogravimetric analysis (TGA) [11]. This method is based on the measure‐
ment of the weight variation of a sample when it is submitted to a progressive increase in 
temperature in a controlled atmosphere. The third method, pyrolysis‐gas chromatography/

Content in % mass

Major elements (>1%)

Passenger car Truck Coal Petroleum coke 

Carbon (C) 68 to 70% 60 to 63% 63.9% 84 to 97%

Iron (Fe) 11 to 12% 25 to 27% 0 to 0.2%

Hydrogen (H) 6 to 6.3% 5.3 to 5.6% 3.6% 0 to 5%

Oxygen (O) 3.3 to 3.8% 1.5 to 2.2%

Silica (Si) 1.5 to 1.9% 0.3 to 0.5% 2% Nd

Zinc (Zn) 1.3 to 1.5% 1.3 to 1.8%

NCV (MJ/kg) 30.2 26.4 26 32

Sulphur (S) 1 to 1.5% 1.2 to 1.6% 1.3% 0.2 to 6%

Biomass fraction (% mass) 18.3% 29.1% 0% 0%

Table 2. Elemental analysis of tyres.
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mass spectrometry (Py‐GC/MS), has been used extensively for qualitative and quantitative 
identification of polymer blends [12].

The results obtained under sampling, testing and analysis conditions respecting good prac‐
tices with regards to heterogeneous materials show a remarkable stability in the measured 
parameters.

This chapter provides first the appropriate methodology to make a selection of test samples 
from tyres, and secondly, novel information on the use of different technologies for the deter‐
mination of their biomass content.

Two cases studies conducted independently by ALIAPUR and SIGNUS, in France and Spain, 
respectively, have probed which techniques are appropriate to measure biomass content in 
tyres and which are not. Also in both studies reference values of biogenic content have been 
established, and results are quite close to theoretical values.

This chapter then offers an analysis of the differences between the results of the three tech‐
niques as well as the advantages, disadvantages and problems.

2. Sampling procedure for the estimation of biogenic fraction of  
end‐of‐life tyres

The management of ELTs to be used as secondary fuel mainly consists of the shredding of 
relevant quantities of different types of tyres coming from a diverse range of origins.

Figure 1. Different layers of a tyre.
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Shredded material can be stocked in piles, in which each particle contains parts of different 
layers of the tyre, each with a particular composition. So, the first problem to solve is how to 
estimate the biomass content taking random portions of materials. If this process is not per‐
formed carefully, there is an important risk not to be representative enough of the total stock. 
This is especially critical if we take into account that any of the used analytical techniques 
hardly needs a few milligrams of material.

One of the key points for this calculation of biomass content is then the design of a sampling 
plan which is representative of the big sized lots. In the case of samples taken on the shred‐
ding site, the samples will be representative of one to several days of production. Depending 
on the size of the facility, the sample could represent tens or even hundreds of tons of material.

In the case of samples taken during loading or unloading processes at the storage site, the 
samples will be representative of several weeks of production; the stocks in this case could 
even be of thousands of tons of material.

2.1. General criteria for the definition of sampling procedure

The minimum mass to produce a representative laboratory sample from the lot should be 
determined by the following formula [13]:

 
( )
( )
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m d s g
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 (1)

where,

-‐ mm is the mass of the minimum sample size, in grams as received.

-‐ d95 is the nominal top size of a particle (a mass fraction of 95% of the particles are smaller 
than d95), in mm. This value is measured by means sieves following the method described 
within CEN/TS 15415:2006 [14].

-‐ s is the shape factor, in mm3/mm3; reference value of 1.0 in the case of granular materials 
with nominal size smaller than 50 mm [13].

-‐ λ is the average particle density of the particles in the solid recovered fuel, in g/mm3 as 
received [15].

-‐ g is the correction factor for distribution in the particles size. Its value is related to the supe‐
rior nominal size d95 and the minimum size of the particle d05.

-‐ p is the fraction of the particles with a specific characteristic (such as a specific contami‐
nant), in g/g, and is equal to 0.1 [13].

-‐ Cv is the coefficient of variation. Its value is 0.1 [13].

2.2. General criteria for the preparation of laboratory samples

Samples were prepared using a riffle splitter with 14 slots of 27 mm in width, until the mass of 
the sample is greater than the minimum size of the laboratory sample necessary to guarantee 
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total representativeness for few milligrams. This must be calculated according to the third‐
power law [16], which for granular materials is expressed as:

 
3

95 α> ⋅m d  (2)

where m is the mass retained after each sample division step in grams, d95 is the nominal top 
size in millimetres, and α is a constant over the whole sample preparation procedure for a 
particular material in g/mm3.

Depending on the size of the laboratory sample for each method, a particular number of tests 
are needed to guarantee the representativeness of the sample.

2.3. Methodology for taking representative samples from ELTs

The preparation of the sample consists in a reduction made in several stages of fragmentation/
quartering until the different subpopulations (rubbers, metal wires, textile fibres) are obtained 
(see Figure 2). The standard means and procedures for reducing test samples are carried out 
in a laboratory with the appropriate equipment (sample division, cryogenic mill…). Figure 3 
shows the flow diagram of the whole process for collection and preparation of the representa‐
tive sample to obtain a test portion.

Taking into account the size of the average production lots, it was estimated that 1.5 t of whole 
tyres is the minimum necessary quantity of ELTs. For the Spanish case, four different samples 
were taken in order to estimate the biomass content by type of tyre.

Starting with 1.5 t of tyres, the first step is the shredding of tyres to reduce the size of the 
sample and to obtain a mix of particles from different tyres. This first‐size reduction can be 
carried out in a primary shredder to obtain pieces within the interval of 35–200 mm.

The sample must be taken at the production platform, using a tool of the open rectangular 
shovel type by completely cutting the flow of falling material. Samples are considered 
valid if a total quantity of at least 25 kg is taken per increment to represent a production 
of 1.5 t.

Figure 2. Different fractions of the tyre.
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Figure 3. Complete scheme for test sampling preparation.
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In a second step, those particles are reduced under a maximum size of 20 mm. The samples 
produced by this secondary shredder should be taken in smaller portions, at constant inter‐
vals of time, called increments.

No less than 24 increments are recommended to achieve a representative sample.

The obtained sample must be quartered to obtain subsamples of a quantity between 1.5 and 
3 kg. That is bigger than the minimum quantity necessary for this type of material (around 
1.0 kg).

Then the steel fraction should be removed from the sample using a magnet, taking special 
care in leaving the rest of material (rubber and textile fibres) that should be reduced in par‐
ticles sized under 1 mm. Different methods could be used for this purpose, especially cryo‐
genics. The obtained product should then be quartered to obtain a test portion.

For the French case, the procedure is similar to the above described (see Figure 3).

3. Test methods for the determination of biomass content in tyres

Different test methods were identified in the literature for the determination of natural rubber 
content in blends that can thus be indirectly used for the quantification of biomass content in 
tyres [17].

Some of those methods are based on the determination of content in elastomers and are par‐
ticularly able to distinguish the presence of isoprene, the main component of the natural 
rubber, among other different elastomers of the rubber blend. This natural rubber has been 
identified as the main source of biogenic carbon in a tyre; nonetheless, this component is not 
the only bio‐based one. Thus, some of the test methods identified for this chapter are not 
really conclusive about the total content of biomass in tyres. On the other hand, there are 
significant differences in the time to analyse the samples (see Table 3).

3.1. Pyrolysis‐GC/MS

This method is based on the degradation of a sample in an electric furnace at 500–600°C and 
keeping the sample within this temperature range [18]. This temperature range is recom‐
mended to obtain rapid pyrolysis without excessive degradation or carbonization of the rub‐
ber sample. However, a temperature of 550°C is advised to obtain the maximum quantity of 
pyrolysate for NR, IR, BR, SBR, IIR, BIIR and CIIR that are the major elastomeric components 
of a tyre.

TGA Py‐GC/MS 14C
14C (LSC) 14C (BI)

Test duration A few hour A few days 2 months A few days

Table 3. Test duration of the different methods.
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ber sample. However, a temperature of 550°C is advised to obtain the maximum quantity of 
pyrolysate for NR, IR, BR, SBR, IIR, BIIR and CIIR that are the major elastomeric components 
of a tyre.

TGA Py‐GC/MS 14C
14C (LSC) 14C (BI)

Test duration A few hour A few days 2 months A few days

Table 3. Test duration of the different methods.
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This pyrolysis must be performed passing a stream of nitrogen through the pyrolysis reactor. 
Nitrogen serves to displace air, prevents oxidation and facilitates the transfer of the pyrolysis 
products to the gas chromatographer.

The gas chromatographer is equipped with 30‐m‐long capillary chromatographic column in 
a fused non‐polar‐type silica.

The gas chromatographer is coupled to a mass spectrometer operating in scan mode. It detects 
and registers certain decomposition substances between 35 and 550 atomic mass units (amu).

The pyrolysis‐GC/MS carried out in one of the studies is based on ISO standard 7270‐2 and 
requires a calibration curve by pyrolysing the samples with known styrene/butadiene/iso‐
prene ratios.

The approach of this method is to evaluate the natural rubber content in a sample of tyres: It 
is possible to calculate the total concentration of elastomers in samples and also the concentra‐
tion in natural elastomers by reporting the result on the previously produced calibration curve.

The authors of this study observed several problems during the application of this method; 
the main one being related to the non‐possibility to distinguish natural isoprene from syn‐
thetic isoprene.

One major drawback is that determining the content comparing results with a curve made 
with different ratio of known samples of styrene/butadiene/isoprene rubbers only gives rela‐
tive values inside the elastomeric fraction and not in the whole sample. An unrealistic compo‐
sition on biomass could then be reported with this method.

Another problem derived from the use of PY‐GC/MS is the non‐detection of other biogenic 
components of the rubber. A variability of results with pyrolysis temperature and the extrac‐
tion time in solvents before pyrolysis is also reported. Finally, the presence of brominated 
butyl could also disturb the results.

Taking into account all these issues, Pyrolysis‐GC/MS is then not considered as a valid tech‐
nique for the evaluation of biogenic content.

3.2. Thermogravimetric analysis (TGA)

This method is based on the continuous measurement of the weight loss of a sample submit‐
ted to a ramp of temperature in a controlled atmosphere [11, 19].

In the case of TGA, each type of elastomer has a particular temperature at which the loss of 
mass occurs. When a sample of vulcanized rubber is tested, some particular peaks appear at 
specific temperatures.

At lower temperatures, below 300°C, moisture, volatile components derived from plasticizers 
and other simple chemicals of the rubber blend, volatize.

In the range from 300 to 525°C most of the elastomers in a tyre rubber blend are degraded by 
the heat. The first thermal decomposition corresponds to natural rubber NR, and the  maximum 
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weight‐loss rate occurs in the 300–400°C interval. Styrene‐butadiene SBR maximum weight‐
loss rate occurs between 420 and 550°C.

One of the studies tried to produce a reference calibration curve based on different binary 
NR/SBR rubber samples of known composition and the intensity—or height—of the peaks of 
the DTG curves. Each measurement produces a typical graph of weight loss as a function of 
the increase in temperature. Figure 4 shows an example of a weight loss curve for a (NR 75%, 
SBR 25%) blend and its derivative weight loss curves. This curve shows one minimum per 
elastomer, HNR and HSBR.

The calibration curve in Figure 5 represents the relationship between the peak height ratio 
HNR/HSBR and the NR content of each of the reference samples. The resulting values are 
adjusted to a second degree polynomial equation [19]:

 
2

%

22.331; 84.503; 3.0782

    = = + +    +     
= − = =

NR NR

SBR SBR

NR H Hr a b c
NR SBR H H

a b c

 (3)

where r is the percentage of NR in the elastomeric fraction (NR+SBR), HNR is the maximum 
rate of weight loss in the area where NR decomposes, and HSBR is the maximum rate where 
SBR decomposes.

Using this calibration curve, the value of r of an unknown sample can be then determined, 
based on the height of the peaks for NR and SBR.

Figure 4. Weight loss and derivative weight loss curve for a polymer blend (NR75%/SBR25%).

Biomass Volume Estimation and Valorization for Energy452



weight‐loss rate occurs in the 300–400°C interval. Styrene‐butadiene SBR maximum weight‐
loss rate occurs between 420 and 550°C.

One of the studies tried to produce a reference calibration curve based on different binary 
NR/SBR rubber samples of known composition and the intensity—or height—of the peaks of 
the DTG curves. Each measurement produces a typical graph of weight loss as a function of 
the increase in temperature. Figure 4 shows an example of a weight loss curve for a (NR 75%, 
SBR 25%) blend and its derivative weight loss curves. This curve shows one minimum per 
elastomer, HNR and HSBR.

The calibration curve in Figure 5 represents the relationship between the peak height ratio 
HNR/HSBR and the NR content of each of the reference samples. The resulting values are 
adjusted to a second degree polynomial equation [19]:

 
2

%

22.331; 84.503; 3.0782

    = = + +    +     
= − = =

NR NR

SBR SBR

NR H Hr a b c
NR SBR H H

a b c

 (3)

where r is the percentage of NR in the elastomeric fraction (NR+SBR), HNR is the maximum 
rate of weight loss in the area where NR decomposes, and HSBR is the maximum rate where 
SBR decomposes.

Using this calibration curve, the value of r of an unknown sample can be then determined, 
based on the height of the peaks for NR and SBR.

Figure 4. Weight loss and derivative weight loss curve for a polymer blend (NR75%/SBR25%).

Biomass Volume Estimation and Valorization for Energy452

However, it has been reported by authors of this chapter [17] that the correlation of the result 
for NR obtained by TG analysis and the actual content of NR in samples with known quantities 
of this elastomer is very bad. Like in the case of PY‐GC/MS, this analysis technique is only valid 
for an estimation of the natural rubber content, independently of the accuracy of the results. 
Indeed, there is not any possibility to distinguish natural isoprene from synthetic isoprene.

Furthermore, problems derived from the use of this technique start when there is a combina‐
tion of more than two elastomers in the sample; in such case, the identification and quantifi‐
cation of the elastomers are very difficult because of the overlapping of peaks. Finally, other 
biogenic components of the rubber, such as cotton or stearic acid, are not detectable by the 
use of this technique.

Taking into account all these issues, thermogravimetric analysis is then not considered as a 
valid technique for the evaluation of biogenic content.

3.3. Radiocarbon analysis: 14C methods

The determination of biomass content in different materials using 14C methods is based on ana‐
lytical procedures used for the determination of the age of carbon contained in materials [8, 9].

Three well‐known methods for the determination of 14C content are described in the lit‐
erature, two of which have been used in the studies made by the authors of this chapter. 
Those methods are commonly accepted for the determination of the age of objects,  especially 

Figure 5. Plot of r (NR/(NR+SBR)%) vs. the peak heights ratio (HNR/HSBR) to determine the biomass content in the tyres 
studied.
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employed in archaeology, to date organic materials. The percentage of recent carbon in sam‐
ples gives an accurate idea of non‐fossil carbon content.

This technique is based on the principle that all the carbon atoms in organic materials have either 
a contemporary origin, proceeding directly or indirectly from the fixation of contemporary atmo‐
spheric CO2 by means of photosynthesis, or a fossil origin and were fixed millions of years ago.

Every living organism contains a quantity of 14C proportional to the relative abundance of 14C 
in the atmosphere. Thus, the percentage of biomass in a material is directly proportional to 
its 14C content. Fossil fuels, however, do not contain 14C, as its half‐life is 5,700 years [20, 21].

3.3.1. 14C/12C determination by beta‐ionization (BI)

One of the studies used the analysis of the carbon concentration of bio‐based origin (Beta ion‐
ization method) focusing on the biomass 12C assay, considered to be more accurate.

The test has been developed according to standard ASTM D6866‐08 and has determined the 
biogenic carbon content specifically for this purpose.

Particularly, in this case, this test method has been adapted and used for measuring 14C, in 
elastomeric fraction and textile fraction.

3.3.2. Liquid scintillation spectrometer (LSC) 14C determination

Another alternative is the 14C determination by liquid scintillation spectrometer LSC using 
butyl‐PBD, as scintillation agent, added to benzene (C6H6) samples, previously prepared by 
the following chemical reactions:

 2 2 2 22CO  10Li  Li C  4Li O+ → +  (4)

 
2 2 2 2 2Li C  2H O  C H  2LiOH+ → +

 (5)

 
2 2 6 63C H  C H→

 (6)

CO2 is then produced in a combustion chamber by burning an appropriate sample of rub‐
ber coming from tyre. It was ensured that the reacting CO2 was only coming from the 
sample.

The 14C activity was corrected by the isotopic fractionation according to the directives of the 
ASTM D6866‐05 standard test methods for the determination of biomass content [10]. To do 
this, the 12C/13C ratio was established in the stable isotopes laboratory of reference.

4. Discussion of results of the biomass content in tyres

Two different studies have been conducted recently, one in France and the other Spain for the 
quantification of the biomass content in tyres.
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In both cases, the purpose of the studies was not only the quantification of the biomass con‐
tent in tyres but also the validation or not of different techniques for this purpose.

In paragraph 3 of this chapter, three techniques have been compared: PY‐GC/MS and TGA 
were discarded, and techniques related with 14C determination have been accepted and are 
highly recommended. Table 4 shows the number of tests conducted for each method.

Table 5 indicates the content of each sample of tyres in the recycling plant selected to con‐
duct this study in Spain, taking into account the Spanish shared market, in terms of sizes. 
Lot coded PT140611‐1 represents a sample of motorcycle, passenger car, SUV and vans tyres 
representative in percentage of the market in Spain. The other sample PA140611‐2 was ran‐
domly taken from a stocked pile of those types of tyres. In addition, two other samples, one 
corresponding to truck tyres, and other sample with agro tyres were prepared.

Tyres were shredded and reduced to granules following the procedure described in para‐
graph 2 of this chapter. Samples were appropriately divided using a riffle box with the appro‐
priate number of slots.

After reducing the size of the particles below 20 mm, the steel wires were removed from 
samples. This process was carried out with a magnet and the percentage of steel in samples is 
given in Table 6. Some rubber particles remain attached to the steel samples, so a calcination 
of these samples was performed to calculate the actual content of metal wires in the represen‐
tative samples.

In the same way, the rubber granulates samples were reduced to fine powder, under 1 mm.

Spanish case (number of tests) French case (number of tests)

Description of the sample TGA 14C (method C) Py‐GC/MS 14C (method B)

Passenger car tyres 8 4 8 8

Truck and bus  4 2 4 4

Agro tyres 4 2 _ _

Total number of tests 12 8 12 12

Table 4. Tests are conducted for each method.

Sample code Description of the sample Number of tyres Total weight in tons

PT140611‐1 Passenger car tyres of a representative sample of the 
market

200 1.62

PA140611‐2 Random sample of passenger car tyres 190–210 1.58

MC190711‐3 Truck and bus 30 1.67

MA190711‐4 Agro tyres 30 1.76

Table 5. Samples of different types of tyres (Spanish case).
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The French study used a specific laboratory equipment that permits a complete separation 
of the three different fractions of materials with no contamination between them, starting 
from shredding stage. So, the phase of calcination of steel fraction was not used. Summary of 
content of different materials are listed in Tables 7 and 8. Then the rubber and textile fractions 
were also reduced to particles under 1 mm.

In both studies, a cryogenic laboratory mill was used to achieve this particle size total reduc‐
tion in the samples.

4.1. Results of the 14C analysis

According to the sampling plan, the sample for laboratory test is representative of the lot 
if quantity is over 66 mg. In the case of liquid scintillation spectrometry, the mass of the 
sample should be between 10 and 12 g and then, only one single test per sample is neces‐
sary. Nevertheless, all the samples have been tested twice to ensure the repeatability of the 
results.

Results of 14C per sample of rubber and textile using this LSC are shown in Table 9.

The percentage of modern carbon is calculated with the following expression.

% in weight of the steel fraction % percentage of steel after 
calcination

% real content per sample

PT140611‐1 23 70.25 15.9

PA140611‐2 24 62.22 15.1

MC190711‐3 36 77.35 27.9

MA190711‐4 6 90.15 5.2

Table 6. Percentage of steel fraction (Spanish case).

Sample Rubber Metal Textile

VL1 80.90 12.16 6.93

VL2 82.54 10.05 7.41

VL3 82.30 13.15 4.55

VL4 80.30 13.57 6.13

VL5 83.59 10.77 5.64

VL6 83.08 11.25 5.68

VL7 84.54 12.58 2.89

VL8 84.03 12.28 3.68

Average reference values 82.7 12.0 5.4

Table 7. Summary of content of different fractions per sample in French case (passenger car tyres).
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where ASN is the isotopic activity of the sample, standardized for isotopic division, AON is 
the activity of the oxalic acid reference, also standardized for isotopic division and pMC is 
the percentage of modern carbon. Using this Eq. (7), the results of the biomass content in the 
Spanish study are summarized in Table 10.

In general terms, duplicated samples show similar values, all of them are under the limits of 
tolerance established for this analytical technique.

Table 10 shows the average value of the percentage of biomass in the rubber‐textile fraction 
for each sample. The final result of biomass in the tyres sample, taking into account the con‐
tent of steel in each one, is written in the Table 11.

As a conclusion, the biomass content in the sample corresponding to the passenger car tyres 
both random and representative to the Spanish share market are exactly the same with an 
average value of 22.2%.

Sample Rubber Metal Textile

PL1 78.74 21.26 0.00

PL2 79.67 20.33 0.00

PL3 73.66 25.50 0.84

PL4 72.55 27.45 0.00

Average reference values 73.1 26.5 0.42

Table 8. Summary of content of different fractions per sample in French case (truck and bus tyres).

Sample code Weight of the sample 
burned (g)

Yield Weight of C6H6 
obtained (g)

Weight of C6H6 
analyzed (g) 

Isotopic division 
(0/00)

C2H2% C6H6%

PT140611‐1.1 12,1 99,2% 94,5% 7,4 6,188 ‐26,6 ± 0,2

PT140611‐1.2 9,7 99,9% 97,5% 7,8 6,077 ‐26,6 ± 0,2

PT140611‐2.1 11,2 99,6% 97,8% 8,1 6,123 ‐27,2 ± 0,2

PT140611‐2.2 10,1 99,5% 97,9% 7,6 6,121 ‐27,7 ± 0,2

MC190711‐3.1 10,8 99,3% 97,4% 7,7 6,112 ‐26,7 ± 0,2

MC190711‐3.2 10 99,6% 97,6% 7,7 6,100 ‐26,7 ± 0,2

MA190711‐4.1 9,7 97,9% 98,4% 7,8 6,103 ‐26,0 ± 0,2

MA190711‐4.2 9,9 96,0% 97,5% 7,6 6,127 ‐26,0 ± 0,2

Table 9. Summary of synthetized samples for 14C analysis (Spanish case).
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Biomass values obtained for tyres samples corresponding to truck and bus tyres resulted in 
an average percentage of 33.9% by weight, and the average value for biomass content of agro 
tyres resulted in a 26.4% by weight.

On the other hand, the study carried out in France on several tyre samples, both passenger 
car, truck and bus tyres, for the determination of biomass content have been tested by the 
beta‐ionization technique.

Results obtained for different types of samples are shown in Tables 12 and 13. The value of 
biomass for passenger car tyre samples is in average 18.3 and 29.1% for the truck and bus 
samples.

In any case, the magnitude order of the biomass value obtained in the French case are in accor‐
dance with approximate theoretical values of natural rubber and other chemical substances 
with bio‐based content in tyres. More specifically, the different values of natural rubber  content 
in car and truck tyre have been obtained and are in line with theoretical values.

Sample Rubber and textile fraction
pMC (%) Biomass (%)

PT140611‐1.1 29,2 ± 0,7 27,2 ± 0,7

PT140611‐1.2 27,5 ± 0,7 25,6 ± 0,7

PA140611‐2.1 27,8 ± 0,7 25,8 ± 0,7

PA140611‐2.2 28,5 ± 0,7 26,5 ± 0,7

MC190711‐3.1 50,2 ± 0,7 46,7 ± 0,7

MC190711‐3.2 50,9 ± 0,7 47,3 ± 0,7

MA190711‐4.1 29,7 ± 0,7 27,6 ± 0,7

MA190711‐4.2 30,1 ± 0,7 28,0 ± 0,7

Table 10. Results of 14C analysis for the biomass content in tyres (Spanish case).

Sample % biomass of the rubber‐
textile fraction

% biomass of the total 
sample

Range of biomass content in 
tyres (%)

Passenger car tyres of a 
representative sample of 
the market

26.4 22.2 21.5–22.9

Random sample of 
passenger car tyres

26.15 22.2 21.9–22.5

Truck and bus 47.0 33.9 33.7–34.1

Agro tyres 27.8 26.4 26.2–26.5

Table 11. Results of biomass content in tyres samples (Spanish case).
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5. Conclusions

A tyre is a complex product with a biomass content heterogeneously distributed inside it. 
Furthermore, there is also a huge variability in composition inside the market, by brands and 
types, each one having a different biomass content. Therefore, to carry out a proper study 
of biomass content of a batch or a sample representing a significant number of tyres, it is 
absolutely necessary to make a good selection of the laboratory sample by means of statistical 
methods to ensure representativeness of the lot. In this chapter, the procedure for managing 
tyres samples to obtain representative samples by continuous size reduction and quartering 
has been described.

Furthermore, it should be taken into account that necessary quantities for the biomass content 
determination are in the order of a few grams or even milligrams, so the sampling step is 
crucial to obtain proper results.

Several methods have been explored for determining the biomass fraction of tyres, but some 
of them are not completely reliable and conclusive, mainly for the following reasons:

Sample Biomass content (%) Standard deviation

VL1 17 1.69

VL2 18.9 0.36

VL3 17.0 1.69

VL4 18.4 0.01

VL5 20.3 4.00

VL6 18.1 0.04

VL7 17.3 1.00

VL8 19.4 1.21

Average reference values 18.3

Table 12. Biomass content of passenger car tyres measured by BI (French case).

Sample Biomass content (%) Standard deviation

PL1 30.7 0.36

PL2 31.4 1.69

PL3 29.7 0.16

PL4 28.6 2.25

Average reference values 29.1

Table 13. Biomass content of truck and bus tyres measured by BI (French case).
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The results of the thermogravimetric method differed considerably from the known natural 
rubber content of the reference samples as well as results obtained from the 14C technique that 
is because the synthetic isoprene cannot be distinguished from natural isoprene. The pyroly‐
sis‐GC‐FID method is neither considered as a reliable method, mainly for the same reason and 
because results are affected by temperature and extraction time.

In addition, the presence of textile fibres and stearic acid in the tyre, a well‐known source of 
biomass, cannot be evaluated for both techniques (pyrolysis‐GC‐MS and TGA),

French and Spanish studies conclude that the 14C techniques are the most reliable for deter‐
mining the biomass content of end‐of‐life tyres. Both methods, beta‐ionization (BI) and liquid 
scintillation spectrometry (LSC), lead to results close to the actual biomass content in tyres.

Finally, the reference values of the biomass content of the end‐of‐life tyres have been estab‐
lished. Average content for passenger car tyres is 18.3% for the French market and 22% for the 
Spanish market.

In the case of truck and bus tyres, content in both cases are in the range from 29.1% in the 
French case to 34% in the Spanish case. Apart from errors of different analytical techniques 
and laboratories, differences found in both studies could be related to different market share 
in term of sizes and brands in both countries.

In the Spanish case, a reference value has also been established for agro tyres with an average 
biomass content of 26.4%.
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Abstract

The modification of lignocellulose with cyclic anhydrides could confer stronger hydro-
philic properties to lignocellulose, which could be used in many industrial fields. To
elucidate the modification mechanism of lignocellulose, bagasse was phthalated com-
paratively with its three main components in 1-allyl-3-methylimidazolium chloride
(AmimCl) using 4-dimethylaminopyridine as catalyst and phthalic anhydride as acyla-
tion reagent in the present study. From FT-IR and 2D HSQC analyses, the skeleton of
bagasse and the fractions were not significantly changed during phthalation in AmimCl.
2D HSQC results suggested that the reactive hydroxyls in bagasse were partially
phthalated, and the reactivity of the hydroxyls in anhydroglucose units followed the
order C-6 > C-2 > C-3. Similarly, the reactivity order of hydroxyls in anhydroxylose units
was C-2 > C-3. For lignin, the predominant diesterification occurred during the homo-
geneous modification, and both aliphatic and aromatic hydroxyls were phthalated. The
reactivity order of phenolic hydroxyls was S-OH > G-OH > H-OH, which was distinct
from that without catalyst. In addition, it was found that the thermal stability of
phthalated bagasse was affected by the disruption of cellulose crystallinity and the
degradation of components. The thermal stability of the phthalated bagasse decreased
upon chemical modification and regeneration.

Keywords: bagasse, phthalic anhydride, esterification, reaction behavior, 2D HSQC
NMR, 31P NMR, AmimCl

1. Introduction

Nowadays, the growing environmental concerns resulting from petroleum-based plastic mate-
rials and excessive use of fossil fuel have driven a strong global interest in renewable bio-based
polymers and composites derived from natural resources [1, 2]. Biomass resource is one of the
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most abundant, inexpensive, and currently underutilized products from agricultural and
biorefinery industries [3]. Biomass resources, especially agricultural residues with great renew-
ability, biocompatibility, and biodegradability, are directing the development of next genera-
tion of chemicals, materials, energy, and processes [4]. Therefore, it could be particularly
advisable to shift society's dependence away from fossil resources to biomass resources.

Bagasse, sugar industry residues, is mainly composed of lignocellulose, which represents one
of the most abundant renewable resources on earth. Chemical modification represents an
efficient process to introduce new functionalities into lignocellulose. Because of the poor
dissolubility of lignocellulose in common molecular solvent, the heterogeneous modification
has been studied for decades. However, heterogeneous modification is always accomplished at
low efficiency and nonuniformity, and accompanied with the occurrence of side reactions
[5, 6]. Even worse, the solvent or reaction medium for heterogeneous modification could not
be recovered after modification [7], which caused environmental pollution and wastage of
resources. It is a never-ending endeavor to explore homogeneous reaction systems to compen-
sate the deficiency of heterogeneous systems.

Fortunately, it has been found that several dual solvent systems and ionic liquids (ILs) could
dissolve lignocellulose [8]. Compared with other solvent systems, ILs exhibit negligible vapor
pressure, theoretically making infinite recycling possible. In addition, the high electrochemical
thermal stability, nonflammability, and designability made ILs widely used in diverse fields,
such as solvent for synthesis and catalysis, separation, analytical chemistry, and biomass
refinery [9–11]. The bridge between lignocellulose and ILs were built by Swaltloshi et al., who
reported the nonderivatizating dissolution of cellulose in BmimCl [12]. In 2007, it was reported
that woods with different hardness could be readily dissolved in various imidazium-based ILs
under mild conditions [13, 14], which opened a new window of opportunities in homogeneous
functionalization of lignocellulose. Since then, the chemical modification of lignocellulose in
ILs has been expanding fast. Due to the existence of abundant hydroxyls in lignocellulose, the
modification of lignocellulose with carboxylic anhydride, acid chloride, and isocyanides could
be achieved using ILs as reaction media [15].

The chemical modification of lignocellulose with linear carboxylic acid anhydrides or acid
chloride can produce the corresponding carboxylic acid or HCl as a by-product. However, the
modification of lignocellulose with dicarboxylic acid anhydride is an effective process and can
attach carboxyl groups onto lignocellulose. The attachment of carboxyl group can greatly
improve the compatibility between modified lignocellulose and other polymer materials by
producing new chemical linkages and the effect of hydrogen bonds [16]. Besides, the introduc-
tion of carbonyl group could also increase the hydrophilicity [17], achieve ion exchange [18],
and remove heavy mental ion [19]. Our previous works showed that the homogeneous chem-
ical modification of the isolated cellulose from bagasse with succinic anhydride and phthalic
anhydride without catalyst could be achieved, and the optimal reaction conditions (reaction
temperature 90°C and reaction time 90 min) for preparing modified cellulose with maximum
degree of substitution (DS) were also screened [20, 21]. In 2010, Li et al. reported chemical
modification of cellulose in BmimCl with catalyst DMAP could remarkably improve the DS of
modified products [22]. However, the structural parameters of lignocellulosic derivatives were
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complex and difficult to control due to the complicated mixture of cell wall components.
Therefore, it is very essential to elucidate the modification mechanism of lignocellulose to
produce tunable materials directly from lignocellulose, although some simple investigations
have been published. Especially, the application of catalyst DMAP could obviously increase
the degree of substitution of lignocellulose modified with cyclic anhydride, which is beneficial
to produce polymer composites based on esterified lignocellulose. As far as the authors are
aware, there have been no reports of the detailed structural changes of lignocellulose during
the homogeneous phthalation with catalyst DMAP. We therefore investigated the reaction
behaviors of lignocellulose during the homogenous phthalation with catalyst DMAP.

In the present study, bagasse was modified with phthalic anhydride with catalyst DMAP in
AmimCl. Three main components cellulose, hemicelluloses, and lignin were isolated from
bagasse, and were phthalated under the same conditions to elucidate the modification mech-
anism. The physicochemical properties of phthalated samples were characterized by FT-IR,
CP/MAS 13C NMR, 1H NMR, liquid-state 13C NMR, and 2D HSQC NMR. The thermal stability
of the unmodified, regenerated, and modified materials was also investigated using TG.

2. Material and methods

2.1. Materials

Bagasse was obtained from a local factory (Jiangmen, China). It was dried in sunlight and then
cut into small pieces. The cut bagasse was ground and screened to prepare 40–60 mesh size
particles (450–900 µm). The dried ground samples were dewaxed with toluene-ethanol (2:1 v/v)
and then dried in a cabinet oven with air circulation at 50°C for 24 h [15]. Ionic liquid AmimCl
was purchased from the Shanghai Cheng Jie Chemical Co., Ltd. and used as received. All other
chemicals used were of analytical grade and purchased from Guangzhou Chemical Reagent
Factory (Guangzhou, China).

2.2. Isolation of cellulose, hemicelluloses and lignin from bagasse

Cellulose and hemicelluloses were isolated according to the previous literatures [21, 23]. Briefly,
the extractive-free bagasse was delignified at 75°C for 2 h with sodium chlorite at pH 3.8–4.0,
followed by the extraction with 10%NaOHwith the ratio of solid to liquid at 1:20 g/mL for 10 h
at room temperature (four times). The solid residues were filtered out, washed thoroughly with
distilled water, then washed with ethanol and dried in an oven with air circulation at 50°C for
24 h to obtain cellulose. The filtrate from NaOH extraction (the first time) was neutralized,
concentrated, and transferred into three volumes of 95% ethanol with agitation. The precipi-
tates were filtered out, washed with 70% ethanol, and freeze-dried to obtain hemicelluloses.

Lignin was isolated from the extractive-free bagasse according to the previous literatures
[24, 25]. The obtained crude lignin with high content of carbohydrates was purified as follows:
dried crude lignin (1 g) was dissolved in 2 mL of acetone/water (9:1, v/v) in a beaker. The
obtained lignin solution was added dropwise into 200 mL of distilled water with stirring, and
the resulted suspension was further centrifuged. The obtained solid residues were washed
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with distilled water (thrice, total 90 mL), and then freeze-dried. The dried residues were
dissolved into 2 mL of 1,2-dichloroethane/ethanol (2:1, v/v). The obtained solution was added
dropwise into 200 mL of anhydrous ether in a beaker with stirring at room temperature, and
the resulted suspension was further agitated for 30 min. The obtained suspension was
centrifuged, and the solid residues was washed with anhydrous ether (thrice, total 90 mL)
and freeze-dried.

2.3. Homogeneous phthalation of bagasse and the isolated fractions (cellulose,
hemicelluloses and lignin)

The homogeneous phthalation of bagasse and its isolated fractions was performed according to
the previous literature [26]. The extractive-free ground bagasse (12 g) was first finely ball-milled
for 4 h in a planetary mill (Grinder BM4, China, Beijing) at 400 rpm using two 500 mL ZrO2 jars
(500 g, 1 cm diameter). Cellulose isolated from bagasse was also ball-milled for 4 h under the
same conditions, while hemicelluloses and lignin were directly used in the present study.

Typically, the prepared materials (0.2 g) was added to 10 g of AmimCl at room temperature
under nitrogen atmosphere for 5 min and heated at 90°C under stirring for 4 h to obtain a clear
solution. Phthalic anhydride (the weight ratio of phthalic anhydride to material, 4:1) and
DMAP (the weight ratio of DMAP to phthalic anhydride, 5%) were added to the solution.
The flask was continuously purged with nitrogen atmosphere for 5 min. The reaction was
performed at 90°C for 90 min with agitation. Subsequently, the resulted solution was precipi-
tated with ethanol (99 wt%, 200 mL) under agitation. The suspension was further stirred for
24 h. The solid residues were filtered out, washed with ethanol (three times, total 600 mL) to
remove unreacted phthalic anhydride, catalyst DMAP, and AmimCl, and free-dried for further
characterization.

2.4. Determination of WPG and DS

WPG [15] was calculated according to Eq. (1):

WPG ¼ M1−M0

M0
· 100 (1)

where M0 and M1 are the vacuum-dried weights of the bagasse or fractions before and after
chemical modification, respectively.

The phthalation degree of phthalated samples was evaluated by DS, according to Eq. (2):

DS ¼ nOH0

nOH
· 100 (2)

where nOH’ is the substituted hydroxyls contents, and nOH is the hydroxyl content of
unmodified sample.

The substituted hydroxyl content of the phthalated samples was determined based on the
equivalent volume of known molarity NaOH and HCl by back-titration method [21]. A known
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weight of the sample was dissolved in 10 mL 0.1 mol/L NaOH. The excess of NaOH was back-
titrated with 0.025 mol/L HCl by using automatic potentiometric titrator, and the final pH of
end titration point was set as 7.0. The titration was repeated three times, and the average value
of HCl volume was used as the calculations of the substituted hydroxyl content according to
Eq. (3):

nOH0 ¼ c1V1−c2V2

2
·
1000
m

(3)

where nOH’ is the substituted hydroxyls contents, m (g) is the dry weight of sample analyzed,
c1 (mol/L) is the molarity of NaOH, V1 (mL) is the volume of NaOH, c2 (mol/L) is the molarity
of HCl, and V2 (mL) is the equivalent volume of known molarity HCl.

Based on the assumption that the cellulose and hemicelluloses are composed of AGU and
AXU, respectively, the theoretical hydroxyl content of unmodified cellulose and hemicelluloses
were calculated from their macromolecular structure according to Eqs. (4) and (5), respectively.
The total hydroxyl content of unmodified lignin was 6.31 mmol/g by 31P NMR analysis. The
hydroxyl content of unmodified bagasse was calculated from Eq. (6), according to the contents
of cellulose, hemicelluloses, and lignin in the extractive-free bagasse:

nC ¼ 1000
162

· 3 (4)

where nC (mmol/g) is the theoretical hydroxyl content of unmodified cellulose, 162 g/mol is the
molar mass of AGU, and 3 is the number of hydroxyl groups on each AGU, and

nH ¼ 1000
132

· 2 (5)

where nH (mmol/g) is the theoretical hydroxyl content of unmodified hemicelluloses, 132 g/mol
is the molar mass of AXU, and 2 is the number of hydroxyl groups on each AXU, and

nB ¼ nC · 44:85þ nH · 33:13þ nL · 19:24 (6)

where nB and nL (mmol/g) are the hydroxyl contents of unmodified bagasse and lignin,
respectively, and 44.85%, 33.13%, and 19.14% are the contents of cellulose, hemicelluloses,
and lignin, respectively, in the extractive-free bagasse according to the standard NREL
methods.

2.5. Characterization

FT-IR spectra were collected on an FT-IR spectrophotometer (Nicolet 510) using a KBr disk
containing approximately 1% finely ground samples. Thirty-two scans were taken for each
sample with a resolution of 2 cm-1 in transmittance mode in the range of 4000–400 cm-1.

1H NMR, 13C NMR, 31P NMR, and 2D HSQC spectra were recorded on Bruker AV-III HD 600
spectrometer (Germany). The 1H NMR spectra were recorded at 298.0 K from the dried
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samples (40 mg) dissolved in 0.5 mL DMSO-d6. The detailed collecting and processing param-
eters for 1H NMR analysis were as follows: number of scans, 16; receiver gain, 31; acquisition
time, 2.7263 s; relaxation delay, 1.0 s; pulse width, 11.0 s; spectra frequency, 600.17 Hz; and
spectra width, 12019.2 Hz.

For CP/MAS 13C NMR analysis, dried samples (200 mg) were tested at 303.0 K. The detailed
collecting and processing parameters were as follows: number of scans, 2000; receiver gain,
567; acquisition time, 0.0344 s; relaxation delay, 1.5 s; pulse width, 4.55 s; spectra frequency,
100.61Hz; and spectra width, 29761.9 Hz.

For liquid-state 13C NMR analysis, dried samples (40 mg) was dissolved in 0.5 mL DMSO-d6 at
298.0 K, the detailed collecting and processing parameters were as follows: number of scans,
15,000; receiver gain, 1290; acquisition time, 1.2583 s; relaxation delay, 1.5 s; pulse width, 12.00
s; spectra frequency, 100.61 Hz; and spectra width, 26041.7 Hz.

For 2D HSQC NMR analysis, the spectra were acquired using 40 mg samples in the 0.5 mL
DMSO-d6 at 299.9 K. The detailed collecting and processing parameters were as follows:
number of scans, 16; receiver gain, 187; acquisition time, 0.1420 s; relaxation delay, 2.0 s; pulse
width, 11.0 s; spectra frequency, 600.17/150.91 Hz; and spectra width, 7211.51/24875.6 Hz.

The hydroxyls contents of lignin samples were determined by 31P NMR spectroscopy,
according to the reported method [25]. The detailed collecting and processing parameters were
as follows: number of scans, 300; receiver gain, 187; acquisition time, 0.3408 s; relaxation delay,
2.0 s; pulse width, 12.0 s; spectra frequency, 242.95 Hz; and spectra width, 96,153.8 Hz.

TG of samples was performed on a simultaneous thermal analyzer (SDT Q600, TA Instru-
ment). The sample weighted between 8 and 10 mg. The scans were first run from room
temperature to 100°C, were equilibrated at 100°C for 5 min, and then were cooled to 40°C at
the cooling rate of 20°C/min. The scans were again heated from 40°C to 700°C at the heating
rate of 10°C/min under nitrogen flow.

3. Results and discussion

3.1. Homogeneous phthalation of bagasse and its fractions

The reaction behaviors of bagasse during homogeneous phthalation in AmimCl were investi-
gated comparatively with the isolated fractions under the same conditions. The contents of
cellulose, hemicelluloses, and lignin in the extractive-free bagasse were determined as 44.85%,
33.13%, and 19.14%, respectively, according to the standard NREL methods [27].

As shown in Table 1, the DS of phthalated cellulose, hemicelluloses, and lignin were 19.88%,
13.67%, and 27.10%, respectively, indicating the reactivity of lignin was the highest among the
three main components during bagasse homogeneous modification in AmimCl. The DS of
phthalated bagasse (10.80%) was lower than phthalated fractions, which was probably due to
the complicated linkages between bagasse fractions. Besides, the WPG of phthalated cellulose,
hemicelluloses, and lignin were 17.04%, 5.98%, and -49.70%, respectively, suggesting that the
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significant degradation of lignin occurred during homogeneous phthalation. The WPG of
phthalated bagasse was -10.51%, probably resulting from the degradation of lignin during
bagasse homogeneous modification.

3.2. 31P NMR analysis

To investigate the detailed information of lignin hydroxyls during homogeneousmodification, 31P
NMR spectroscopy was applied in the present study to quantify the hydroxyl contents of lignin
samples [28, 29]. The 31P NMR spectra of unmodified lignin (Lo, spectrum a) and phthalated
lignin (Ls, spectrum b) are shown in Figure 1. According to the reported literatures [30, 31],
the assignments of signals in 31P NMR spectra were as followed: international standard (IS),
145.50–144.80 ppm; aliphatic OH, 149.50–145.50 ppm; phenolic S-OH, 143.50–142.50 ppm; phe-
nolic G-OH, 140.00–138.50 ppm; phenolic H-OH 138.00–137.50 ppm; COOH, 135.50–134.50 ppm.

The hydroxyl contents of unmodified and phthalated lignin are present in Table 2, and the
decreased percentages of lignin hydroxyls are shown in Figure 2. After phthalation, the
aliphatic hydroxyl content decreased from 4.71 mmol/g in unmodified lignin to 3.33 mmol/g
in phthalated lignin, and the total phenolic hydroxyl content was also reduced from 1.60 (Lo)
to 1.27 mmol/g (Ls). These results indicated that both aromatic and phenolic hydroxyls were

Sample no

Phthalation conditions nOH’ (mmol/g) DS (%) WPG (%)

Molar ratioa DMAPb Time (min) Temperature (°C)

Bs 4:1 5% 90 60 1.57 10.80 -10.51%

Cs 4:1 5% 90 60 3.68 19.88 17.04%

Hs 4:1 5% 90 60 2.07 13.67 5.98%

Ls 4:1 5% 90 60 1.71 27.10 -49.70%

aRepresents the weight ratio (w/w) of phthalic anhydride/materials.
bRepresents the dosage of catalyst dimethylaminopyridine (DMAP) by weight ratio (w/w).
Bs, Cs, Hs, and Ls represent the phthalated bagasse, cellulose, hemicelluloses, and lignin, respectively.

Table 1. The substituted hydroxyl content, weight percent gain, and degree of substitution of samples.

Figure 1. 31P NMR spectra of unmodified lignin (Lo, spectrum a) and phthalated lignin (Ls, spectrum b).
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phthalated during lignin modification in AmimCl. Besides, the total hydroxyl content of lignin
decreased from 6.31 (Lo) to 4.60 mmol/g (Ls), while the carboxyl content slightly increased
from 0.08 (Lo) to 0.09 (Ls) mmol/g. The result suggested that the predominant diester form [32]
during lignin homogeneous modification in AmimCl. For lignin phenolic hydroxyls, the con-
tent of phenolic S-OH decreased from 0.16 to 0.09 mmol/g after phthalation; the content of
phenolic G-OH decreased from 0.40 (Lo) to 0.25 (Ls) mmol/g; the decrease in the content of
phenolic H-OH from 1.04 (Lr) to 0.93 (Ls) mmol/g was also observed. These results indicated
phenolic S-, G-, and H-OH were phthalated during lignin modification in AmimCl.

As shown in Figure 2(a), the decreased percentage of aromatic hydroxyls was higher than that
of phenolic hydroxyls, indicating the higher reactivity of aliphatic hydroxyls during lignin
homogeneous phthalation. For phenolic hydroxyls, the decreased percentage of phenolic
S-OH, G-OH, and H-OH were present (Figure 2b). Therefore, the phthalation reactivity of
phenolic hydroxyls followed the order of S-OH > G-OH > H-OH.

3.3. FT-IR

The FT-IR spectra of unmodified cellulose (Co, spectrum a), regenerated cellulose (Cr, spectrum
b), and phthalated cellulose (Cs, spectrum c) are shown in Figure 3. The absorbance at 3433,

Sample Lo Ls

Aliphatic OH (mmol/g) 4.71 3.33

Phenolic OH (mmol/g) 1.60 1.27

S-OH (mmol/g) 0.16 0.09

G-OH (mmol/g) 0.40 0.25

H-OH (mmol/g) 1.04 0.93

COOH (mmol/g) 0.08 0.09

S/G ratio (mmol/g) 0.40 0.38

Table 2. The hydroxyl contents of lignin samples.

Figure 2. The decreased percentages of lignin hydroxyls.
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2895, 1646, 1376, 1165, and 1057 cm-1 were associated with unmodified cellulose [20]. These
peaks present in regenerated and phthalated cellulose indicated that the skeleton of cellulose
was stable during cellulose dissolution and modification in AmimCl. Compared with the
spectrum of unmodified cellulose, the spectrum of the phthalated cellulose (spectrum c) pro-
vides evidence of phthalation by showing the presence of three new bands at 1718, 1580, and
749 cm-1 [21], corresponding to the stretching of carbonyl group, antisymmetric stretching of
carboxylic anions, and the out-of-plane C-H bending of ortho disubstituted benzene, respec-
tively. In addition, the intensity of peak at 1057 cm-1 for C-O-C stretching in spectrum c slightly
decreased indicating the degradation of cellulose macromolecules during dissolution and
modification. This degradation was also reported in the previous literature [21].

Figure 4 illustrates the FT-IR spectra of unmodified hemicelluloses (spectrum a), regenerated
hemicelluloses (spectrum b), and phthalated hemicelluloses (spectrum c). Similarly, the

Figure 3. FT-IR spectra of unmodified cellulose (Co, spectrum a), regenerated cellulose (Cr, spectrum b), and phthalated
cellulose (Cs, spectrum c).

Figure 4. FT-IR spectra of unmodified hemicelluloses (Ho, spectrum a), regenerated hemicelluloses (Hr, spectrum b), and
phthalated hemicelluloses (Hs, spectrum c).
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skeleton of hemicelluloses remained unchanged after dissolution and modification in AmimCl.
Compared with unmodified hemicelluloses, the new bands at 1713, 1571, and 752 cm-1 in
phthalated hemicelluloses indicated the phthalation of hemicelluloses [33].

The FT-IR spectra of unmodified lignin (spectrum a), regenerated lignin (spectrum b), and
phthalated lignin (spectrum c) are present in Figure 5. The bands at 3418, 2930, 1692, 1504,
1595, 1267, 1118, 1031, 824, and 747 cm-1 are related to unmodified lignin [34, 35]. Similar to
cellulose and hemicelluloses, the skeleton of lignin was also stable after dissolution and mod-
ification in AmimCl. Compared with unmodified lignin, the intensity of bands at 1702 and 748
cm-1 in phthalated lignin obviously increased, suggesting the occurrence of esterification
between lignin and phthalic anhydride [36].

FT-IR spectra of unmodified bagasse (Bo, spectrum a), regenerated bagasse (Br, spectrum b), and
phthalated bagasse (Bs, spectrum c) are shown in Figure 6. The bands were assigned according
to the previous literature [37]. The peaks at 1605, 1515, 1375, and 897 cm-1 remained predomi-
nant in modified bagasse, suggesting the skeleton of bagasse fractions were unchanged during
bagasse homogeneous modification in ionic liquid AmimCl [15]. The intensities of the peak at
1725 and 744 cm-1 increased after modification, providing the direct evidence of esterification
between phthalic anhydride and bagasse. In conclusion, the phthalation of bagasse and its
fractions occurred during homogeneous modification according to FT-IR analyses.

3.4. NMR analysis

3.4.1. Solid-state 13C NMR of bagasse

The poor dissolubility of bagasse samples in DMSO-d6 made high-resolution liquid-state 2D
HSQC NMR spectroscopy impossible, and CP/MAS 13C NMR spectroscopy was applied for
bagasse samples analysis, as shown in Figure 7. The signals in CP/MAS 13C NMR spectra were
assigned based on the reported literatures [15, 21]. The signals at 191.2, 170.5, and 130.5 ppm

Figure 5. FT-IR spectra of unmodified lignin (Lo, spectrum a), regenerated lignin (Lr, spectrum b), and phthalated lignin
(Ls, spectrum c).

Biomass Volume Estimation and Valorization for Energy472



skeleton of hemicelluloses remained unchanged after dissolution and modification in AmimCl.
Compared with unmodified hemicelluloses, the new bands at 1713, 1571, and 752 cm-1 in
phthalated hemicelluloses indicated the phthalation of hemicelluloses [33].

The FT-IR spectra of unmodified lignin (spectrum a), regenerated lignin (spectrum b), and
phthalated lignin (spectrum c) are present in Figure 5. The bands at 3418, 2930, 1692, 1504,
1595, 1267, 1118, 1031, 824, and 747 cm-1 are related to unmodified lignin [34, 35]. Similar to
cellulose and hemicelluloses, the skeleton of lignin was also stable after dissolution and mod-
ification in AmimCl. Compared with unmodified lignin, the intensity of bands at 1702 and 748
cm-1 in phthalated lignin obviously increased, suggesting the occurrence of esterification
between lignin and phthalic anhydride [36].

FT-IR spectra of unmodified bagasse (Bo, spectrum a), regenerated bagasse (Br, spectrum b), and
phthalated bagasse (Bs, spectrum c) are shown in Figure 6. The bands were assigned according
to the previous literature [37]. The peaks at 1605, 1515, 1375, and 897 cm-1 remained predomi-
nant in modified bagasse, suggesting the skeleton of bagasse fractions were unchanged during
bagasse homogeneous modification in ionic liquid AmimCl [15]. The intensities of the peak at
1725 and 744 cm-1 increased after modification, providing the direct evidence of esterification
between phthalic anhydride and bagasse. In conclusion, the phthalation of bagasse and its
fractions occurred during homogeneous modification according to FT-IR analyses.

3.4. NMR analysis

3.4.1. Solid-state 13C NMR of bagasse

The poor dissolubility of bagasse samples in DMSO-d6 made high-resolution liquid-state 2D
HSQC NMR spectroscopy impossible, and CP/MAS 13C NMR spectroscopy was applied for
bagasse samples analysis, as shown in Figure 7. The signals in CP/MAS 13C NMR spectra were
assigned based on the reported literatures [15, 21]. The signals at 191.2, 170.5, and 130.5 ppm

Figure 5. FT-IR spectra of unmodified lignin (Lo, spectrum a), regenerated lignin (Lr, spectrum b), and phthalated lignin
(Ls, spectrum c).

Biomass Volume Estimation and Valorization for Energy472

correspond to benzene ring, carbonyl group, and carboxylic groups, respectively, in phthalated
bagasse. Compared with unmodified bagasse, the intensities of the three signals in phthalated
bagasse remarkably increased, indicating the attachment of phthaloyl group onto bagasse.

The signals between 60 and 105 ppm relate to the carbons of carbohydrates. The chemical shifts
and intensities of signals in this region remained basically unchanged, indicating the carbon
skeleton of bagasse polysaccharides (cellulose and hemicelluloses) was stable during homoge-
neous modification, which was consistent with the results from FT-IR. Due to the low resolution
of CP/MAS 13C NMR spectroscopy, the detailed information of bagasse fractions during homo-
geneous phthalation need to be further revealed with 2D HSQC NMR spectroscopy.

3.4.2. Detailed reaction behaviors of cellulose during homogeneous phthalation

The HSQC spectra of unmodified cellulose (spectrum a) and phthalated cellulose (spectrum b)
are present in Figure 8. The primary correlations of cellulose were well assigned, as reported in
the previous literatures [20, 21]. The cross-peaks of cellulose were clearly observed in Figure 8(a)
and (b) at 73.49/3.06 [C-C2 (C2/H2)], 75.33/3.36 [C-C3 (C3/H3)], 80.85/3.33 [C-C4 (C4/H4)], 77.14/

Figure 7. Solid-state 13C NMR spectra of unmodified bagasse (Bo, spectrum a) and phthalated bagasse (Bs, spectrum b).

Figure 6. FT-IR spectra of unmodified bagasse (Bo, spectrum a), regenerated bagasse (Br, spectrum b), and phthalated
bagasse (Bs, spectrum c).
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Figure 8. 2D HSQC spectra of unmodified cellulose (Co, spectrum a) and phthalated cellulose (Cs, spectrum b).
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3.18 [C-C5 (C5/H5)], and 103.44/4.33 [C-C1 (C1/H1)] ppm; the two C-C6 (C6/H6) peaks were also
distinctively located at 60.77/3.79 and 60.77/3.58 ppm, respectively. These results confirmed
that the skeleton of cellulose was stable during homogeneous phthalation in AmimCl, consis-
tent with the FT-IR analysis.

The cross-peaks at 131.49/7.62, 131.11/7.52, 129.43/7.78, and 128.94/7.61 ppm were associated
with C10/H10, C11/H11, C12/H12, and C13/H13 in the aryl group of phthalated cellulose, respec-
tively. The presence of these peaks in phthalated cellulose confirmed the attachment of
phthaloyl group onto cellulose. More importantly, two peaks from substituted C-6 in AGU C-
C6’ (C6/H6) appeared at 64.39/4.39 and 64.50/4.67 ppm, and peaks from substituted C-2 [C-C2’
(C2/H2)] and C-3 [C-C3’ (C3/H3)] in AGU were located at 74.32/4.60 and 75.30/4.83 ppm,
respectively. These results suggested the successful phthalation of hydroxyls at C-6, C-2, and
C-3 positions in AGU. The DS of hydroxyls on different positions could be evaluated upon the
integral area of the characteristic substituted correlations. By integration, the DS of C6-OH, C2-
OH, and C3-OH in AGU were 12.05, 2.54, and 1.84%, respectively. Therefore, the DS of
hydroxyls in AGU followed the order C-6 > C-2 > C-3. The phthalated cellulose was previously
prepared under the similar experimental conditions without catalyst in our laboratory, and the
DS of hydroxyls at C-6, C-2, and C-3 positions were 6.30, 2.01, and 0% in AGU, respectively. By
contrast, it could be concluded that the addition of catalyst DMAP could improve the unifor-
mity and DS of phthalated cellulose.

3.4.3. Detailed reaction behaviors of hemicelluloses during homogeneous phthalation

The 2D HSQC spectra of unmodified hemicelluloses (spectrum a) and phthalated hemicelluloses
(spectrum b) are present in Figure 9. According to the previous literatures [38, 39], the correla-
tions of xylan were at 102.12/4.25 [X-C1 (C1/H1)], 73.39/3.03 [X-C2 (C2/H2)], 74.60/3.23 [X-C3 (C3/
H3)], and 75.84/3.4 [X-C4 (C4/H4)] ppm, respectively, and the cross-peaks from X-C5 (C5/H5)
appeared at 63.59/3.16 and 63.59/3.86 ppm in both unmodified and phthalated hemicelluloses.
Besides, the cross-peaks of arabinose were also well resolved at 107.76/5.24 [A-C1 (C1/H1)], 86.62/
3.89[A-C4 (C4/H4)], 81.32/3.76[A-C2 (C2/H2)], 78.32/3.57 [A-C3 (C3/H3)], and 62.13/3.40 [A-C5 (C5/
H5)] ppm, respectively. These results indicated that the hemicelluloses isolated from bagasse
were mainly composed of arabinose and xylan, consistent with the previous literatures [25, 27].
Compared with unmodified hemicelluloses, the cross-peaks at 128.81/7.66, 129.34/7.76, 130.99/
7.51, and 131.31/7.63 ppm were for C12/H12, C9/H9, C10/H10, and C11/H11, respectively, in the
phthaloyl group of phthalated hemicelluloses. These results further confirmed the occurrence of
the esterification between hemicelluloses and phthalic anhydride during homogeneous modifi-
cation in AmimCl. The cross-peaks at 74.95/4.70 and 76.58/5.02 ppm relate to the phthalated
hydroxyls at C-2 and C-3 positions in AXU. The DS of hydroxyls at C-2 and C-3 positions in
AXU were 3.56 and 1.54% by integral evaluation, indicating the higher reactivity of C2-OH in
AXU during hemicelluloses homogeneous phthalation.

3.4.4. Detailed reaction behaviors of lignin during homogeneous phthalation

The 2D HSQC NMR spectra of unmodified lignin (spectrum a) and phthalated lignin (spec-
trum b) are illustrated in Figure 10, and the structure of identified lignin subunits with
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Figure 9. 2D HSQC spectra of unmodified hemicelluloses (Ho, spectrum a) and phthalated hemicelluloses (Hs, spectrum b).
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Figure 10. 2D HSQC spectra of unmodified lignin (Lo, spectrum a) and phthalated lignin (Ls, spectrum b).
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hydroxyls are shown in Figure 11, including aryl ether (β-O-4’, A), phenylcoumaran (β-5’, B),
guaiacyl unit (G-unit, C), syringyl unit (S-unit, S), and p-hydrophenyl unit (H-unit, H).
According to the previous publications [24, 25], the correlations of these signals were well
assigned. The cross-peaks from S-units C2,6/H2,6 was at 104.68/6.72 ppm, and the signals for
Cα-oxidized S-units (S') appeared at δC/δH 107.15/7.34 ppm. The cross-peaks originated from
G-units were well distinguished: C2/H2 (δC/δH 111.69/7.00 ppm), C5/H5 (δC/δH 115.33/6.71
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and Cγ/Hγ correlations in β-O-4’ linkages were at δC/δH 72.43/4.84, 84.16/4.35, 86.69/4.09, and
60.35/3.48 ppm, respectively. In addition, phenylcoumaran (β-5′, substructure B) appeared in
noticeable amounts as indicated by the Cα/Hα, Cβ/Hβ, and Cγ/Hγ correlations at δC/δH 87.67/
5.43, 55.36/3.70, and 63.50/4.21 ppm, respectively.

The relative quantities of the primary substructures were calculated according to the previous
literatures [40, 41]. The aromatic lignin S-, G-, and H-units were expressed as a fraction of
100%, and the relative molar quantities of aryl ether, phenylcoumaran were expressed as a
percentage of the total aromatic S-, G-, and H-units. The detailed information of quantitative
lignin substructures calculated from HSQC spectra are listed in Table 3.

After phthalation, the content of aryl ether increased from 57.80/100Ar (Lo) to 58.33/100Ar (Ls),
and the content of phenylcoumaran also increased from 2.76/100Ar (Lo) to 3.13/100Ar (Ls).
These increases were probably due to the decreased intensity of C2,6/H2,6 correlations from
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aromatic units resulting from the condensation of lignin [41] during the homogeneous
phthalation. The relative percentages of G-units decreased from 45.78% to 37.50%, while the
increases in the relative percentage of S- and H-units were observed. This result suggested that
the G-units were easily degraded during lignin homogeneous modification [42, 43]. Besides,
the increase in the S/G ratio from 1.08 (Lo) to 1.54 (Ls) further confirmed the degradation of G-
units during lignin homogeneous modification.

3.5. Thermal analysis

In the present study, the effect of dissolution, regeneration, and modification in AmimCl on the
thermal stability of samples was investigated by comparing unmodified, regenerated, and
phthalated samples. Figure 12 illustrates the TG curves of cellulose (A), hemicelluloses (B),
lignin (C), and bagasse (D), respectively.

The onset and midpoint degradation temperature of regenerated cellulose were higher than
those of unmodified cellulose, indicating the improved thermal stability after dissolution and
regeneration in IL. This was probably because cellulose fractions with low molecular weight
could not be regenerated from IL [15]. As shown in Table 4, the onset and midpoint degrada-
tion temperature of phthalated cellulose were lower than those of regenerated cellulose,
suggesting the thermal stability of phthalated cellulose decreased after homogeneous modifi-
cation. The decreased thermal stability of phthalated cellulose was probably due to partial
hydrolysis, degradation of cellulose, and decrystallization of crystalline cellulose macromole-
cules [21].

Similar to cellulose, the thermal stability of regenerated hemicelluloses were slightly higher
than that of unmodified hemicelluloses, probably resulting from the loss of hemicellulosic
fractions with low molecular weights during dissolution and regeneration in AmimCl. Com-
pared with regenerated hemicelluloses, the onset and midpoint degradation temperature of
phthalated hemicelluloses decreased to 212 and 265°C, respectively, indicating the decreased
thermal stability of phthalated hemicelluloses after homogeneous modification. This decrease
was also possibly resulted from the degradation of hemicelluloses during homogeneous mod-
ification [44].

Sample Lo Ls

Aliphatic percentages of (S+G+H)

Aryl ether (A) 57.80/100Ar 58.33/100Ar

Phenylcoumaran (B) 2.76/100Ar 3.13/100Ar

Aromatic molar percentages (S+G+H)

Syringyl (S) 49.54% 57.81%

Guaiacyl (G) 45.78% 37.50%

p-hydroxyphenyl (H) 4.59% 4.69%

S/G 1.08 1.54

Table 3. Quantitative information of unmodified lignin (Lo) and phthalated lignin (Ls) determined with 2D HSQC NMR.
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Figure 12. TG curves of cellulose (A), hemicelluloses (B), lignin (C), and bagasse (D), respectively. The curves a, b, and c
represent unmodified, regenerated, and phthalated samples, respectively.

Sample Onset T (°C) Midpoint T (°C)

Co 279 315

Cr 292 320

Cs 282 319

Ho 240 281

Hr 243 282

Hs 212 265

Lo 200 358

Lr 196 345

Ls 174 345

Bo 256 305

Br 248 302

Bs 244 304

Table 4. The onset and midpoint degradation temperature of samples.

Biomass Volume Estimation and Valorization for Energy480



Figure 12. TG curves of cellulose (A), hemicelluloses (B), lignin (C), and bagasse (D), respectively. The curves a, b, and c
represent unmodified, regenerated, and phthalated samples, respectively.

Sample Onset T (°C) Midpoint T (°C)

Co 279 315

Cr 292 320

Cs 282 319

Ho 240 281

Hr 243 282

Hs 212 265

Lo 200 358

Lr 196 345

Ls 174 345

Bo 256 305

Br 248 302

Bs 244 304

Table 4. The onset and midpoint degradation temperature of samples.

Biomass Volume Estimation and Valorization for Energy480

The onset and midpoint degradation temperature of regenerated lignin were both lower than
those of unmodified lignin, as listed in Table 4, indicating the decreased thermal stability of
lignin after dissolution and regenerating. Compared with regenerated lignin, the thermal
stability of phthalated lignin after homogeneous modification was also decreased. This
decrease was probably resulted from the degradation of lignin during dissolution, regenera-
tion, and modification in AmimCl.

For bagasse, the thermal stability of bagasse samples decreased after dissolution and regener-
ation in ionic liquid AmimCl. This was probably resulted from the degradation of lignin
during dissolution and regeneration. Compared with regenerated bagasse, the onset degrada-
tion temperature of phthalated bagasse decreased, while the midpoint degradation tempera-
ture of phthalated bagasse increased. These results suggested the thermal stability of
lignocellulose was affected by the loss of fractions with low molecular weights and the degra-
dation of phthalated samples. The former led to the increase in the thermal stability, while the
later resulted in the decreased thermal stability of phthalated lignocellulose.

4. Conclusions

The phthalation of bagasse and its fractions occurred during homogeneous modification in
AmimCl, and the reactivity of the three main components followed the order: lignin > cellulose
> hemicelluloses. The FT-IR and NMR analyses suggested the skeleton of bagasse remained
stable during dissolution, regeneration, and modification; the reactivity of hydroxyls in AGU
followed the order: C-6 > C-2 > C-3; and the reactivity order in AXU was as follows: C-2 > C-3.
For lignin, both aromatic and phenolic hydroxyls were phthalated; the reactivity of aromatic
hydroxyls was higher than phenolic hydroxyls; and the reactivity order of lignin phenolic
hydroxyls was as follows: S-OH > G-OH > H-OH. The thermal stability of modified lignocel-
lulose was affected by the disruption of cellulose crystallinity and the degradation reaction of
the modified components.
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ILs ionic liquids
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Abstract

Gasification of biomass is one of the most attractive methods for producing hydrogen 
rich gas. Syngas production from biomass is an attractive solution for energy crisis. The 
production of energy from biomass reduces the dependence of developing countries on 
fossil fuels, as ample biomass is available in the developing countries and is renewable. 
Downdraft gasifiers are fixed bed gasifiers where the gasifying agent and biomass are 
flowing downwards, developed for high-volatile fuels such as wood or biomass gasifica-
tion. Cocurrent flow regime throughout the oxidation and reduction zones reduces the 
tars and particulates in syngas, which will reduce the necessity of complicated cleaning 
methods compared to updraft gasifiers especially if the gas is used as a burnable gas in a 
small community. It is important to ensure homogenous distribution of gasifying agent 
at the downdraft gasifier throat. This chapter presents latest trends in gasification of bio-
mass using downdraft gasification.

Keywords: gasification, hydrogen, agriculture waste, catalysts, downdraft gasifier

1. Introduction

Gasification of biomass is one of the most attractive methods for producing hydrogen 
rich gas. Syngas production from biomass is an attractive solution for energy crisis. The 
production of energy from biomass reduces the dependence of developing countries on 
fossil fuels; as ample biomass is available in the developing countries and is renewable. 
Downdraft gasifiers are fixed bed gasifiers where the gasifying agent and biomass are 
flowing downwards, developed for high volatile fuels like wood or biomass gasification. 
Cocurrent flow regime throughout the oxidation and reduction zones reduces the tars and 
particulates in syngas, which will reduce the necessity of complicated cleaning methods 
compared to updraft gasifiers especially if the gas is used as a burnable gas in a small 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



 community. It is important to ensure homogenous distribution of gasifying agent at the 
downdraft gasifier throat [1–3].

Gasification is a process under development to utilize the energy conserved in biomass. 
Gasification can be used as a source of energy in rural and off-grid areas to fill the power gaps. 
The limited supply and the increasing demands of fossil fuels have led the world to investigate 
alternative energy sources. Renewable energy sources have been studied widely, and biomass 
appears as the most promising renewable energy source. Biomass can be used to overcome 
the depletion of fossil fuels and to reduce the environmental impact of the conventional fuels 
such as greenhouse gas emissions using one of these four technologies: direct combustion, 
thermochemical processes, biochemical processes, and agrochemical processes. Biomass is 
the third energy source after coal and oil. Biomass covers 35% of the energy demand of the 
developing countries corresponding to 13% of the world energy demand. Biomass is widely 
available in quantities enough to meet the world energy demand [1–7].

The oldest way to generate energy is to burn biomass. Due to environmental and technical 
difficulties associated with burning biomass, innovative processes should be developed to 
utilize biomass [5, 8–10]. Developing more effective techniques to utilize biomass will reduce 
the disposal problem and create profits. Hydrolysis, pyrolysis, gasification, and hydrogena-
tion are the principal processes for biomass conversion in the literature [7, 11]. Gasification 
represents efficient and environmentally friendly method for producing the syngas as a bio-
fuel from different sources of biomass [12–14], and to produce second-generation biofuels 
such as methanol, ethanol, and hydrogen [8, 10, 12, 15]. Gasification can be defined as the 
partial (incomplete) combustion of biomass, and gasification could extract up to 60–90% of 
the energy stored in biomass [16, 17]. To develop second-generation biofuels, economical and 
Feasible clean technologies of syngas are required. [15]. However, economical gasification 
of biomass may produce burnable gases, which can be used to provide heat requirements 
instead of LPG [12]. Gasifiers were developed to replace biomass burners. Gasifiers will pre-
vent the necessity of on-site power generation [18, 19]. Gasification is the conversion of bio-
mass into a combustible gas and charcoal by partial oxidation of biomass at temperature 
range of 800–900°C [6, 19, 20].

The charcoal is finally reduced to H2, CO, CO2, O2, N2, and CH4 [6, 8–10, 21]. Char gasification 
starts at temperatures above 350°C [7]. The products of gasification consist of the following 
components: ash, volatile alkali metals, tars, and syngas. Tars represent a challenge for the 
commercialization of gasification product as an alternative fuel [22]. Frequently using tar may 
result in complete shutdown and repair of the industrial unit [18, 22]. Tars set and amount 
vary considerably based on reaction conditions and gasifier type [18]. Gas produced from 
gasifier can be cleaned by removing tars either physically or chemically [18]. Physical removal 
can be achieved using bag filters or wet scrubbers. Chemical removal methods depend on 
converting tars to lighter hydrocarbons either using thermal conversion or catalytic conver-
sion processes [18, 22].

Gasification of such material may help in reducing the gap between electricity requirements 
and available energy sources. Decentralized power regeneration units will help to fill power 
gap in rural and off-grid locations [4]. Yet, it is still difficult to develop a decentralized power 
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generation unit based on biomass energy which can be used to fill the gap in energy needs in 
rural areas and farms [4]. Technical difficulties prevent further commercialization of gasifica-
tion units in accordance to lower conversion efficiency [23, 24]. Leung et al. [25] proposed a 
governmental support to accomplish faster steps toward gasification units commercializa-
tion. However, all over the world, biomass energy has been widely incorporated in the power 
generation system; U.S. started partial and full conversion of conventional power plants to 
biomass [24]. Throughout this chapter, we will discuss the latest trends in agricultural waste 
gasification. Our goal is to provide a full description of the process starting from basic under-
standing and ending by design of a gasification unit.

2. Chemistry of gasification

The reactions taking place in the gasifier can be summarized as indicated below [3, 4, 21]:

Partial oxidation:

  C +   1 __ 2    O  2   ↔ CO ΔH = − 268 kJ/mol  (1)

Complete oxidation:

   C+O  2   ↔  CO  2    ΔH = − 406 kJ/mol  (2)

Water gas phase reaction:

  C +  H  2   O ↔ CO +  H  2    ΔH = 118 kJ/mol  (3)

Boudouard reaction:

  C +  CO  2   ↔ 2CO ΔH = 170.7 kJ/mol  (4)

The heat required for water gas phase and Boudouard reactions is provided by complete and 
partial oxidation reactions, and complete oxidation provides around 60% of the heat require-
ments during gasification [3, 17]. In addition to the previous reactions that are common in 
combustion and gasification, hydrogen, steam, and carbon monoxide undergo further reac-
tions as shown below [3, 24]:

Water gas shift reaction:

  CO +  H  2   O ↔  CO  2   +  H  2    ΔH = − 42 kJ/mol  (5)

Methane formation:

  CO + 3  H  2   ↔  CH  4   +  H  2   O ΔH = − 88 kJ/mol  (6)
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The water gas shift and methane formation reactions are in equilibrium and the governing 
parameters are: pressure, temperature, and concentration of reaction species.

3. Gasifier design

The unit design is a very important factor in determining the syngas quality and heating value 
[15]. The gasifier will hold two processes: conversion of biomass to charcoal and then conver-
sion of charcoal to hydrogen and carbon monoxide. The mixture of hydrogen and carbon 
monoxide can be used for direct heating in rural areas [16]. Leung et al. [25] identified four 
types of gasifiers: updraft, open core, downdraft, and circulating fluidized bed (CFB) gasifi-
ers. The maximum efficiency of the updraft, downdraft, and CFB gasifiers may reach to 75%, 
the maximum energy output is 10E6, 4E6, and 40E6 kJ/h, respectively. According to Chopra 
and Jain [13], the fixed bed gasifiers can be further divided into: updraft, Imbert downdraft, 
throatless downdraft, cross draft, and two-stage gasifiers. The fixed-bed gasifier is suitable for 
producing low heating value gas for small and medium applications [13, 26]. The downdraft 
gasifier is distinguished by a simple design, high carbon conversion, long residence time, low 
cost, low pressure, relatively clean gas, and low gas velocity. The downdraft gasifier is suit-
able for producing low heating value burnable gas or for generating electricity of small-scale 
systems in the range of 10 kW up to 1 MW [12, 26–28].

3.1. Design of downdraft gasifiers

Downdraft gasifiers are fixed bed gasifiers where the gasifying agent and biomass are flowing 
downwards, developed for high volatile fuels like wood or biomass gasification. Cocurrent 
flow regime throughout the oxidation and reduction zones reduces the tars and particulates in 
syngas, which will reduce the necessity of complicated cleaning methods compared to updraft 
gasifiers especially if the gas is used as a burnable gas in a small community [12, 17]. It is impor-
tant to ensure homogenous distribution of gasifying agent at the downdraft gasifier throat.

Bhavanam and Sastry [24] provided design procedures for different types of downdraft gas-
ifiers. The gasification reaction in a downdraft gasifier undergoes several steps, starting with 
drying step at 100°C, followed by pyrolysis step between 200 and 300°C resulting in release of 
around 70% of biomass weight as volatile matter and tars [16, 24]. After pyrolysis, the remain-
ing biomass and volatile matter react with the incoming oxygen in the combustion step. Finally, 
various reactions take place in the reduction zone including carbon and steam reaction to pro-
duce CO and hydrogen, water-gas shift reaction, and CO and steam to form methane and 
carbon dioxide [24]. The four gasification reaction steps are illustrated in Figure 1. However, 
a limited experience has been gained in the field of biomass gasification while it represents 
an attractive renewable energy route [16]. Table 1 illustrates the design specifications for two 
types of downdraft gasifiers: Imbert and stratified downdraft gasifiers. Table 1 is developed 
based on extensive discussion in Bhavanam and Sastry [24].

Imbert downdraft gasifier is a cylindrical chamber of varying inner diameter across cham-
ber length. The upper part of the cylindrical chamber is loaded with biomass according to 
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 requirement. Air nozzles, attached to distribution manifold, permit air to be drawn into bio-
mass to improve mixing of gasifying agent and biomass. A charcoal balance is established 
around the nozzles. Below the air nozzles, a classical Imbert hearth forms the reduction 
part. Insulating the reduction hearth reduces the amount of tars in the produced syngas and 
increases gasification efficiency. The hot gases are forced to go through the hot zone due to 
hearth constriction. The char bed on the grate removes the dust, which should be cleaned 
eventually to prevent clogging, and dropping in airflow or channeling [17].

Stratified or open-top downdraft gasifier is a uniform diameter gasifier, usually made of a cylin-
drical vessel with a hearth near the bottom. The stratified gasifier is an improved, easy to 

Figure 1. Different reaction zones in downdraft gasifier.

Design considerations Imbert Stratified

Biomass Material Uniform woody Small size

Moisture content <20% <20%

Ash content <5% –

Reactor type Packed bed supported on a 
throat

No-throat cylindrical packed 
bed with open top

Biomass feeding Hopper Open top

Gas feeding Nozzle in the combustion 
zone

Enters from top mixed with 
biomass

Produced gas Tar oils <1% T = 700°C Less tar

Maximum capacity 500 kW Easy to scale up

Table 1. Design consideration for Imbert and stratified downdraft gasifiers.
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design gasifier compared to Imbert downdraft gasifier. The open-top helps in maintaining 
uniform access of gasifying agent to the pyrolysis zone, which prevents localized heating. 
Biomass is added through the open-top to the top layer of gasifier. The length of the gasifier 
can be divided into four reaction zones: unreacted biomass zone at which air enters, the flam-
ing pyrolysis zone at which air reacts with biomass, adiabatic char gasification zone at which 
gases from flaming pyrolysis zone reacts with charcoal, and finally the unreacted charcoal 
zone that is located just above the grate which acts as a buffer for ash and charcoal. The strati-
fied downdraft gasifier can be mathematically modeled easily as a plug flow reactor at which 
air and biomass are uniformly mixed. With such simple design, it is expected that stratified 
downdraft gasifier will replace the Imbert downdraft gasifier in commercial applications [17].

Wander et al. [29] illustrated the design of 12 kg/h downdraft stratified gasifier for sawmill 
dust gasification. The reactor is a cylindrical body of 270 mm internal diameter and 1100 mm 
of height made of SAE 1020 steel. Internal rods are used to mix the sawdust in the reduction 
zone. Ash box is used to reduce the ash content of the produced syngas. The reactor is insu-
lated using 50 mm of rock wall. Air was introduced from the open top as a gasifying agent and 
a secondary air was used to provide air required for internal burner. A gas chromatography 
was used to analyze the gas samples and three water condensers in an ice bath were used to 
measure tars and humidity content.

Zainal et al. [30] developed a downdraft gasifier for the gasification using around 50 kg/h 
of wood chips. The temperature in the combustion zone may reach 1000°C, which reduces 
the tar content of produced syngas. The gasifier is made of mild steel pipe with a diameter 
of 0.6 m and a height of 2.5 m. A cone structure is used inside the gasifier above the combus-
tion zone with an inclination of 60° to facilitate the wood material movement. The air supply 
was accomplished using a 40 mm diameter stainless-steel pipe with eight 10 mm diameter 
nozzles. The air is preheated by positioning the supply tube inside the gasifier. The heating 
value of the produced syngas was in the range of 4.65–5.62 MJ/Nm3 depending on operating 
conditions.

Panwar et al. [31] developed an open-top downdraft gasifier for wood gasification to provide 
the heat requirement for the food processing industry. The downdraft gasifier was lined with 
ceramic and designed for a wood input of 60 kg/h equivalent to 180 kW. The gasifier body is 
made of mild steel. The air distribution system consists of six air tuyeres of 20 mm in diam-
eter. A cyclone was used to remove solid particulates from produced syngas. The complete 
combustion of the syngas is achieved in a premixed burner to provide heat needed for the 
food processing industry unit. Note that 30 kg of charcoal and 10 kg of wood were used to 
provide hear required for gasifier start up.

Sheth and Babu [1] showed a design of an Imbert downdraft gasifier for wood waste gasifica-
tion with a total height of 1.1 m. The diameter of pyrolysis zone and reduction zone are 0.31 
and 0.15 m, respectively. The gasifier has throated combustion zone, a bed of char supported 
by a grate follows the combustion zone. The air is supplied through two nozzles in the oxida-
tion zone. The high temperature in the combustion zone ensures cracking of tars into volatiles 
and water. The diameter of pyrolysis, reduction, and oxidation zones is 310, 150, and 53 mm, 
respectively. The grate is movable to unclog it for removing ash.
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Vervaeke et al. [32] illustrated the design of a small-scale pilot plant downdraft gasifier equiv-
alent to 100 kW of electricity generation. The downdraft unit used in this study is a pilot scale 
of the Xylowatt gasifier. The downdraft gasifier is a batch gasifier with a capacity of 90–105 
kg. The gasification system consists of downdraft gasifier and inside it are ash collection con-
tainer, cyclone, filter, and a scrubber.

Lv et al. [33] developed a downdraft gasifier to produce hydrogen from biomass using air and 
oxygen/steam as gasifying agents. Total 5 kg of char were supported on the grate to reduce 
tar content and to act as a catalyst to upgrade syngas. Biomass is pine wood blocks used in 
cubes cut into 3 cm × 3 cm × 3 cm. The gasifier height is 1.3 m and the diameter is 35 cm. The 
gasifying agent is preheated in a chamber inside the gasifier. Gas is cleaned using triple-stage 
spray shower filled with steel wire rings. The internal diameter of the gasifier is calculated 
according to the power output. The height is calculated based on batch operation time. The 
internal diameter is calculated in meters using the following equation [26]:

  D =   (    1.27 ∗ FCR _________ SGR   )     
0.5

   (7)

where FCR is the fuel consumption rate (kg/h) and SGR is the specific gasification rate (kg/h/m2).

The height can be determined in meter using the following equation [26]:

  H =   SGR × t _______ ρ    (8)

where t is the operation time (h) and ρ is the feedstock bulk density (kg/m3).

The power output P0 can be calculated in kW from the following equation [26]:

   P  0   =   
FCR × HHV × η

  _____________ 3.6    (9)

where HHV is the higher heating value of the feedstock in MJ/kg and η is the efficiency of the 
gasifier usually around 0.7. The amount of air needed during operation can be calculated in 
Nm3/h from the following equation [26]:

  AFR =   ε × FCR × SA __________  ρ  a      (10)

where ε is the equivalence ratio, FCR is the fuel consumption rate, SA is the stoichiometric 
amount of air required for chemical reaction, and ρa is the density of air (1.18 kg/m3). Finally, 
the size of the air nozzle, which is required for uniform air distribution, can be calculated in 
mm2 from the following equation [26]:

  A =   AFR ×  10   3  ________ ν × 3.6    (11)

where ν is the inlet velocity of air (m/s).
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4. Factors affecting on the gasification process

Zhou et al. [34] discussed the ongoing gasification projects taking place in China. The biomass 
gasification units were divided based on scale: small-, medium-, and large-scale biomass gas-
ification and power generation units. Pretreatment of biomass includes size reduction, size 
screening, separation of magnetic materials, and storing as wet biomass. Then prior to gasifi-
cation, drying and storing as dry material are accomplished to reduce the moisture content 
to 10–15% [35]. Feedstock type and feedstock preparation are important factors affecting the 
yield and quality of produced syngas. Shredding and drying are two processes conducted to 
prepare the biomass raw material for gasification process [14]. The main parameters affecting 
the gasification are clarified below:

Equivalence ratio (ER): The equivalence ratio is the air/biomass ratio divided by the theoreti-
cal air/biomass ratio. Increasing ER will decrease the heating value of the produced gas due 
to decreasing H2 and CO concentration and increasing CO2 concentration. Higher ER helps 
in reducing tars and provides more O2 to react with volatiles. Typical values of ER ranges 
between 0.2 and 0.4 [24]. Guo et al. [36] reported that increasing ER decreases the concentration 
of combustible gases (H2, CO, CH4, and CnHm). The heating value was higher than 4 MJ/Nm3 
when ER is kept lower than 0.4. Increasing ER improves the reaction temperature and carbon 
conversion, and reduces the tar yield. For a downdraft stratified gasifier, Wander et al. [29] sug-
gested an equivalence ratio of 0.3:0.35 kg-O2/kg-wood. A higher ratio is required when higher 
heat loss is expected, an equivalence ratio of 2:2.4 kg-air/kg-wood is optimum for producing 
a syngas with low heating value of 4–6 MJ/Nm3. For woody material in a downdraft gasifier, 
Zainal et al. [30] suggested an equivalence ratio of 0.268–0.43 with 0.38 showed optimum value 
(corresponding to a heating value of 5.62 MJ/Nm3). While Sheth and Babu [1] defined that the 
optimum equivalence ratio for wood gasification in Imbert downdraft gasifier is 0.205.

Effect of biomass characteristics: Biomass characteristic is a major factor affecting produced syn-
gas quality. The physical properties that may have major effect are: absolute and bulk density, 
and particulate size. The chemical composition parameters that are of major importance to 
define the syngas [17] quality including volatile matter, moisture content, fixed carbon, ash 
content, and gross calorific value and the ultimate analysis comprises the carbon, oxygen, 
nitrogen, and sulfur of the dry biomass on a weight% [19].

Moisture content: The moisture content can be determined by complete drying of biomass sam-
ple. The moisture content is calculated by subtracting the sample weight after drying from fresh 
sample weight. Maximum allowable moisture content in downdraft gasifier is 40% on dry weight 
basis. Updraft gasifier can handle biomass with higher moisture content. The higher moisture 
content in biomass will increase the consumed energy for drying, and will reduce the pyrolysis 
of biomass. As a general rule, increasing moisture content decreases the conversion [1, 24].

Superficial velocity: The superficial velocity is the ratio of the syngas production rate at normal 
conditions and the narrowest cross-sectional area of gasifier. Lower superficial velocity is 
linked with high yield of char, and large quantities of unburned tars, which may deactivate 
catalyst, plug lines, and destroy compressors. On the other hand, higher superficial velocity 
results in reduced amount of char and low overall process efficiency [24].

Biomass Volume Estimation and Valorization for Energy494



4. Factors affecting on the gasification process

Zhou et al. [34] discussed the ongoing gasification projects taking place in China. The biomass 
gasification units were divided based on scale: small-, medium-, and large-scale biomass gas-
ification and power generation units. Pretreatment of biomass includes size reduction, size 
screening, separation of magnetic materials, and storing as wet biomass. Then prior to gasifi-
cation, drying and storing as dry material are accomplished to reduce the moisture content 
to 10–15% [35]. Feedstock type and feedstock preparation are important factors affecting the 
yield and quality of produced syngas. Shredding and drying are two processes conducted to 
prepare the biomass raw material for gasification process [14]. The main parameters affecting 
the gasification are clarified below:

Equivalence ratio (ER): The equivalence ratio is the air/biomass ratio divided by the theoreti-
cal air/biomass ratio. Increasing ER will decrease the heating value of the produced gas due 
to decreasing H2 and CO concentration and increasing CO2 concentration. Higher ER helps 
in reducing tars and provides more O2 to react with volatiles. Typical values of ER ranges 
between 0.2 and 0.4 [24]. Guo et al. [36] reported that increasing ER decreases the concentration 
of combustible gases (H2, CO, CH4, and CnHm). The heating value was higher than 4 MJ/Nm3 
when ER is kept lower than 0.4. Increasing ER improves the reaction temperature and carbon 
conversion, and reduces the tar yield. For a downdraft stratified gasifier, Wander et al. [29] sug-
gested an equivalence ratio of 0.3:0.35 kg-O2/kg-wood. A higher ratio is required when higher 
heat loss is expected, an equivalence ratio of 2:2.4 kg-air/kg-wood is optimum for producing 
a syngas with low heating value of 4–6 MJ/Nm3. For woody material in a downdraft gasifier, 
Zainal et al. [30] suggested an equivalence ratio of 0.268–0.43 with 0.38 showed optimum value 
(corresponding to a heating value of 5.62 MJ/Nm3). While Sheth and Babu [1] defined that the 
optimum equivalence ratio for wood gasification in Imbert downdraft gasifier is 0.205.

Effect of biomass characteristics: Biomass characteristic is a major factor affecting produced syn-
gas quality. The physical properties that may have major effect are: absolute and bulk density, 
and particulate size. The chemical composition parameters that are of major importance to 
define the syngas [17] quality including volatile matter, moisture content, fixed carbon, ash 
content, and gross calorific value and the ultimate analysis comprises the carbon, oxygen, 
nitrogen, and sulfur of the dry biomass on a weight% [19].

Moisture content: The moisture content can be determined by complete drying of biomass sam-
ple. The moisture content is calculated by subtracting the sample weight after drying from fresh 
sample weight. Maximum allowable moisture content in downdraft gasifier is 40% on dry weight 
basis. Updraft gasifier can handle biomass with higher moisture content. The higher moisture 
content in biomass will increase the consumed energy for drying, and will reduce the pyrolysis 
of biomass. As a general rule, increasing moisture content decreases the conversion [1, 24].

Superficial velocity: The superficial velocity is the ratio of the syngas production rate at normal 
conditions and the narrowest cross-sectional area of gasifier. Lower superficial velocity is 
linked with high yield of char, and large quantities of unburned tars, which may deactivate 
catalyst, plug lines, and destroy compressors. On the other hand, higher superficial velocity 
results in reduced amount of char and low overall process efficiency [24].

Biomass Volume Estimation and Valorization for Energy494

Operating temperature: Operating temperature affects conversion, tar content, gas composi-
tion, gas heating value, and char conversion. To select the optimum temperature, gasifier 
type, and biomass source should be considered. Usually, temperature higher than 800°C 
should be used to obtain high conversion and low tar content in the produced syngas [24]. 
Low temperature is associated with low tar content, low H2 and CO content in the produced 
syngas [12]. Increasing temperature will increase gas yield, hydrogen, heating value, and ash 
agglomeration. To overcome the ash agglomeration problem, practical temperature does not 
exceed 750°C [24].

Gasifying agent: Gasifying agents in use are air, steam, steam/oxygen mixture, and CO2. 
Gasifying agent affects the heating value of the produced syngas. The heating value 
increases with increasing steam content of the gasifying agent, while heating value 
decreases as air increases in the gasifying agent [24]. The steam/oxygen mixture repre-
sents a zero nitrogen-gasifying agent which increase heating value and allow liquefying 
the produced gas after proper treatment [37]. Using almond shells, the lower heating value 
was 5.9–6.7, 6.3–8.4, and 10.9–11.7 MJ/Nm3 using the gasifying agent: 35 wt.% O2 enriched 
air, 50 wt.% O2 enriched air, and steam/oxygen mixture, respectively. Campoy et al. [38] 
reported a heat value of syngas produced from gasification to have an average value of 4–6 
and 9–13 MJ/Nm3 using air and oxygen/steam mixture, respectively. In addition to lower 
efficiency compared to air/steam mixture, enriched oxygen-air requires high capital cost for 
oxygen [38]. The addition of steam will shift toward the reforming reaction and heteroge-
neous gasification reactions.

Residence time: Residence time has a remarkable impact on the composition and produced 
tars. Increasing residence time decreases the fraction of oxygen-containing compounds, 
decreases yield of one and two atomic ring compounds, and increases three and four ring 
compounds [24].

Pressure: Atmospheric and higher pressures are commonly used in gasification process. 
Selecting the optimum pressure depends on the application of the produced syngas. If the 
syngas is used for producing methanol or synthetic auto-fuels, higher pressures are preferred 
to improve the process yield and to reduce tar content. For generating burnable gases, atmo-
spheric pressure should be used [12]. High pressure applications are recommended for large-
scale gasification, while atmospheric pressure is recommended for small-scale gasification 
[35]. High pressure gasification is still not well developed and further research is needed to 
further commercialize such process [39].

Catalyst: Catalyst type is a very important factor affecting gasification quality and produced 
syngas. Catalyst affects the composition of the syngas by manipulating the percentage vol-
ume of hydrogen, carbon dioxide, methane, and carbon monoxide. Optimum catalyst should 
play a role in minimizing the gas content of carbon dioxide and maximizing the gas content 
of hydrogen, carbon monoxide, and methane [40]. The catalyst type and loading on the gas-
ification of cotton stalks and saw dust were studied. The catalysts selected are USY zeolite, 
dolomite, CaO, granulated slag, red brick clay, olivine, and cement kiln dust. The results 
 demonstrate that the cement kiln dust and calcium hydroxide are more effective for increas-
ing the gas yield and decreasing the char yield [8, 10].
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Effect of biomass/steam ratio: Biomass/steam ratio affects hydrogen content in the produced 
syngas. Contradictory reports are found in literature, while Lv et al. [41] reported a positive 
effect on hydrogen content when biomass/steam ratio increases. Lv et al. [33] reported a nega-
tive effect of biomass/steam ratio increase on syngas hydrogen content. This variation can be 
understood by considering that biomass/steam ratio effect is altered according to the entire 
system configuration.

Lower values of biomass/steam ratio shift the reaction to produce more solid carbon and 
methane, since number of moles of steam increases in the feed. While at higher values of 
biomass/steam ratio, Co and H2 are increased in the syngas as carbon and methane produced 
are decreased consequently.

5. Cost of biomass gasification process

The cost of any industrial process is governed by the capital cost and the running cost. 
Selection of best gasifier type depends on cost of fabrication, ease of manufacture, tar content, 
lower heating value, feedstock elasticity, and application of syngas [26]. The fixed bed gasifi-
ers are more suitable for small- and medium-scale applications, while fluidized bed gasifiers 
are suitable for large-scale applications (equivalent to >15 MW) [25]. For example in China 
rice hulls, fluidized bed gasifiers are used in a production scale equivalent to 1–1.2 MW while 
downdraft gasifiers are used in a production scale equivalent to 60–200 kW [42]. The capital 
cost of the gasifier is divided into three items: gasifier and gas cleaning system cost, fuel gas 
utilization equipment cost, and fitting and system construction cost [25]. Cleaning systems 
and removing tars will add a significant cost to the produced syngas, which reduce the fea-
sibility of using syngas in internal combustion engines [12]. Optimizing tar content can be 
achieved by varying the operating conditions and feedstock [43].

Upgrading using catalytic treatment represents the most economical and efficient method for 
syngas upgrading since it provides a way for removing tars and other particulates and con-
verting tars to hydrocarbons [12]. Downdraft gasifier represents a reasonable cost production 
method for generating syngas with low tar content [29]. Especially small gasifiers that has 
proven economic feasibility [27].Wu et al. [44] recommended implementing biomass gasifica-
tion depending on the low biomass price. By comparing different technologies to generate 
electricity based on 1 MW scale, Wu et al. [44] mentioned that the capital cost of fluidized bed 
gasifier system for biomass gasification-power generation system is 60–70% of the capital cost 
of coal power station and much lower compared to the capital cost of conventional power 
station. For producing combustible gases, Bridgwater et al. [45] reported that for syngas pro-
duced from fluidized bed, updraft, and downdraft gasifiers: hydrogen volume percentage 
is 9, 11, and 17%, respectively; CO volume percentage is 14, 24, and 21%, respectively; and 
a heating value of 5.4, 5.5, and 5.7 MJ/Nm3, respectively. The downdraft represents the ideal 
solution to produce combustible (burnable) gases for household uses.

Biomass gasification economics are very sensitive to the scale of produced MW [44]. Leung 
et al. [25] mentioned two disadvantages of small- and medium-size gasifiers: capital cost 
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 limitation that may prevent incorporating important processes like tar removal, and the envi-
ronmental demands imposed by new regulations which is difficult to be met by different bio-
mass gasification technologies. Wu et al. [44] identified 160 kW as a critical scale of biomass 
gasification unit, less than 160 kW biomass gasification units loses the economical attraction. 
Note that 1–5 MW was recommended as the most competitive size for biomass gasification 
unit. Lower than a unit capacity of 160 kW, the price of kWh increases sharply from 0.4 to 1.8 
Yuan RMB/kWh for very small capacities. For unit with capacities higher than 160 Wh, the 
price will decrease gradually as the unit size increases. At the 600 kW capacity, the price will be 
around 0.3 Yuan RMB/kWh; while the price may reach 0.25 for a unit capacity of 1000 kW [44].

It is recommended to conduct gasification at pilot plant scale to mimic large scale to figure out 
the approximate industrial process scale economics [38]. The steam enhances the reforming 
and heterogeneous gasification reactions, the temperature inside the gasifier should be kept 
enough to support such reactions [38]. Combining gasification unit with heat and power gen-
eration systems will improve the economics of the process [3]. Gasification units combined 
with heat and power generation systems are expected to have an overall efficiency of 85% 
compared to a maximum efficiency of 35–55% for conventional power station, in addition to 
a substantial saving in carbon emissions. Total 1000 kg/year of carbon are saved for each MW 
when gasification units hybrid with heat and power generation systems [3].

Downdraft gasifiers are economically competitive even to conventional LPG heating unit. 
Panwar et al. [31] found that replacing LPG heating system with a downdraft wood gasifica-
tion system could save $13,850 US for 3000 h of operation. The payback period of the gasifica-
tion system was only 1100 h. According to the extensive study of literature, the recommended 
gasification process consists of the following steps [13, 17, 19]:

1. Straw collection and preparation (milling and pelletization of straws).

2. Belt conveyor for feeding of the gasifier.

3. Downdraft gasifier.

4. Blower for suction of air and gas produced.

5. Gas cleaning and separation of tars.

6. Gas holder for storage of gas.

7. Gas distribution net.

8. Gas application devices.

9. Gas metering devices.

6. Preliminary techno-economic studies of downdraft gasifier

The aim of this chapter is to illustrate a detailed design of biomass gasification system to 
generate syngas for household applications. The stratified gasifier is selected based on the 
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following parameters: easiness in design and scaling up, and production of syngas with tar 
content lower than that of Imbert gasifier [16–18, 26]. The gasification system comprises of 
a downdraft burnable syngas gasifier followed by a gas cleaning and distributing system. 
Throughout this chapter, the design specification of the downdraft gasifier is presented. This 
system can be used to convert solid agricultural waste to a syngas that is a burnable gas used 
to provide energy requirements for small communities, as shown in Figure 2.

The energy (household) requirements: for 50 families.

The gas demand per day is: 500 m3/day.

The syngas gas will be produced on two batches: Morning and afternoon (each one will last 
for 250 m3/batch).

The first batch will take place from 7 to 10 am.

The second batch will take place from 2 to 5 pm.

The storage unit will hold around 200 m3 gas and accordingly will provide heating require-
ments during the period of nonoperation.

Figure  2. Gasification system for producing burnable gas.
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The system consists of the following units: biomass shredding, grinding unit, gasification 
unit, air controlling system, air heating and gas precooling unit, cyclone (acts like cyclone to 
remove dust), gas cooler, water filter (scrubbing unit), gas distribution system, control sys-
tem, cork filter, and storage tank.

The cost of land required for erection of the plant is not included in this calculation of the 
feasibility study.

7. Conclusions

Gasification represents a viable solution to overcome the energy shortage by developing 
commercial gasification units in rural and off-grid areas. An integrated system comprising a 

No. Object Cost, Egyptian pounds

1 Gasifier with control system 30,000

2 Gas cleaner 10,000

3 Belt conveyor 15,000

4 Milling and pelletization of biomass 50,000

5 Gas holder 15,000

6 Gas distribution system 100 × 500 60,000

7 Gas stoves 100 ×350 35,000

8 Gas meters 100 ×400 40,000

9 Erection 10,000

10 Contingency (10%) 26,000

Total 2,90, 000

$ = 8.5 Egyptian pounds.
Assume that:
Cost of material = 300 L.E/ton
Cost of preparation = 100 L.E/ton
Cost of raw materials = 0.25 ×400 × 360 = 36 000 L.E/year
Labors required = 2 ×1500 = 3000 L.E/month = 3000 ×12 = 36000 L.E/year
Income gas production = 500 m3/day
≈60 kg L.P.G/day
= 60 × 360 = 21,600 Kg/year
= 21,600 × 7 = 151,200 L.E/year
Profit = income − raw material − depreciation
Profit = 151,200 – 36,000 – 36,000 – 29,000 = 49,400
Return on Investment = profit/initial cost
Return on Investment = (49,400/290,000)×100 = 17%
Therefore, the payback period is about 6 years based on the international prices of L.P.G.

Cost of equipment for gasification system.
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gasification-electrical generation method represents an ideal solution from the technical and 
economical points of view.

However, due to the wide varieties of available biomass feedstock, it is recommended to 
manipulate different systems in each location depending on the feedstock, produced syn-
gas, and energy demands. Downdraft gasifier is recommended for small-scale applications 
in rural areas. The co-current nature of air and biomass flow reduces the tar content and 
increases CO and H2 in the produced syngas. The syngas produced from downdraft gasifier 
can be used after a simple purification process in thermal applications. From a cost study, the 
payback period of a gasification system is around 5 years.
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