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Chapter 1

Energy Production from Forest 
Biomass: An Overview
Ana Cristina Gonçalves, Isabel Malico and Adélia M.O. Sousa

Abstract

As long as care is taken regarding stand and forest sustainability, forest 
biomass is an interesting alternative to fossil fuels because of its historical use as 
an energy source, its relative abundance and availability worldwide, and the fact 
that it is carbon-neutral. This study encompasses the revision of the state of the 
sources of forest biomass for energy and their estimation, the impacts on forests 
of biomass removal, the current demand and use of forest biomass for energy, 
and the most used energy conversion technologies. Forests can provide large 
amounts of biomass that can be used for energy. However, as the resources are 
limited, the increasing demand for biomass brings about management challenges. 
Stand structure is determinant for the amount of residues produced. Biomass can 
be estimated with high accuracy using both forest inventory and remote sensing. 
Yet, remote sensing enables biomass estimation and monitoring in shorter time 
periods. Different bioenergy uses and conversion technologies are characterized 
by different efficiencies, which should be a factor to consider in the choice of 
the best suited technology. Carefully analyzing the different options in terms of 
available conversion technologies, end-uses, costs, environmental benefits, and 
alternative energy vectors is of utmost importance.

Keywords: forest stands, forest residues, potential, bioenergy, conversion 
technologies

1. Introduction

In 2017, the world total primary energy supply was 584.98 EJ, having increased 
almost 60% since 1990 [1, 2]. In this period, the share of renewable energy sources 
had a higher increase than that of fossil or nuclear fuels, but it was still relatively low 
in 2017 (13.6%). Of all the renewable energy sources, renewable waste and biomass, 
especially solid biofuels and charcoal, contribute the most to the world renewable 
energy supply (in 2017, 67.9%). At this point, it is important to distinguish between 
traditional and modern biomass. The former refers to noncommercial wood products, 
charcoal, agricultural waste, and animal dung burned in inefficient equipment [3]. 
The promotion of the so-called modern biomass in countries with untapped poten-
tials and the switch from traditional uses to modern ones are of extreme importance 
for a sustainable development.

Forests are of primordial importance to biomass accumulation and availability 
as an energy source because of tree dimensions and their life spans, especially when 
compared to herbaceous and shrubby plants [4]. In what regards forest structures, 
two main classes can be identified in the context of bioenergy: energy plantations 

XIV
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and stands where the main production is woody products. The amount of biomass 
and their effects on system sustainability depend on a set of factors related to stand 
structure, silviculture approaches, and the effects of biomass removal on the system 
resilience.

The evaluation of biomass and residues in a forest area is frequently done with 
forest inventory and/or remote sensing and geographical information systems 
technologies. The accuracy of their estimation is dependent on the methods and 
techniques used, which in turn are area- and scale-dependent.

The goals of the chapter are the characterization and analysis of (i) the current 
demand for biomass for energy generation and its relation with the main biomass-
consuming sectors (Section 2); (ii) the variability of the availability of biomass 
from different stand structures and the effect of its removal in a context of sustain-
able management of the forest stands (Section 3); (iii) the estimation of biomass 
encompassing the analysis of the methods associated to forest inventory, remote 
sensing, and geographical information systems (Section 4); and (iv) the conversion 
of biomass into energy, including the most used technologies and their efficiencies 
(Section 5).

2. Characterization of biomass demand for energy

Primary world energy supply from biofuels and waste was 55.64 EJ in 2017 
[1], 9.5% of the total primary energy supply. The share of these fuels decreased in 
relation to the 1990 value (Figure 1). A contrary tendency has occurred in OECD 
countries, which had 3.3% of their total energy supply met by biofuels and waste in 
1990 and 6.1% in 2017 [1].

Biofuels and waste include a diversity of fuels (e.g., solid biofuels, biogases, 
liquid biofuels, or industrial waste of nonrenewable origin). When only the renew-
able fraction of waste is considered, the share of biofuels and (renewable) waste 
decreases from 9.5 to 9.2% [2]. The global supply of primary solid biofuels was  
48.15 EJ in 2017 [1]. Solid biofuels and charcoal were by far the most consumed 
biomass sources in the world in 2017, because of their importance in developing 

Figure 1. 
Share of biofuels and waste in the world primary energy supply from 1990 to 2017.
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countries (Figure 2) [2]. Their share dropped to around 2/3 in OECD countries, 
where modern uses of biomass are the most significant.

The share of the residential sector in the world consumption of primary solid 
biofuels has been declining in the last decades. However, still more than half of 
the energy coming from primary solid biofuels was consumed worldwide in this 
sector in 2017 (Figure 3) [1]. In that year, the industrial sector was the second 
largest consumer of primary solid biofuels, followed by the power sector. When 
we look at the situation in the OECD countries, the sector that consumed most 
of the primary solid biofuels in 2017 was industry (35%), closely followed by the 
residential sector (32%).

An analysis of the world residential energy consumption (Table 1) shows that in 
2017, biomass and waste were the most used fuels in households, followed by elec-
tricity and natural gas [1]. The biomass and waste demand in the residential sector 
was almost entirely supplied by primary solid biofuels (an exception was China, 
where biogas accounted for 9% of the biomass supply). Primary solid biofuels are 

Figure 2. 
Share of the various biomass sources in the biomass primary energy supply in 2017 in the world and in the 
OECD countries.

Figure 3. 
Share of the various sectors in the world consumption of primary solid biofuels in 2017 in the world and OECD 
countries.
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particularly important in Africa, where they represented 85% of the fuels and energy 
vectors consumed in households in 2017. The reality is very different in developed 
countries, whose households are primarily supplied by electricity or natural gas [1].

Coal Crude 
oil + oil 

products

Natural 
gas

Biofuels 
and 

waste

Other 
renewables

Electricity Heat

World 29.0 11.4 20.1 7.3 0.0 27.3 4.9

Africa 13.1 21.4 18.6 20.9 0.0 26.1 0.0

Asia 
excluding 
China

35.0 15.7 11.7 15.4 0.0 22.1 0.1

China 52.5 5.3 5.7 0.0 0.0 30.0 6.5

Middle East 1.9 25.2 62.7 0.0 0.0 10.1 0.0

Non-OECD 
Americas

8.0 20.1 18.1 0.0 0.0 31.3 22.5

Non-OECD 
Europe and 
Eurasia

19.4 11.1 24.6 1.1 0.0 21.2 22.6

OECD 
Americas

6.4 9.7 43.4 11.2 0.0 27.8 1.5

OECD Asia 
Oceania

19.3 17.2 17.2 6.6 0.1 37.8 1.8

OECD 
Europe

9.8 10.4 30.6 8.9 0.1 34.6 5.7

Table 2. 
Share of world industrial energy consumption by fuel in 2017.

Coal Oil 
products

Natural 
gas

Biofuels 
and waste

Other 
renewables

Electricity Heat

World 3.7 10.4 21.3 34.0 1.6 24.1 4.9

Africa 1.6 4.5 2.9 85.1 0.0 5.8 0.0

Asia 
excluding 
China

1.3 11.7 3.1 67.2 0.2 16.4 0.1

China 14.4 12.7 10.6 23.4 7.8 23.6 7.6

Middle East 0.0 15.1 46.1 0.5 0.2 38.2 0.0

Non-OECD 
Americas

0.1 17.6 14.0 34.7 0.0 33.5 0.0

Non-OECD 
Europe and 
Eurasia

2.9 7.7 41.5 5.9 0.1 14.6 27.3

OECD 
Americas

0.0 7.6 39.6 6.4 0.2 46.2 0.0

OECD Asia 
Oceania

0.6 21.1 27.4 1.8 1.3 45.4 2.3

OECD 
Europe

3.7 11.2 37.4 14.0 1.3 25.3 7.2

Table 1. 
Share of world residential energy consumption by fuel in 2017.

5

Energy Production from Forest Biomass: An Overview
DOI: http://dx.doi.org/10.5772/intechopen.93361

The world relies on fossil fuels to meet its industry energy demand, with coal 
being the most used energy source (Table 2) [1]. In 2017, biomass was the only 
relevant renewable energy source supplying 7.3% of the world’s industrial energy 
consumption. Primary solid biofuels and, in some regions, industrial waste were 
the main types of biomass consumed by the industry.

3. Biomass availability in different stand structures

In general, in forest stands, biomass increases over time [5]. However, biomass 
accumulation is influenced by a set of factors that encompass stand structure, 
species traits, site quality, individual tree interactions, density, and disturbances. 
Stand structure is determined by the regime (high forest or coppice), composi-
tion (pure or mixed), and structure (even-aged or uneven-aged) [6]. Regime 
influences tree and stand growth, with coppice individuals having higher initial 
growth rates than high forest ones, as they use the existing root system [7]. In 
stands with even-aged (one cohort) structure, biomass increases from instal-
lation to old-growth stage [8]. Inversely, in the uneven-aged structure (two or 
more cohorts), biomass ideally remains approximately constant over time [9]. In 
stands with pure composition (one predominant species), biomass accumulation 
depends on the species traits, such as growth and shade tolerance; spatial arrange-
ments (in regular spacing individual trees have similar growing space and growth 
rates); and density (the higher, the smaller the growing space and the growth 
rate per tree) [10, 11]. In mixed stands, biomass accumulation is determined, in 
addition to the aforementioned factors, by the number of species, their propor-
tion, the interactions among species, and the spatial arrangement of the species. 
The biomass stock increases with species traits complementarity, and with spatial 
arrangements that promote facilitation, while it seems less sensitive to the number 
of species [12, 13]. Biomass stocks increase with site quality and complementarity 
among species, due to the increase of the growing space and tree growth rates. 
This increase is related to a higher availability of (i) light [14] or to their comple-
mentary use [14, 15]; (ii) water, which is also affected by crown cover [16]; and 
(iii) nutrients that can also be promoted by species with complementary traits, 
such as N-fixing [17]. Disturbances have two main effects on standing biomass, 
namely their reduction and their reallocation. In general, disturbances whether 
natural (e.g., storms, fires) or artificial (e.g., harvests, thinnings, prunings) 
reduce standing biomass, especially when woody products are exported from the 
stand [18]. As disturbances release growing space, they increase the tree growth 
rate and thus reallocate biomass stocks to the residual trees [19].

In general, the stand structures with the highest potential for biomass for energy 
are those that accumulate the largest biomass in the shortest time. This goal is 
achieved by energy plantations, which are coppice pure even-aged stands of fast-
growing species, managed in high density stands in very short rotations, sometimes 
fertilized and/or irrigated [20, 21]. Yet, other stand structures are also of interest, 
such as the high forest pure or mixed even-aged stands. In these stands, only the 
biomass without quality for timber or without high market value is used for bioen-
ergy, namely dead trees, trees with timber of bad quality, wood of trees species with 
low or very low market price and forest residues (e.g., tops, branches). The amount 
of biomass for energy increases from pure to mixed stands [22]. The least interesting 
stand structures for bioenergy are the high forest pure or mixed uneven-aged stands. 
This is related with the quantities of residues generated in the harvests and espe-
cially the technical difficulties for removing them without damaging the residual 
stand as well as the associated costs [23].
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particularly important in Africa, where they represented 85% of the fuels and energy 
vectors consumed in households in 2017. The reality is very different in developed 
countries, whose households are primarily supplied by electricity or natural gas [1].

Coal Crude 
oil + oil 

products

Natural 
gas

Biofuels 
and 

waste

Other 
renewables

Electricity Heat

World 29.0 11.4 20.1 7.3 0.0 27.3 4.9

Africa 13.1 21.4 18.6 20.9 0.0 26.1 0.0

Asia 
excluding 
China

35.0 15.7 11.7 15.4 0.0 22.1 0.1

China 52.5 5.3 5.7 0.0 0.0 30.0 6.5

Middle East 1.9 25.2 62.7 0.0 0.0 10.1 0.0

Non-OECD 
Americas

8.0 20.1 18.1 0.0 0.0 31.3 22.5

Non-OECD 
Europe and 
Eurasia

19.4 11.1 24.6 1.1 0.0 21.2 22.6

OECD 
Americas

6.4 9.7 43.4 11.2 0.0 27.8 1.5

OECD Asia 
Oceania

19.3 17.2 17.2 6.6 0.1 37.8 1.8

OECD 
Europe

9.8 10.4 30.6 8.9 0.1 34.6 5.7

Table 2. 
Share of world industrial energy consumption by fuel in 2017.

Coal Oil 
products

Natural 
gas

Biofuels 
and waste

Other 
renewables

Electricity Heat

World 3.7 10.4 21.3 34.0 1.6 24.1 4.9

Africa 1.6 4.5 2.9 85.1 0.0 5.8 0.0

Asia 
excluding 
China

1.3 11.7 3.1 67.2 0.2 16.4 0.1

China 14.4 12.7 10.6 23.4 7.8 23.6 7.6

Middle East 0.0 15.1 46.1 0.5 0.2 38.2 0.0

Non-OECD 
Americas

0.1 17.6 14.0 34.7 0.0 33.5 0.0

Non-OECD 
Europe and 
Eurasia

2.9 7.7 41.5 5.9 0.1 14.6 27.3

OECD 
Americas

0.0 7.6 39.6 6.4 0.2 46.2 0.0

OECD Asia 
Oceania

0.6 21.1 27.4 1.8 1.3 45.4 2.3

OECD 
Europe

3.7 11.2 37.4 14.0 1.3 25.3 7.2

Table 1. 
Share of world residential energy consumption by fuel in 2017.
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The world relies on fossil fuels to meet its industry energy demand, with coal 
being the most used energy source (Table 2) [1]. In 2017, biomass was the only 
relevant renewable energy source supplying 7.3% of the world’s industrial energy 
consumption. Primary solid biofuels and, in some regions, industrial waste were 
the main types of biomass consumed by the industry.
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depends on the species traits, such as growth and shade tolerance; spatial arrange-
ments (in regular spacing individual trees have similar growing space and growth 
rates); and density (the higher, the smaller the growing space and the growth 
rate per tree) [10, 11]. In mixed stands, biomass accumulation is determined, in 
addition to the aforementioned factors, by the number of species, their propor-
tion, the interactions among species, and the spatial arrangement of the species. 
The biomass stock increases with species traits complementarity, and with spatial 
arrangements that promote facilitation, while it seems less sensitive to the number 
of species [12, 13]. Biomass stocks increase with site quality and complementarity 
among species, due to the increase of the growing space and tree growth rates. 
This increase is related to a higher availability of (i) light [14] or to their comple-
mentary use [14, 15]; (ii) water, which is also affected by crown cover [16]; and 
(iii) nutrients that can also be promoted by species with complementary traits, 
such as N-fixing [17]. Disturbances have two main effects on standing biomass, 
namely their reduction and their reallocation. In general, disturbances whether 
natural (e.g., storms, fires) or artificial (e.g., harvests, thinnings, prunings) 
reduce standing biomass, especially when woody products are exported from the 
stand [18]. As disturbances release growing space, they increase the tree growth 
rate and thus reallocate biomass stocks to the residual trees [19].

In general, the stand structures with the highest potential for biomass for energy 
are those that accumulate the largest biomass in the shortest time. This goal is 
achieved by energy plantations, which are coppice pure even-aged stands of fast-
growing species, managed in high density stands in very short rotations, sometimes 
fertilized and/or irrigated [20, 21]. Yet, other stand structures are also of interest, 
such as the high forest pure or mixed even-aged stands. In these stands, only the 
biomass without quality for timber or without high market value is used for bioen-
ergy, namely dead trees, trees with timber of bad quality, wood of trees species with 
low or very low market price and forest residues (e.g., tops, branches). The amount 
of biomass for energy increases from pure to mixed stands [22]. The least interesting 
stand structures for bioenergy are the high forest pure or mixed uneven-aged stands. 
This is related with the quantities of residues generated in the harvests and espe-
cially the technical difficulties for removing them without damaging the residual 
stand as well as the associated costs [23].
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Energy plantations’ yield variability seems to be related to site, species, clone, 
climate, density, and rotation. In the literature, a wide range of yields are referred, 
from 0.6 to 50 t ha−1 y−1 [24, 25]. Species and clones’ ecological characteristics are 
expressed by the edaphic and climatic conditions, with yields increasing with site 
quality [26] and water availability [27]. Density and rotation are linked, resulting in 
stands of higher density and shorter rotations [26] or with lower density and longer 
rotations [28].

The viability of removing biomass for energy is linked to stand structure, and 
to environmental, legal, technical, and economic aspects. In energy plantations, 
all aerial biomass is removed [27], while in stands managed for woody products, 
residues are partially removed. The removal proportion ranges from 0 to 80% of the 
above ground biomass [23, 29]. The most frequently used proportions of residues 
removal in relation to above ground biomass range between 13 and 17%, with a 
mean of 15% [29–31]. In even-aged stands, the amounts of residues are larger, so it 
is technically and economically feasible to remove them [23]. Also, spatial distribu-
tion of residues can be scattered in the stand in which case 50% are removed or 
packed where 65% of the residues are removed [30, 32, 33]. In difficult topographic 
conditions, such as steep slopes, collecting residues is technically difficult and 
expensive [34].

The removal of biomass from any forest stand, regardless of their use, has 
always impacts on site and stand productivity and sustainability [35]. Forest 
ecosystems have more or less resilience [36], and management can actively promote 
biomass stocks in the stands [37]. This has led to an ongoing discussion about the 
effects of biomass removal on stand productivity, soil, hydrology, and habitat and 
diversity [38–40]. The impact of the removal of biomass depends on the type of 
biomass removed and their quantity [41]. Biomass removal implies the export, to a 
smaller or larger extent, of nutrients [42, 43]. The larger proportions of nutrients 
are found in the newest tissues, i.e., leaves, twigs, and branches, when compared 
to the oldest, that is, stems or large branches [44, 45]. Thus, removals of stems 
are more sustainable than the all tree harvest [46]. Nutrients’ export is higher in 
coppice than in high forest [45]. Also, the poorer the site, the stronger the nega-
tive effects of biomass residue removal in the soil and stand productivity [41]. 
The latter can be enhanced by maintaining the residues (totally or partially) in the 
stands, especially those with higher nutrient content [43] or alternatively, when 
it is technically and economically feasible, with fertilization with inorganic or 
organic fertilizers [43, 47]. Soil potential productivity is influenced by soil organic 
matter, depending strongly on the inputs (litter) and is species and stand structure-
dependent [48]. In general, high forest stands produce larger amounts of litter 
during more time than coppices, resulting in larger amounts of soil organic matter 
and nutrients, through decomposition [49].

The removal of biomass can contribute to increased runoff and, consequently, 
leaching and erosion [50, 51]. This risk decreases from clear-cut to selective systems 
and with the decrease of residues removal as they have a protection effect on the soil 
[23]. The minimization of the impacts of these three factors can be achieved by the 
maintenance of stumps, reduction of the amount of residues removed, and, when 
possible, compensation fertilization [51].

In general, diversity decreases from high forest mixed uneven-aged to coppice 
pure even-aged stands [17]. The temporal and spatial patterns of biomass removal 
affect differently biodiversity [52]. Biodiversity increases with the increase of rota-
tion length [53] and with the spatial heterogeneity of the removals [7]. The increase 
of biodiversity can have also negative effects on biomass. One example is the 
populations of pest whose breeding material is the biomass residues. This increase 
of diversity is related to a higher risk of pest attacks to living trees. It depends on 
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pest density (increasing with density increase) and tree vigor (increasing with the 
decrease of tree vigor). In this case, if the residues are maintained in that stand, 
their storage in large piles is recommended as the pests colonize more the outer than 
the inner part of the pile, thus decreasing the pest population [54].

4. Biomass estimation

Forest biomass can be estimated at tree or area-level, and the methods can be 
grouped according to the data used.

At tree level biomass can be estimated with direct or indirect methods [55]. 
Biomass estimation with the direct method is based on destructive sampling with 
the determination of the dry weight of biomass, frequently evaluated per com-
ponent: stem, bark, crown (or alternatively branches and leaves) and sometimes 
below ground biomass [56–58]. At tree level, three approaches can be used with 
indirect methods. In the first, biomass is determined with conversion methods, 
usually as function of volume, and wood apparent density [56, 59]. In the second, 
biomass is obtained by allometric functions which were developed with data from 
destructive sampling. These functions frequently have as independent variables 
the diameter at breast height and/or total height [56]. A wide range of allometric 
functions have been developed [60–63]. Yet, as they are specific to the species, 
regime, and site, necessity arises for new biomass functions [25, 64–66]. In the 
third approach, biomass is obtained by fitting functions with data from LiDAR 
high density 3D cloud points, where treetop, crown radii, and crown boundary 
are frequently used as independent variables [67, 68].

At area level, six approaches can be used with indirect methods, all of which 
use, as dependent variable, biomass at plot level (sum of biomass calculated with 
allometric functions at tree level). Forest inventory plot data are frequently used 
[57, 58, 69]. The first approach uses conversion factors based on absolute density 
measures (e.g., volume or number of trees per hectare) with more (exponential) or 
less (coefficient) complex formulas [66, 70]. The second approach uses expansion 
factors, with stand structure, topography, and edaphic and climatic variables as 
independent variables [66, 70, 71]. The third approach uses expansion factors with 
independent variables derived from thematic maps (e.g., stand structure, soil type, 
topographic variables) with k-nearest neighbor methods [57, 72]. In the fourth 
approach, biomass is modeled with independent variables derived from passive 
remote sensing data with several spatial resolutions. The most commonly used 
variables are spectral reflectance, crown diameter and crown horizontal projection 
[73–78], original bands, and/or vegetation indices [79–82]. Among the parametric 
models, the most frequently used are linear regression, both single [80, 83, 84] and 
multiple [80, 83]; and nonlinear regression, power [84–86] and logistic [87]. The 
nonparametric models include regression k-nearest neighbor [88–90], artificial 
neural network [91], regression tree [35, 92, 93], random forest [18, 94–96], sup-
port vector machine [94], and maximum entropy [97]. These functions have been 
developed with satellite imagery of low [98–100], medium [100–103], and high 
[73, 75–77, 104–106] spatial resolution. In the fifth approach, biomass is modeled 
with data from Synthetic Aperture Radar (SAR) with bagging stochastic gradient 
boosting algorithms, backscattering amplitudes, and multivariate linear regression 
[107–109]. L or P bands are better suited for forests with high level of biomass, 
while X and C bands for those with low biomass [109, 110]. In the sixth approach, 
biomass is modeled with data derived from LiDAR metrics of horizontal (crown 
cover) and vertical (mean, standard deviation, and percentiles of height) with 
linear regression, k most similar neighbors, and random forest [109, 111, 112].
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pest density (increasing with density increase) and tree vigor (increasing with the 
decrease of tree vigor). In this case, if the residues are maintained in that stand, 
their storage in large piles is recommended as the pests colonize more the outer than 
the inner part of the pile, thus decreasing the pest population [54].

4. Biomass estimation

Forest biomass can be estimated at tree or area-level, and the methods can be 
grouped according to the data used.

At tree level biomass can be estimated with direct or indirect methods [55]. 
Biomass estimation with the direct method is based on destructive sampling with 
the determination of the dry weight of biomass, frequently evaluated per com-
ponent: stem, bark, crown (or alternatively branches and leaves) and sometimes 
below ground biomass [56–58]. At tree level, three approaches can be used with 
indirect methods. In the first, biomass is determined with conversion methods, 
usually as function of volume, and wood apparent density [56, 59]. In the second, 
biomass is obtained by allometric functions which were developed with data from 
destructive sampling. These functions frequently have as independent variables 
the diameter at breast height and/or total height [56]. A wide range of allometric 
functions have been developed [60–63]. Yet, as they are specific to the species, 
regime, and site, necessity arises for new biomass functions [25, 64–66]. In the 
third approach, biomass is obtained by fitting functions with data from LiDAR 
high density 3D cloud points, where treetop, crown radii, and crown boundary 
are frequently used as independent variables [67, 68].

At area level, six approaches can be used with indirect methods, all of which 
use, as dependent variable, biomass at plot level (sum of biomass calculated with 
allometric functions at tree level). Forest inventory plot data are frequently used 
[57, 58, 69]. The first approach uses conversion factors based on absolute density 
measures (e.g., volume or number of trees per hectare) with more (exponential) or 
less (coefficient) complex formulas [66, 70]. The second approach uses expansion 
factors, with stand structure, topography, and edaphic and climatic variables as 
independent variables [66, 70, 71]. The third approach uses expansion factors with 
independent variables derived from thematic maps (e.g., stand structure, soil type, 
topographic variables) with k-nearest neighbor methods [57, 72]. In the fourth 
approach, biomass is modeled with independent variables derived from passive 
remote sensing data with several spatial resolutions. The most commonly used 
variables are spectral reflectance, crown diameter and crown horizontal projection 
[73–78], original bands, and/or vegetation indices [79–82]. Among the parametric 
models, the most frequently used are linear regression, both single [80, 83, 84] and 
multiple [80, 83]; and nonlinear regression, power [84–86] and logistic [87]. The 
nonparametric models include regression k-nearest neighbor [88–90], artificial 
neural network [91], regression tree [35, 92, 93], random forest [18, 94–96], sup-
port vector machine [94], and maximum entropy [97]. These functions have been 
developed with satellite imagery of low [98–100], medium [100–103], and high 
[73, 75–77, 104–106] spatial resolution. In the fifth approach, biomass is modeled 
with data from Synthetic Aperture Radar (SAR) with bagging stochastic gradient 
boosting algorithms, backscattering amplitudes, and multivariate linear regression 
[107–109]. L or P bands are better suited for forests with high level of biomass, 
while X and C bands for those with low biomass [109, 110]. In the sixth approach, 
biomass is modeled with data derived from LiDAR metrics of horizontal (crown 
cover) and vertical (mean, standard deviation, and percentiles of height) with 
linear regression, k most similar neighbors, and random forest [109, 111, 112].
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The use of allometric functions at tree level is the most accurate indirect method. 
Yet, it has the disadvantage of being species-, regime-, and site-specific and labor-
demanding [55]. The use of conversion and expansion factors is less labor-demanding, 
and in large areas it can be accurate enough, but accuracy decreases with the increase 
of stand variability [66, 70, 71]. The reduction of pixel size and area increases the 
accuracy of expansion factors with remote sensing data [72, 112]. This approach has 
the advantages of allowing automatic mapping and working at several spatial resolu-
tions. The disadvantages are related with large pixel sizes, different dimensions of 
pixel and plot sizes, and poor correlation between remote sensing data and biomass 
[72]. The accuracy of biomass functions derived from passive sensors data increases 
with the increase of their spatial resolution and homogeneity of the stand structure 
and topographic, edaphic, and climatic conditions [109, 113]. Some shortcomings 
have been pointed out to the use of passive sensor data. Examples are saturation and/
or the impossibility of their use under certain weather conditions, such as clouds 
[109, 111, 113]. These limitations are overcome by LiDAR [109, 114], but not by SAR, 
which also presents signal saturation for high biomass [110, 113, 115]. Biomass func-
tions derived from LiDAR data and their raster maps are accurate, especially those 
from Airborn Laser Scanning data [116, 117].

The combination of data from several passive and/or active sensors has been 
used with several statistical methods to improve the accuracy of biomass estimates. 
Examples are SPOT and LiDAR data [118], LiDAR and Landsat [113, 119], RaDAR 
and Sentinel 1 and 2 [95], SAR and Landsat [120, 121], LiDAR and hyperspectral 
[122], LiDAR and RaDAR [123], Geoscience Laser Altimeter System (GLAS) and 
Modis [124]; LiDAR and airborne imagery of very high spatial resolution image 
[125], or Sentinel 1 (SAR) and Sentinel 2 [126, 127].

5. Conversion of forest biomass into energy

Forest biomass is most commonly converted into energy by thermochemical 
processes, combustion being the most mature and widely used [128, 129]. The 
two other conversion routes that are commercially available are gasification and 
pyrolysis. They transform forest biomass into biofuels. Other primary conversion 
routes are possible but are still at a less developed stage. When biomass is converted 
into power, secondary conversion technologies are needed. Of these, conventional 
steam turbines are the most used [130, 131], but depending on the primary conver-
sion technology or the end-use, other technologies commercially available may be 
more appropriate (e.g., organic Rankine cycles or internal combustion engines). A 
general description of biomass conversion technologies is outside the scope of this 
chapter, but readers should refer, for example, to [131–133] for more information.

Although forest biomass can be used to produce fuels for the transport sector, as 
referred above, currently it is mostly converted to heat and/or to electricity and it is 
used in the residential, industrial, and energy sectors [1]. The next sections describe 
the conversion technologies most frequently used in these sectors.

5.1 Residential sector

As already seen in Section 2, at the world level, energy from solid biomass is 
mostly used in the residential sector. In developing countries, solid biomass is 
often used in households for heating and cooking with the use of very inefficient 
equipment while in developed countries, it is almost exclusively used for heating 
purposes [134]. The supply of bioenergy to households by district heating is also 
common in some countries [135] and will be described in Section 5.3.
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Cooking is not the activity that consumes the most energy worldwide, but it 
is the most universal residential energy service, and therefore, it is of particular 
importance [136]. In developed countries, the use of biomass for cooking is not 
common and is associated with luxury [134]. In developing countries, however, 
cooking is the primary residential use of solid fuels (biomass and coal) [134]. 
Open fires and inefficient traditional cookstoves are the technologies usually 
used [137]. Examples of common wood-fired cookstoves are 3-stone fires, 
semi-open cookstoves, traditional hearths or rocket stoves [134]. Their efficien-
cies range from around 10% for open fires to around 40% for improved types of 
stoves [134, 138–140]. The traditional use of biomass results in severe negative 
impacts on human health [137, 141, 142], and, therefore, strategies to mitigate 
health risks are of utmost importance. The development, promotion, and dis-
semination of improved wood-fired cookstoves are important but have proved to 
be of limited success [137].

Globally, space and water heating are the most energy-consuming activities 
in the residential sector [143]. In most developing countries, however, space 
heating is not the main use of energy in households, because of geography and 
climate (typically in these countries, most energy is spent for cooking) [144]. 
Open fires and traditional stoves are used for heating in lower-income house-
holds in developing countries. In cold regions, the same equipment that is used 
for cooking is frequently used for space heating [142]. The energy efficiencies are 
low, and the negative impacts on human health are high. In developed countries, 
in general, wood is not the most used fuel for space and water heating. However, 
today, wood heating is still popular in many cold and temperate climate zones 
[134]. There is a big diversity of biomass-fired equipment used to produce heat. 
Open fireplaces, stoves, furnaces, and boilers are examples of frequently used 
equipment [132, 145]. They can produce heat locally (the case of small-size 
fireplaces) or centrally (the case of biomass-fired central heating systems). 
The conversion efficiencies is very diverse, depending on the way biomass is 
converted to energy. The use of inefficient fireplaces leads to efficiencies lower 
than 20% [146], while modern wood pellet boilers are very efficient, presenting 
efficiencies above 90% [147].

5.2 Industrial sector

Industry is the sector that consumes most solid biomass in OECD coun-
tries, while globally, it is the second largest final use of biomass (Figure 3). 
Nonetheless, there is still an untapped potential to increase the use of solid 
biomass in industry, but economic viability, high investment costs, guarantee of 
feedstock, and security of supply are factors that often hamper the investment in 
bioenergy [148]. The sector is very diverse both in terms of industrial processes 
and energy conversion technologies used, and, consequently, developing global 
strategies to promote biomass use in the industry is a difficult task [148]. Solid 
biofuels can provide the full range of temperatures needed by the industry, 
which some other renewable energy sources cannot [149]. Therefore, channeling 
biomass into high-temperature industrial processes seems to be a good strategy 
in terms of greenhouse gas emission reduction (for instance, the residential 
sector requires low temperature heat, and, therefore, this is a sector where other 
renewable energy sources can easily penetrate). The share of bioenergy in the 
different industrial sectors and countries is very uneven, but one can say that it 
is essentially used to produce process heat and combined heat and power (CHP). 
Boilers, dryers, kilns, furnaces, and ovens are typical biomass-fired process heat 
generators [150–163]. The most popular technologies for heat generation in the 
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accuracy of expansion factors with remote sensing data [72, 112]. This approach has 
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steam turbines are the most used [130, 131], but depending on the primary conver-
sion technology or the end-use, other technologies commercially available may be 
more appropriate (e.g., organic Rankine cycles or internal combustion engines). A 
general description of biomass conversion technologies is outside the scope of this 
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Although forest biomass can be used to produce fuels for the transport sector, as 
referred above, currently it is mostly converted to heat and/or to electricity and it is 
used in the residential, industrial, and energy sectors [1]. The next sections describe 
the conversion technologies most frequently used in these sectors.
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As already seen in Section 2, at the world level, energy from solid biomass is 
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often used in households for heating and cooking with the use of very inefficient 
equipment while in developed countries, it is almost exclusively used for heating 
purposes [134]. The supply of bioenergy to households by district heating is also 
common in some countries [135] and will be described in Section 5.3.

9

Energy Production from Forest Biomass: An Overview
DOI: http://dx.doi.org/10.5772/intechopen.93361

Cooking is not the activity that consumes the most energy worldwide, but it 
is the most universal residential energy service, and therefore, it is of particular 
importance [136]. In developed countries, the use of biomass for cooking is not 
common and is associated with luxury [134]. In developing countries, however, 
cooking is the primary residential use of solid fuels (biomass and coal) [134]. 
Open fires and inefficient traditional cookstoves are the technologies usually 
used [137]. Examples of common wood-fired cookstoves are 3-stone fires, 
semi-open cookstoves, traditional hearths or rocket stoves [134]. Their efficien-
cies range from around 10% for open fires to around 40% for improved types of 
stoves [134, 138–140]. The traditional use of biomass results in severe negative 
impacts on human health [137, 141, 142], and, therefore, strategies to mitigate 
health risks are of utmost importance. The development, promotion, and dis-
semination of improved wood-fired cookstoves are important but have proved to 
be of limited success [137].

Globally, space and water heating are the most energy-consuming activities 
in the residential sector [143]. In most developing countries, however, space 
heating is not the main use of energy in households, because of geography and 
climate (typically in these countries, most energy is spent for cooking) [144]. 
Open fires and traditional stoves are used for heating in lower-income house-
holds in developing countries. In cold regions, the same equipment that is used 
for cooking is frequently used for space heating [142]. The energy efficiencies are 
low, and the negative impacts on human health are high. In developed countries, 
in general, wood is not the most used fuel for space and water heating. However, 
today, wood heating is still popular in many cold and temperate climate zones 
[134]. There is a big diversity of biomass-fired equipment used to produce heat. 
Open fireplaces, stoves, furnaces, and boilers are examples of frequently used 
equipment [132, 145]. They can produce heat locally (the case of small-size 
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strategies to promote biomass use in the industry is a difficult task [148]. Solid 
biofuels can provide the full range of temperatures needed by the industry, 
which some other renewable energy sources cannot [149]. Therefore, channeling 
biomass into high-temperature industrial processes seems to be a good strategy 
in terms of greenhouse gas emission reduction (for instance, the residential 
sector requires low temperature heat, and, therefore, this is a sector where other 
renewable energy sources can easily penetrate). The share of bioenergy in the 
different industrial sectors and countries is very uneven, but one can say that it 
is essentially used to produce process heat and combined heat and power (CHP). 
Boilers, dryers, kilns, furnaces, and ovens are typical biomass-fired process heat 
generators [150–163]. The most popular technologies for heat generation in the 
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industrial sector are combustion boilers [131], which include fixed bed, bubbling 
fluidized bed, and circulating fluidized combustion [148]. The efficiencies of 
the former are in the range of 60–90%, while that of fluidized bed boilers are in 
the range of 75–92% [164]. CHP systems are also widely used in some industrial 
sectors, such as the pulp, food, and chemical industries [165], mostly integrat-
ing conventional steam turbines as secondary conversion technology [130, 131]. 
Their capacities typically range from 1 to 50 MWe [131, 166], electrical efficien-
cies from 15 to 35% [131], and overall efficiencies are above 80% [167, 168]. 
Co-firing with coal (described in the next section) is also used in some industrial 
sectors [169].

5.3 Energy sector

Biomass use for electricity generation is well developed, biofuels often 
being co-fired with coal [170]. Most systems are based on fixed or fluidized 
bed technologies used in a steam turbine cycle, pulverized boilers also being 
commonly used [171]. Large biomass-fired power plants with capacities of the 
order of 50 MWe have efficiencies of around 40%, while smaller plants typically 
have efficiencies of 20–30% [132]. Generally, biomass power plants are smaller 
than coal ones because of local feedstock availability. Co-firing with coal in 
coal-fired power plants is a possibility that allows for the use of larger capacities 
(and efficiencies). This cost-effective strategy results in a reduction of the GHG 
emissions from conventional solid fuel power plants and is a low-risk option for 
the production of bio-power [170, 171].

In conventional power plants, the rejected heat is wasted, and the overall 
efficiency is low. If this heat is used (CHP) and distributed in district heating 
networks, the overall efficiency of the energy conversion is much higher. Market 
penetration of (biomass) district heating systems is quite different depending 
on the country. In the countries where district heating (independent of the 
energy carrier used) is more popular, it provides heat to around half of building 
stocks [135]. It is in the European Union that most CHP biomass-fired district 
heating plants are in operation [135, 172]. Some biomass heat-only plants 
also exist but are relevant for small-scale district heating systems [173]. The 
technologies used are similar to the ones used for indirect heating in industrial 
applications.

6. Conclusions

Forests can provide large amounts of biomass, which can be used for energy 
generation. The increasing demand of forest biomass for energy brings about 
management challenges since biomass is a limited resource. The amount of residues 
produced is dependent on stand structure, with pure even-aged stands providing 
more biomass than mixed uneven-aged ones. Energy plantations have the highest 
potential for biomass for energy. Biomass can be estimated with high accuracy using 
both forest inventory and remote sensing. Yet, remote sensing enables biomass 
estimation and monitoring in shorter time periods than the forest inventories. 
Forest biomass can be converted into energy using distinct technologies and cover 
different end-uses, resulting in different overall efficiencies. Important variables 
to be considered when choosing the best suited biomass technology are efficiency, 
economic feasibility, and environmental benefits. This choice is not unique and 
is dependent on the region, facts that pose challenges in the management of the 
biomass supply chains.
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Chapter 2

The Potential of Sentinel-2 
Satellite Images for Land-Cover/
Land-Use and Forest Biomass 
Estimation: A Review
Crismeire Isbaex and Ana Margarida Coelho

Abstract

Mapping land-cover/land-use (LCLU) and estimating forest biomass using satellite 
images is a challenge given the diversity of sensors available and the heterogeneity 
of forests. Copernicus program served by the Sentinel satellites family and the 
Google Earth Engine (GEE) platform, both with free and open services accessible 
to its users, present a good approach for mapping vegetation and estimate forest 
biomass on a global, regional, or local scale, periodically and in a repeated way. 
The Sentinel-2 (S2) systematically acquires optical imagery and provides global 
monitoring data with high spatial resolution (10–60 m) images. Given the novelty 
of information on the use of S2 data, this chapter presents a review on LCLU maps 
and forest above-ground biomass (AGB) estimates, in addition to exploring the 
efficiency of using the GEE platform. The Sentinel data have great potential for 
studies on LCLU classification and forest biomass estimates. The GEE platform is a 
promising tool for executing complex workflows of satellite data processing.

Keywords: GEE, forest classifiers, accuracy, mapping

1. Introduction

In the last decades, remote sensing techniques have been applied in several studies 
of monitoring and classification of agricultural, forest, environmental, and socioeco-
nomic resources [1–5]. The information extracted by a set of sensors can offer informa-
tion on growth, vigor, dynamics, and diversity of vegetation cover [6–8]. In the LCLU 
classification and forest biomass estimation studies, the proper selection of the sensor 
is crucial, given the variation of spatial, radiometric, spectral, and temporal resolu-
tions available [9]. For these studies, the use of Sentinel-2 images and a free processing 
platform lack information about the advantages and disadvantages between different 
landscapes, classification methods, and biomass estimation models.

In this way, this chapter is organized as follows: Section 2 present the satellites 
image classification and the potential of the Sentinel-2 satellites; Section 3 describes 
forest LCLU maps and the assessment of accuracy; Section 4 presents the GEE plat-
form, advantages, and disadvantages; Section 5 describes the estimative of biomass 
via remote sensing; and Section 6 concludes with a platform performance overview 
and an outlook for the future.
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2. The potential of image classification and the Sentinel-2 satellite

The recognition of different LCLU by remote sensing is a key parameter in the 
application and assessment of socioeconomic and environmental changes at local, 
regional, and global scales. The accurate and reliable LCLU mapping, represented 
by a thematic map, can be obtained through the satellite images classification [10]. 
In studies with a focus on forest resources, forest classification provides useful 
information in various decision-making processes for forest planning and manage-
ment [11]. On a map, this classification becomes essential for the implementation 
of monitoring studies of natural and/or artificial forests, offering support in the 
assessment of forest protection, ecology, and quantification of carbon and biomass 
at different scales. In this way, data from several sensors that operate in the optical 
range of the electromagnetic spectrum enabled important advances in the methods 
of mapping and monitoring different vegetation covers.

Since the launch of the first terrestrial resource satellite in the 1950s, the analysis 
of vegetation data via remote sensing has been improved with advances in technol-
ogy. Currently, images obtained, for example, by Landsat, SPOT, MODIS, AVHRR, 
ASTER, CBERS QuickBird, IKONOS, WorldView, RapidEye, Radar, LiDAR, ALOS 
PALSAR, and Sentinel, can produce thematic maps. In the vegetation classification 
process, the selection of satellite images depends on factors such as the objective of 
the study, availability of images, cost, level of diversity in the types of cultures, and 
extension of the study area [12]. In general, radar data are used to model the vertical 
structure of a forest and data from the multispectral optical sensors are the most used 
in the literature to model the horizontal structure of vegetation [13]. Multispectral 
sensors are capable of capturing vegetation characteristics, such as species composi-
tion, canopy cover, growth stage, and health of some forest stands [13]. Thus, dif-
ferent spatial, spectral, and temporal parameters that allow the extraction of robust, 
consistent, and comparable long-term data series must be taken into account due to the 
better cost-benefit ratio [14, 15]. In summary, some of the sensors used for monitor-
ing vegetation were listed in Table 1. More information about the costs for satellite 
imagery can be found in http://www.landinfo.com. The sensors with medium and high 
spatial resolution differ in terms of the number of bands, temporal resolution, scale, 
and costs. Depending on the classification objective, the scale is a factor to consider, 
because, when choosing a sensor with a high spatial resolution (<5 m), the cost and 
complexity of the classification can increase [16]. In addition, with a larger set of data 
with spectral variability for the same class, the training time can affect the computa-
tional cost [17]. Thus, the spatial resolution must be considered as an important factor, 
because it must be adequate to the size of the object to be identified [16]. With images 
from S2, it was observed that the fragmented elements of the landscape decreased the 
accuracy of the classification by using the spatial resolution of 10 m, due to increased 
bias resulting from the total composition of pixels at the fragment edges [11].

In multispectral images, vegetation analysis can be obtained by reflectance 
information resulting from different wavelength bands [visible (VIS), near-infra-
red (NIR), and short-wave infrared (SWIR)]. The reflectance of the light spectra 
emits different signals according to the biophysical variables of the vegetation [18]. 
Among the wavelengths, the emissivity (equivalent to the absorption capacity 
in the thermal wave range) most used in the analysis of vegetation is in the near 
and middle regions of the infrared [19]. Various combinations of bands have been 
studied over decades to derive the biophysical variables of vegetation, resulting in a 
range of vegetation indices (VIs). In the LCLU classification, VIs are used to extract 
quantitative information from the contrast of intrinsic characteristics of spectral 
reflectance of vegetation [20]. VIs are useful to characterize the vigor of vegeta-
tion, pigments, sugar content and carbohydrates, high plant temperature levels, 
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2. The potential of image classification and the Sentinel-2 satellite

The recognition of different LCLU by remote sensing is a key parameter in the 
application and assessment of socioeconomic and environmental changes at local, 
regional, and global scales. The accurate and reliable LCLU mapping, represented 
by a thematic map, can be obtained through the satellite images classification [10]. 
In studies with a focus on forest resources, forest classification provides useful 
information in various decision-making processes for forest planning and manage-
ment [11]. On a map, this classification becomes essential for the implementation 
of monitoring studies of natural and/or artificial forests, offering support in the 
assessment of forest protection, ecology, and quantification of carbon and biomass 
at different scales. In this way, data from several sensors that operate in the optical 
range of the electromagnetic spectrum enabled important advances in the methods 
of mapping and monitoring different vegetation covers.

Since the launch of the first terrestrial resource satellite in the 1950s, the analysis 
of vegetation data via remote sensing has been improved with advances in technol-
ogy. Currently, images obtained, for example, by Landsat, SPOT, MODIS, AVHRR, 
ASTER, CBERS QuickBird, IKONOS, WorldView, RapidEye, Radar, LiDAR, ALOS 
PALSAR, and Sentinel, can produce thematic maps. In the vegetation classification 
process, the selection of satellite images depends on factors such as the objective of 
the study, availability of images, cost, level of diversity in the types of cultures, and 
extension of the study area [12]. In general, radar data are used to model the vertical 
structure of a forest and data from the multispectral optical sensors are the most used 
in the literature to model the horizontal structure of vegetation [13]. Multispectral 
sensors are capable of capturing vegetation characteristics, such as species composi-
tion, canopy cover, growth stage, and health of some forest stands [13]. Thus, dif-
ferent spatial, spectral, and temporal parameters that allow the extraction of robust, 
consistent, and comparable long-term data series must be taken into account due to the 
better cost-benefit ratio [14, 15]. In summary, some of the sensors used for monitor-
ing vegetation were listed in Table 1. More information about the costs for satellite 
imagery can be found in http://www.landinfo.com. The sensors with medium and high 
spatial resolution differ in terms of the number of bands, temporal resolution, scale, 
and costs. Depending on the classification objective, the scale is a factor to consider, 
because, when choosing a sensor with a high spatial resolution (<5 m), the cost and 
complexity of the classification can increase [16]. In addition, with a larger set of data 
with spectral variability for the same class, the training time can affect the computa-
tional cost [17]. Thus, the spatial resolution must be considered as an important factor, 
because it must be adequate to the size of the object to be identified [16]. With images 
from S2, it was observed that the fragmented elements of the landscape decreased the 
accuracy of the classification by using the spatial resolution of 10 m, due to increased 
bias resulting from the total composition of pixels at the fragment edges [11].

In multispectral images, vegetation analysis can be obtained by reflectance 
information resulting from different wavelength bands [visible (VIS), near-infra-
red (NIR), and short-wave infrared (SWIR)]. The reflectance of the light spectra 
emits different signals according to the biophysical variables of the vegetation [18]. 
Among the wavelengths, the emissivity (equivalent to the absorption capacity 
in the thermal wave range) most used in the analysis of vegetation is in the near 
and middle regions of the infrared [19]. Various combinations of bands have been 
studied over decades to derive the biophysical variables of vegetation, resulting in a 
range of vegetation indices (VIs). In the LCLU classification, VIs are used to extract 
quantitative information from the contrast of intrinsic characteristics of spectral 
reflectance of vegetation [20]. VIs are useful to characterize the vigor of vegeta-
tion, pigments, sugar content and carbohydrates, high plant temperature levels, 
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and abiotic/biotic stress levels, among others [21]. Thus, VIs have become com-
monly applied because of computationally simple analysis of vegetation on global, 
regional, or local scales [20].

The forest classification is a complex task, and searching for information using 
individual bands can result in low accuracy models. The model input data can be 
represented by spectral bands combined with auxiliary bands (vegetation indices), 
the use of image transformation algorithms, such as principal component analysis 
(PCA), and image textures [13]. The combination between them helps to distin-
guish complex vegetation arrangements, improving thematic area estimates [13]. 
The vegetation indices are mathematical functions that combine two or more spec-
tral bands [22]. The use of vegetation indices is widely discussed in the literature 
because they improve the classification accuracy. The VIs can reduce atmospheric 
interference and better distinguish the vegetation characteristics such as plant 
vigor, water content, sensitivity to lignin, and forest above-ground biomass (alive 
or dead) [23, 24]. The normalized difference vegetation index (NDVI) has been 
used for many years in classification studies, due to its high correlation with photo-
synthetically active vegetation and sensitivity to discriminate between vegetation, 
nonvegetation, wet, and dry areas [5, 21, 23–25].

The texture data are also important in classification studies, as it contains 
information of groups of pixels with similar intensity properties describing the 
distribution and spatial arrangement of repetitions of tones. It has been used in 
the quantification of the variability of pixels in a neighborhood [26]. The texture 
information explores information such as crown-internal shadows, size and crown 
shape, in coarser scales [18]. Several studies point out that the integration of texture 
measures increase the classification accuracy by improving the separability between 
classes through reducing the spectral confusion effects between spectrally similar 
classes [10, 27]. The incorporation of texture metrics can improve classification 
accuracy by up to 10 to 15% [18]. Textural information can be derived from various 
methods that use multiple functions of image bands in different window sizes [21]. 
The methods can be categorized into four main groups being based on structure, 
statistics, model, and transformation. As an example, we can mention the local sta-
tistics (that describe the moments of a neighborhood of individual pixels in a region 
of the image) and the measures of the gray level co-occurrence matrix (GLCM) 
(statistics set that characterize the distance and the angular relationships between 
pixels) [28]. In the LCLU classification, second-order GLCM texture measures have 
been the most used textural characteristics for characterizing the relative frequen-
cies between the brightness values of two pixels connected by a spatial relationship 
[29]. However, studies that incorporate the combination of vegetation indices with 
image texture measurements may contribute more to improvements in classifica-
tion accuracy than when they are used separately [18].

There are different classification approaches; a class can be represented based on 
classifiers pixel by pixel [30], per object [30], and per sub-pixel [31]. In the pixel-
by-pixel classification, only spectral information of each pixel is used separately, 
to represent a certain class [30]. In object classification, the image segmentation is 
performed based on a group of pixels with similar properties, in which the algo-
rithm examines the texture and the spectral response of the object as a basic unit, 
instead of individualized pixels [19]. The sub-pixel mode consists of identifying 
within a pixel the proportion of each type of LCLU, modifying a classification in a 
resolution with clear limits, without assigning mixed pixels to a dominant class [31].

In the LCLU mapping, the right choice of a classification method is essen-
tial to obtain good accuracy of representing the thematic map in an image [9]. 
Traditionally, the classification methods used can be supervised or unsupervised 
classification [32]. In particular, in supervised classification, it can be applied 
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parametric (e.g., linear and multiple) and nonparametric [e.g., the nearest neighbor K 
(K-NN), artificial neural network (RNA), random forest (RF), decision trees (DT), 
and support vector machines (SVM)] models [13, 33]. In the parametric models, 
the results are restricted, for example, to unimodal data, by assuming a relationship 
between the dependent and independent variables with an explicit model structure 
[13]. However, the nonparametric supervised classification has been the most used 
method in classification studies based on remote sensing data due to the more 
robust approach [33]. Thus, the supervised classification based on machine learning 
achieves better overall accuracy, due to the ability to deal with heterogeneous images, 
such as forest scenery [34–36]. Based on the training samples defined by the user, the 
algorithm searches for pixels belonging to each class [30]. The classifiers learn from 
the database and are efficient in identifying the nonlinearity of the data, noise in the 
samples, and can use less computation time [34].

In special, the Sentinel-2A (S2) launched in 2015, result from the Earth obser-
vation mission developed by the European Space Agency (ESA) as part of the 
Copernicus program, has been designed to support global monitoring for environ-
ment and security (GMES) [37]. The Sentinel-2 wide swath high-resolution Multi-
Spectral Instrument system (MSI) aims to obtain information on the monitoring and 
management of terrestrial surface and provides continuity of the SPOT and Landsat 
missions [37]. With the wide coverage (swath width of 290 km) and minimum 5-day 
global revisit time (with twin satellites in orbit), the sensor becomes an extremely 
useful monitoring product for studies such as LCLU changes and environmental 
impacts [23]. The main level 2A output allows the use of orthoimage with corrected 
reflectance at the bottom-of-atmosphere (BOA) [38]. The MSI from optical sensor 
has 13 spectral bands, with three spatial resolutions, four bands with 10 m, includ-
ing visible and near-infrared (NIR), six bands with 20 m, including four red-edge 
bands, two in the SWIR region, and three bands with 60 m (Figure 1) [39, 40].

The multispectral S2 data have several advantages over monitoring satellites avail-
able. In particular, Landsat and Sentinel-2 data are now frequently used in monitor-
ing and management studies, to meet the demand for attributes scale data with easy 
access [16]. The S2 has red-edge spectral bands of longer wavelength range, essential 
in vegetation analysis [41]. In addition, the spatial resolution of this satellite can be 

Figure 1. 
Multispectral bands of the Sentinel-2 in 10, 20, and 60 m spatial resolution and their wavelengths.
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and abiotic/biotic stress levels, among others [21]. Thus, VIs have become com-
monly applied because of computationally simple analysis of vegetation on global, 
regional, or local scales [20].

The forest classification is a complex task, and searching for information using 
individual bands can result in low accuracy models. The model input data can be 
represented by spectral bands combined with auxiliary bands (vegetation indices), 
the use of image transformation algorithms, such as principal component analysis 
(PCA), and image textures [13]. The combination between them helps to distin-
guish complex vegetation arrangements, improving thematic area estimates [13]. 
The vegetation indices are mathematical functions that combine two or more spec-
tral bands [22]. The use of vegetation indices is widely discussed in the literature 
because they improve the classification accuracy. The VIs can reduce atmospheric 
interference and better distinguish the vegetation characteristics such as plant 
vigor, water content, sensitivity to lignin, and forest above-ground biomass (alive 
or dead) [23, 24]. The normalized difference vegetation index (NDVI) has been 
used for many years in classification studies, due to its high correlation with photo-
synthetically active vegetation and sensitivity to discriminate between vegetation, 
nonvegetation, wet, and dry areas [5, 21, 23–25].

The texture data are also important in classification studies, as it contains 
information of groups of pixels with similar intensity properties describing the 
distribution and spatial arrangement of repetitions of tones. It has been used in 
the quantification of the variability of pixels in a neighborhood [26]. The texture 
information explores information such as crown-internal shadows, size and crown 
shape, in coarser scales [18]. Several studies point out that the integration of texture 
measures increase the classification accuracy by improving the separability between 
classes through reducing the spectral confusion effects between spectrally similar 
classes [10, 27]. The incorporation of texture metrics can improve classification 
accuracy by up to 10 to 15% [18]. Textural information can be derived from various 
methods that use multiple functions of image bands in different window sizes [21]. 
The methods can be categorized into four main groups being based on structure, 
statistics, model, and transformation. As an example, we can mention the local sta-
tistics (that describe the moments of a neighborhood of individual pixels in a region 
of the image) and the measures of the gray level co-occurrence matrix (GLCM) 
(statistics set that characterize the distance and the angular relationships between 
pixels) [28]. In the LCLU classification, second-order GLCM texture measures have 
been the most used textural characteristics for characterizing the relative frequen-
cies between the brightness values of two pixels connected by a spatial relationship 
[29]. However, studies that incorporate the combination of vegetation indices with 
image texture measurements may contribute more to improvements in classifica-
tion accuracy than when they are used separately [18].

There are different classification approaches; a class can be represented based on 
classifiers pixel by pixel [30], per object [30], and per sub-pixel [31]. In the pixel-
by-pixel classification, only spectral information of each pixel is used separately, 
to represent a certain class [30]. In object classification, the image segmentation is 
performed based on a group of pixels with similar properties, in which the algo-
rithm examines the texture and the spectral response of the object as a basic unit, 
instead of individualized pixels [19]. The sub-pixel mode consists of identifying 
within a pixel the proportion of each type of LCLU, modifying a classification in a 
resolution with clear limits, without assigning mixed pixels to a dominant class [31].

In the LCLU mapping, the right choice of a classification method is essen-
tial to obtain good accuracy of representing the thematic map in an image [9]. 
Traditionally, the classification methods used can be supervised or unsupervised 
classification [32]. In particular, in supervised classification, it can be applied 
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parametric (e.g., linear and multiple) and nonparametric [e.g., the nearest neighbor K 
(K-NN), artificial neural network (RNA), random forest (RF), decision trees (DT), 
and support vector machines (SVM)] models [13, 33]. In the parametric models, 
the results are restricted, for example, to unimodal data, by assuming a relationship 
between the dependent and independent variables with an explicit model structure 
[13]. However, the nonparametric supervised classification has been the most used 
method in classification studies based on remote sensing data due to the more 
robust approach [33]. Thus, the supervised classification based on machine learning 
achieves better overall accuracy, due to the ability to deal with heterogeneous images, 
such as forest scenery [34–36]. Based on the training samples defined by the user, the 
algorithm searches for pixels belonging to each class [30]. The classifiers learn from 
the database and are efficient in identifying the nonlinearity of the data, noise in the 
samples, and can use less computation time [34].

In special, the Sentinel-2A (S2) launched in 2015, result from the Earth obser-
vation mission developed by the European Space Agency (ESA) as part of the 
Copernicus program, has been designed to support global monitoring for environ-
ment and security (GMES) [37]. The Sentinel-2 wide swath high-resolution Multi-
Spectral Instrument system (MSI) aims to obtain information on the monitoring and 
management of terrestrial surface and provides continuity of the SPOT and Landsat 
missions [37]. With the wide coverage (swath width of 290 km) and minimum 5-day 
global revisit time (with twin satellites in orbit), the sensor becomes an extremely 
useful monitoring product for studies such as LCLU changes and environmental 
impacts [23]. The main level 2A output allows the use of orthoimage with corrected 
reflectance at the bottom-of-atmosphere (BOA) [38]. The MSI from optical sensor 
has 13 spectral bands, with three spatial resolutions, four bands with 10 m, includ-
ing visible and near-infrared (NIR), six bands with 20 m, including four red-edge 
bands, two in the SWIR region, and three bands with 60 m (Figure 1) [39, 40].

The multispectral S2 data have several advantages over monitoring satellites avail-
able. In particular, Landsat and Sentinel-2 data are now frequently used in monitor-
ing and management studies, to meet the demand for attributes scale data with easy 
access [16]. The S2 has red-edge spectral bands of longer wavelength range, essential 
in vegetation analysis [41]. In addition, the spatial resolution of this satellite can be 

Figure 1. 
Multispectral bands of the Sentinel-2 in 10, 20, and 60 m spatial resolution and their wavelengths.
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compared to commercial SPOT or RapidEye systems, surpassing the spatial resolu-
tion of the MODIS 250 m [41]. The Sentinel-2A satellite imagery can be acquired for 
free at the Sentinel Hub (https://scihub.copernicus.eu/). For the image processing, 
the ESA developed the Sentinel Application Platform (SNAP) software. It is a tool 
available to analyze satellite information for free, specialized for the Sentinel series, 
has a performance comparable to that attained with other software’s (e.g., QGIS or 
ENVI) [42], and has a discussion forum for consultations [43]. For these reasons, it 
seems to be justified to explore the potential of Sentinal-2 data for studies in forest 
monitoring [24] such as forest succession [2] and wildfire control [44], forest clas-
sification [11], forest management [45], and biomass estimation [46].

3. Maps of forest LCLU and accuracy assessment

In image classification, information on the spectral resolution of the sensors is 
also important to provide data on vegetation reflectance [25]. This is possible because 
each species emits an intrinsic electromagnetic wave according to chemical contents 
and morphology such as leaf structure, water content, pigments, carbohydrate 
and aromatic content, and proteins, among other factors [21]. In a light spectrum, 
remote vegetation detection is based on the ultraviolet, visible near, and medium 
infrared regions [47]. In the species, identification by remote sensing data requires 
attention, because there is spectral variability within and between healthy tree spe-
cies, which can lead to an incorrect classification and hinder statistical assessments 
[48]. The spectrum can change, for example, with the differences in illumination, 
shadow effects, and during the seasons and growth periods of trees [48].

Generally, in the LCLU classification, the forest classes are considered more 
heterogeneous than the water surface, the exposed soil, urban and agricultural 
classes. The complexity of a forest canopy comes from a surface full of lighting and 
shading fluctuations [49]. The variability between forest classes can directly change 
the spectral response reflected in the images influenced by several parameters such 
as age, season, defoliation, the density (e.g., number of trees and basal area), canopy 
cover, and understory [49, 50]. In remote sensing, several studies show that the gain 
in differentiation between species increases with the wavelength, showing a greater 
correction with the SWIR region [11, 46, 51]. As an example, we can mention the 
spectral differentiation between conifer needles and broad (flat) leaves. In general, 
the biggest difference between them is in transmittance and reflectance in the infra-
red region [51]. In relation to broad leaves, conifer needles have less transmittance 
at all wavelengths (greater absorption) and low reflectance in the SWIR region 
[11, 16, 37, 42, 43]. This effect is due to the greater sensitivity to water absorption 
which in conifers is deeper [51], explained by the difference in anatomical structure, 
biochemical composition, and thickness of the leaves, for example [11, 23, 39]. 
According to some studies, obtaining accurate thematic maps of the Mediterranean 
ecosystems multispectral bands of the Sentinel-2 in 10, 20, and 60 m spatial resolu-
tion and their wavelengths is a challenge, due to its complexity derived from the 
variability of tree density per unit area and similar spectral behavior [52, 53]. In the 
montado system, where there is a higher occurrence of holm oak and cork oak, in 
pure and mixed stands, with high spatial variability in tree densities, the effect of 
mixed pixels can decrease the accuracy of a classification depending on the spatial 
scale and resolution [54–56]. When using Landsat-8 images, the montado class can 
be classified as an agricultural class and vice versa, because some montado areas 
with 10 to 30% tree density can be masked by the high reflectance of the bare soil 
[57]. On the other hand, the montado areas with a tree density above 50% can be 
confused with the olive grove classes due to spectral proximity [57]. When using 
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Sentinel-2 images for canopy estimation of the montado system, it was observed 
that the use of red-edge bands, integrated in seven vegetation indices, was essential 
and sensitive in the vegetation properties evaluation during the summer, improving 
the tree crown coverage estimates [56]. The classification of seven forest species in 
Germany also achieved improvements in accuracy by including the SWIR bands 
(B11 and B12), one on the red border (B5) and two on the visible border (B2 and 
B4), using Sentinel-2 images and the RF algorithm [49]. Thus, one of the ways to 
capture the spectral confusion that can interfere with the results of a thematic map 
is through the evaluation of the classification model’s accuracy.

In forest classification studies, the assessment of accuracy is necessary to 
validate a classified image because the estimates or forecasts can present errors and 
uncertainties [58]. The most common way to express the accuracy map is by com-
paring the final product area percentage with the reference data of an image. This 
statement is derived from one of the most used approaches to define the accuracy 
of the classified data, expressed in the form of the confusion matrix and/or contin-
gency matrix [36]. Through this analysis, it is possible to generate information on 
overall accuracy, user’s and producer’s accuracy, and Kappa coefficient (k) [24, 59, 60].  
The confusion matrix is a cross-tabulation, which correlates the LCLU classes in 
rows and columns, with reference or test data (usually represented by columns) 
being compared with classified or training data (usually represented by lines) [58]. 
In the matrix, the diagonal values indicate the number of pixels in the agreement 
between two class sets [61].

The overall accuracy of the thematic maps is defined by the division of number 
of the pixels classified correctly by the total number of samples. However, with the 
advances in remote sensing technology, using a computational classification in the 
landscape complexity, the classification standardization must be analyzed with 
caution. The overall accuracy is not always representative of the individual class’s 
accuracy, that is, the high overall accuracy map does not guarantee high accuracy for 
the individual classes [62]. When assessing the accuracy of classification, the overall 
accuracy assumes a minimum value and, in each class, a value with comparable preci-
sion [63]. Therefore, to obtain more detailed accuracy information, the individual 
class accuracy of LCLU can also be derived from the confusion matrix. Through 
matrix analysis, the user’s and producer’s accuracy points out the errors of omission 
and commission, respectively. In the producer’s accuracy, the user has the oppor-
tunity to evaluate the number of the pixels correctly classified in the interest class. 
The omitted pixels that have not been classified outside the interest class are called 
omission errors [58]. On the other hand, the user’s accuracy indicates the percentage 
of pixels in a classified image that really represents the class on the ground, certifying 
the classification, in this case measuring commission errors [58, 64, 65]. The Kappa 
coefficient is used to describe the possibilities of casual agreement between predicted 
values and field data [66]. The K values varied from 0 to 1, where the closer to 1, the 
better the perfect agreement between the ground truth and the classified image [66].

In the analysis of thematic mapping, it is vital that accuracy is the best pos-
sible for each particular case, avoiding interpretation errors [67]. However, there 
is still no record of a preestablished minimum limit in terms of accuracy, because 
the reliability of a map may vary depending on the study application [65, 68, 69]. 
Anderson et al. [70] mentioned that an accuracy of 85% in LCLU classification 
maps is frequently accepted. When using MODIS images with a spatial resolution 
of 1 km in classification studies, Thomlinson et al. [28] defined a minimum value 
of 85% for overall accuracy and 70% for the classes, due to the difference in errors 
between spatial and thematic accuracy. The United Nations Framework Convention 
on Climate Change (UNFCCC) does not provide any limit to the accuracy of the 
data for the construction of forest reference levels [65]. Despite attempts, defining 
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compared to commercial SPOT or RapidEye systems, surpassing the spatial resolu-
tion of the MODIS 250 m [41]. The Sentinel-2A satellite imagery can be acquired for 
free at the Sentinel Hub (https://scihub.copernicus.eu/). For the image processing, 
the ESA developed the Sentinel Application Platform (SNAP) software. It is a tool 
available to analyze satellite information for free, specialized for the Sentinel series, 
has a performance comparable to that attained with other software’s (e.g., QGIS or 
ENVI) [42], and has a discussion forum for consultations [43]. For these reasons, it 
seems to be justified to explore the potential of Sentinal-2 data for studies in forest 
monitoring [24] such as forest succession [2] and wildfire control [44], forest clas-
sification [11], forest management [45], and biomass estimation [46].

3. Maps of forest LCLU and accuracy assessment

In image classification, information on the spectral resolution of the sensors is 
also important to provide data on vegetation reflectance [25]. This is possible because 
each species emits an intrinsic electromagnetic wave according to chemical contents 
and morphology such as leaf structure, water content, pigments, carbohydrate 
and aromatic content, and proteins, among other factors [21]. In a light spectrum, 
remote vegetation detection is based on the ultraviolet, visible near, and medium 
infrared regions [47]. In the species, identification by remote sensing data requires 
attention, because there is spectral variability within and between healthy tree spe-
cies, which can lead to an incorrect classification and hinder statistical assessments 
[48]. The spectrum can change, for example, with the differences in illumination, 
shadow effects, and during the seasons and growth periods of trees [48].

Generally, in the LCLU classification, the forest classes are considered more 
heterogeneous than the water surface, the exposed soil, urban and agricultural 
classes. The complexity of a forest canopy comes from a surface full of lighting and 
shading fluctuations [49]. The variability between forest classes can directly change 
the spectral response reflected in the images influenced by several parameters such 
as age, season, defoliation, the density (e.g., number of trees and basal area), canopy 
cover, and understory [49, 50]. In remote sensing, several studies show that the gain 
in differentiation between species increases with the wavelength, showing a greater 
correction with the SWIR region [11, 46, 51]. As an example, we can mention the 
spectral differentiation between conifer needles and broad (flat) leaves. In general, 
the biggest difference between them is in transmittance and reflectance in the infra-
red region [51]. In relation to broad leaves, conifer needles have less transmittance 
at all wavelengths (greater absorption) and low reflectance in the SWIR region 
[11, 16, 37, 42, 43]. This effect is due to the greater sensitivity to water absorption 
which in conifers is deeper [51], explained by the difference in anatomical structure, 
biochemical composition, and thickness of the leaves, for example [11, 23, 39]. 
According to some studies, obtaining accurate thematic maps of the Mediterranean 
ecosystems multispectral bands of the Sentinel-2 in 10, 20, and 60 m spatial resolu-
tion and their wavelengths is a challenge, due to its complexity derived from the 
variability of tree density per unit area and similar spectral behavior [52, 53]. In the 
montado system, where there is a higher occurrence of holm oak and cork oak, in 
pure and mixed stands, with high spatial variability in tree densities, the effect of 
mixed pixels can decrease the accuracy of a classification depending on the spatial 
scale and resolution [54–56]. When using Landsat-8 images, the montado class can 
be classified as an agricultural class and vice versa, because some montado areas 
with 10 to 30% tree density can be masked by the high reflectance of the bare soil 
[57]. On the other hand, the montado areas with a tree density above 50% can be 
confused with the olive grove classes due to spectral proximity [57]. When using 
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Sentinel-2 images for canopy estimation of the montado system, it was observed 
that the use of red-edge bands, integrated in seven vegetation indices, was essential 
and sensitive in the vegetation properties evaluation during the summer, improving 
the tree crown coverage estimates [56]. The classification of seven forest species in 
Germany also achieved improvements in accuracy by including the SWIR bands 
(B11 and B12), one on the red border (B5) and two on the visible border (B2 and 
B4), using Sentinel-2 images and the RF algorithm [49]. Thus, one of the ways to 
capture the spectral confusion that can interfere with the results of a thematic map 
is through the evaluation of the classification model’s accuracy.

In forest classification studies, the assessment of accuracy is necessary to 
validate a classified image because the estimates or forecasts can present errors and 
uncertainties [58]. The most common way to express the accuracy map is by com-
paring the final product area percentage with the reference data of an image. This 
statement is derived from one of the most used approaches to define the accuracy 
of the classified data, expressed in the form of the confusion matrix and/or contin-
gency matrix [36]. Through this analysis, it is possible to generate information on 
overall accuracy, user’s and producer’s accuracy, and Kappa coefficient (k) [24, 59, 60].  
The confusion matrix is a cross-tabulation, which correlates the LCLU classes in 
rows and columns, with reference or test data (usually represented by columns) 
being compared with classified or training data (usually represented by lines) [58]. 
In the matrix, the diagonal values indicate the number of pixels in the agreement 
between two class sets [61].

The overall accuracy of the thematic maps is defined by the division of number 
of the pixels classified correctly by the total number of samples. However, with the 
advances in remote sensing technology, using a computational classification in the 
landscape complexity, the classification standardization must be analyzed with 
caution. The overall accuracy is not always representative of the individual class’s 
accuracy, that is, the high overall accuracy map does not guarantee high accuracy for 
the individual classes [62]. When assessing the accuracy of classification, the overall 
accuracy assumes a minimum value and, in each class, a value with comparable preci-
sion [63]. Therefore, to obtain more detailed accuracy information, the individual 
class accuracy of LCLU can also be derived from the confusion matrix. Through 
matrix analysis, the user’s and producer’s accuracy points out the errors of omission 
and commission, respectively. In the producer’s accuracy, the user has the oppor-
tunity to evaluate the number of the pixels correctly classified in the interest class. 
The omitted pixels that have not been classified outside the interest class are called 
omission errors [58]. On the other hand, the user’s accuracy indicates the percentage 
of pixels in a classified image that really represents the class on the ground, certifying 
the classification, in this case measuring commission errors [58, 64, 65]. The Kappa 
coefficient is used to describe the possibilities of casual agreement between predicted 
values and field data [66]. The K values varied from 0 to 1, where the closer to 1, the 
better the perfect agreement between the ground truth and the classified image [66].

In the analysis of thematic mapping, it is vital that accuracy is the best pos-
sible for each particular case, avoiding interpretation errors [67]. However, there 
is still no record of a preestablished minimum limit in terms of accuracy, because 
the reliability of a map may vary depending on the study application [65, 68, 69]. 
Anderson et al. [70] mentioned that an accuracy of 85% in LCLU classification 
maps is frequently accepted. When using MODIS images with a spatial resolution 
of 1 km in classification studies, Thomlinson et al. [28] defined a minimum value 
of 85% for overall accuracy and 70% for the classes, due to the difference in errors 
between spatial and thematic accuracy. The United Nations Framework Convention 
on Climate Change (UNFCCC) does not provide any limit to the accuracy of the 
data for the construction of forest reference levels [65]. Despite attempts, defining 
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this value as a goal may be inappropriate and not represent reality in front of the 
challenges of the distinction of heterogeneous classes at different spatial resolu-
tions and scales [69]. Furthermore, a classification study may be more interested in 
analyzing the accuracy of a particular class and disregarding others [71].

In fact, there are many studies with different classifiers that can obtain results 
with good accuracy [71]. Given the complexity of image classification, there are 
a variety of classification methods using classifying algorithms, with different 
approaches to achieve mapping accuracy [36]. With an emphasis on supervised 
classification, the machine learning algorithms exploited image data by finding 
hidden relationships between various input variables (parameters) with output 
variables (classification results) [72]. Because it is computer programming, training 
samples are essential to identify different spectral areas to represent a class in the 
image. It is based on previous samples or experiences that machine learning has the 
ability to generalize, that is, when trained they are able to produce solutions to an 
unknown data set [72]. The combination of different classification techniques has 
been investigated with support vector machines (SVM) [73], random forest (RF) 
[74], and classification and regression tree (CART) [75]. Despite the use of several 
methods to evaluate the performance of the algorithms, evaluating the classifica-
tion accuracy is the most common one [9]. This assessment is necessary because the 

Algorithms Overall accuracy 
(%)

Example of use Reference

Artificial neural 
network (ANN)

65.7 Mapping of the forest vertical structure 
in Gong-ju, Korea.

[67]

85.0a Discriminating urban forest types in 
Xuzhou, East China.

[60]

Convolutional neural 
network (CNN)

90.4 Forest vegetation types in Jilin 
Province, China.

[77]

97.7 Classification forest in Semarang, 
Central Java, Indonesia

[78]

Random forest (RF) 90.9|93.2b Forest classification in ecosystems in 
Germany and South Africa.

[79]

88.9 Mapping of 11 forest classes in the 
Belgian Ardenne ecoregion, Ardenne, 

Belgium.

[11]

Support vector 
machine (SVM)

80.0 Mapping of the invasive species 
American bramble (Rubus cuneifolius) 
in KwaZulu-Natal province of South 

Africa.

[80]

RF|SVM 84.2|81.8 Mapping of the crop, including high 
and low density forest classes in the 

foothill of Himalaya.

[81]

RF|K-NN|SVM 94.44|95.29|94.13 Classification of six types of land use, 
including forest cover in the Red River 

Delta in Vietnam.

[82]

80.0|74.3|80.3 Classification land use, including 
forest cover in the Dak Nong province, 

Vietnam.

[69]

aANN + vegetation abundance (VA).
bSentinel 1 and Sentinel 2.

Table 2. 
The overall accuracy of LCLU and forest classification with Sentinel data.
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classifier’s performance is affected, not only by the classifier’s own limitation but 
also by the image quality, sample size, and computational resource [9, 76]. Table 2 
shows the overall accuracy obtained by different algorithms in some recent studies 
with forest classification, using Sentinel-2 images. These results aim to provide 
information on the current conditions of vegetation cover. In addition, it shows 
that the relevance of accuracy depends on the objective of the study, without being 
based on standard accuracy [69]. However, it was observed that classifiers have an 
important role in supervised classification. When using improved classification 
methods, such as the use of convolutional neural networks, the overall accuracy is 
generally higher in relation to the other methods that presented medium or fluctu-
ating precision [36].

The studies based on forest species classification involving Sentinel-2 images are 
still recent [23, 33, 83–86]. The classification with S2 images of forest tree species in 
southwestern France obtained an overall accuracy above 90%, for plantations such 
as aspen (Populus tremula) and red oak (Quercus rubra). However, the species that 
presented more spectral confusion with an accuracy of 81 and 74% were the black 
pine (Pinus nigra) and Douglas fir (Pseudotsuga menziesii), respectively [87]. In tests 
with S2 images and the RF for forest type mapping in the Mediterranean, Italy, 
using four vegetation indices (NDVI, SRI, RENDVI, and ARI1) in three phenologi-
cal periods (winter, spring, and summer), Puletti et al. [88] reported that the forest 
categories (pure coniferous forests, broadleaf forests, and mixed forests), had an 
overall accuracy of 86.2% and a Kappa coefficient of 0.86. The user’s and producer’s 
accuracy were above 83% for all the classes. In a study, by Duan et al. [89], they 
obtained overall, producer’s and user’s accuracy of 92.3, 92.3, and 92.2%, respec-
tively, when mapping the distribution of urban forests in China, using eight bands 
and three vegetation indices (NDVI, NDWI, and NDBI) with S2 images, random 
forest algorithms, and the GEE platform. Thus, the spatial distribution of species 
and their number of trees per hectare can be understood by the classification, 
becoming essential in studies with different types of landscapes. When making 
decisions about forest resources, this information is very important, because each 
specific study offers support to the formulation of local and global public policies, 
as well as in forest planning and management up to biomass estimates.

4.  Google Earth Engine (GEE) platform: advantages and disadvantages 
in the LCLU classification

In GEE, there is a computing platform that has a cloud infrastructure designed by 
Google, from the launch of the public data catalog of the Landsat 2008 series images 
[89]. The platform allows to manage, analyze, and store large volumes of geospatial 
historical data on a planetary scale, which can be applied for several scientific studies 
[89]. In the GEE, it is possible to have access to data catalog of the Landsat, MODIS, 
and Sentinel satellites [90]. In addition, the platform offers social, demographic, 
climatic, and digital elevation models and allowing the interaction remote sensing 
data with algorithms in synergy with the field data, using Java-Script or Python code 
[90]. Another cloud resource available in GEE is the Fusion Table, which offers sup-
port for tabular data, keyword-based mechanisms, and text data, among others [91].

Although the GEE platform is a free access tool, the LCLU mapping in large 
extensions and with high spatial resolution can be challenging for several rea-
sons. The inclusion of large volumes of data from a complex and heterogeneous 
landscape requires a large computational load and processing time [92]. However, 
freely accessible data can be used in studies with limited funding. For example, 
the use of Sentinel-2 data is more recommended than the Landsat images, because 
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this value as a goal may be inappropriate and not represent reality in front of the 
challenges of the distinction of heterogeneous classes at different spatial resolu-
tions and scales [69]. Furthermore, a classification study may be more interested in 
analyzing the accuracy of a particular class and disregarding others [71].

In fact, there are many studies with different classifiers that can obtain results 
with good accuracy [71]. Given the complexity of image classification, there are 
a variety of classification methods using classifying algorithms, with different 
approaches to achieve mapping accuracy [36]. With an emphasis on supervised 
classification, the machine learning algorithms exploited image data by finding 
hidden relationships between various input variables (parameters) with output 
variables (classification results) [72]. Because it is computer programming, training 
samples are essential to identify different spectral areas to represent a class in the 
image. It is based on previous samples or experiences that machine learning has the 
ability to generalize, that is, when trained they are able to produce solutions to an 
unknown data set [72]. The combination of different classification techniques has 
been investigated with support vector machines (SVM) [73], random forest (RF) 
[74], and classification and regression tree (CART) [75]. Despite the use of several 
methods to evaluate the performance of the algorithms, evaluating the classifica-
tion accuracy is the most common one [9]. This assessment is necessary because the 
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Africa.

[80]

RF|SVM 84.2|81.8 Mapping of the crop, including high 
and low density forest classes in the 

foothill of Himalaya.
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classifier’s performance is affected, not only by the classifier’s own limitation but 
also by the image quality, sample size, and computational resource [9, 76]. Table 2 
shows the overall accuracy obtained by different algorithms in some recent studies 
with forest classification, using Sentinel-2 images. These results aim to provide 
information on the current conditions of vegetation cover. In addition, it shows 
that the relevance of accuracy depends on the objective of the study, without being 
based on standard accuracy [69]. However, it was observed that classifiers have an 
important role in supervised classification. When using improved classification 
methods, such as the use of convolutional neural networks, the overall accuracy is 
generally higher in relation to the other methods that presented medium or fluctu-
ating precision [36].

The studies based on forest species classification involving Sentinel-2 images are 
still recent [23, 33, 83–86]. The classification with S2 images of forest tree species in 
southwestern France obtained an overall accuracy above 90%, for plantations such 
as aspen (Populus tremula) and red oak (Quercus rubra). However, the species that 
presented more spectral confusion with an accuracy of 81 and 74% were the black 
pine (Pinus nigra) and Douglas fir (Pseudotsuga menziesii), respectively [87]. In tests 
with S2 images and the RF for forest type mapping in the Mediterranean, Italy, 
using four vegetation indices (NDVI, SRI, RENDVI, and ARI1) in three phenologi-
cal periods (winter, spring, and summer), Puletti et al. [88] reported that the forest 
categories (pure coniferous forests, broadleaf forests, and mixed forests), had an 
overall accuracy of 86.2% and a Kappa coefficient of 0.86. The user’s and producer’s 
accuracy were above 83% for all the classes. In a study, by Duan et al. [89], they 
obtained overall, producer’s and user’s accuracy of 92.3, 92.3, and 92.2%, respec-
tively, when mapping the distribution of urban forests in China, using eight bands 
and three vegetation indices (NDVI, NDWI, and NDBI) with S2 images, random 
forest algorithms, and the GEE platform. Thus, the spatial distribution of species 
and their number of trees per hectare can be understood by the classification, 
becoming essential in studies with different types of landscapes. When making 
decisions about forest resources, this information is very important, because each 
specific study offers support to the formulation of local and global public policies, 
as well as in forest planning and management up to biomass estimates.

4.  Google Earth Engine (GEE) platform: advantages and disadvantages 
in the LCLU classification

In GEE, there is a computing platform that has a cloud infrastructure designed by 
Google, from the launch of the public data catalog of the Landsat 2008 series images 
[89]. The platform allows to manage, analyze, and store large volumes of geospatial 
historical data on a planetary scale, which can be applied for several scientific studies 
[89]. In the GEE, it is possible to have access to data catalog of the Landsat, MODIS, 
and Sentinel satellites [90]. In addition, the platform offers social, demographic, 
climatic, and digital elevation models and allowing the interaction remote sensing 
data with algorithms in synergy with the field data, using Java-Script or Python code 
[90]. Another cloud resource available in GEE is the Fusion Table, which offers sup-
port for tabular data, keyword-based mechanisms, and text data, among others [91].

Although the GEE platform is a free access tool, the LCLU mapping in large 
extensions and with high spatial resolution can be challenging for several rea-
sons. The inclusion of large volumes of data from a complex and heterogeneous 
landscape requires a large computational load and processing time [92]. However, 
freely accessible data can be used in studies with limited funding. For example, 
the use of Sentinel-2 data is more recommended than the Landsat images, because 
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it provides a slightly higher spatial and spectral resolution [5]. The classification 
methods can also be applied on the platform according to the image type, seg-
mentation method, classification algorithm, training sample sets, input resources, 
target classes, and accuracy assessment [36]. All classification procedures can be 
developed on the cloud computing platform, without downloading remote sensing 
data, processing on desktops or other software, simplifying information extraction 
[86]. Therefore, the GEE platform allows the use of high-performance tools for 
processing a large data set. Thus, GEE is an important resource for big data man-
agement and scientific development, because it lowers barriers between the global 
scientific community and allows the same opportunities to share and replicate 
geospatial analysis [89].

With millions of servers worldwide, the platform allows the combination of 
different algorithms and data with free availability for noncommercial use [93]. 
In the image processing phase, the GEE platform can synchronize all S2 data, can 
easily clear cloudy pixels [86], and perform a continuous workflow of complex 
remote sensing [94]. According to the objective of the study, it is possible to choose 
the specific period and create image mosaics, with the best cloudless pixel for a 
specific region, solve terrain effects problems, and identify any changes in LCLU in 
the world through classified images [95]. Also, it can use several vegetation indices 
at the same time when image classification is performed [96].

Although it is of easy access, users are generally not familiar with the client-
server programming model. The GEE libraries offer a more familiar programming 
environment, but the user must have some basic knowledge of the programming 
language [95]. This requires much effort from the end user to be implemented 
[94]. Fortunately, there are learning platforms and discussion forums on GEE on 
the Internet, which help to solve most doubts and programming errors. However, 
difficulties have been encountered in studies of LCLU classification. Difficulties in 
validating the classification model carried out in the GEE were found by Zurqani et 
al. [96], as there was little availability of high-resolution aerial images in the world, 
to serve as a reference. The difficulties in image preprocessing were also reported, 
due to difficulties in the acquisition of parameters with the atmospheric correction 
[89], and limited availability of other algorithms, not allowing improvements in the 
classification accuracy [97].

The GEE memory defines a threshold limit to the size of the matrices, which 
constrains the training of the classification algorithms, with a large number of 
training samples and evaluation of the input bands [98]. The limited processing 
capacity can cause errors in complex computational analyses as in large spatial 
areas [95]. On the other hand, GEE processing can be affected by the very different 
preprocessing criteria, which makes analysis and comparison with other sensors 
difficult and makes GEE unsuitable for some types of processing [98, 99].

The approach to programming through the cloud platform is becoming increas-
ingly common for large-scale computing and in multidisciplinary studies. In this 
way, the offer of high-resolution satellite images in the GEE can solve the problems 
of detecting global changes in LCLU, environmental monitoring, and help in the 
quantitative and qualitative identification of forest cover [24]. In particular, the 
Sentinel 1 (radar data) and Sentinel 2 data, have great potential for future studies of 
classification and estimates of above-ground biomass, through GEE. Until the present 
moment, few studies have tested the cloud platform capabilities with Sentinel data. 
This gap opens the opportunity to generate research and development in monitor-
ing forest cover [100]. In future missions, the Sentinel data will be essential for 
studies to validate forest AGB estimates [100]. Free access to both resources can 
generate valuable information on forest cover, located in low-, medium-, and high-
income countries.
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5. Biomass estimation

Above-ground biomass (AGB) of forests plays a key role in the global carbon cycle, 
maintaining the climate and as bioenergy reservoirs [101]. In a global context, forest 
AGB or phytomass is generally defined by the quantification of stems, branches, and 
leaves. The estimation of the amount of the carbon mass or energy potential per unit 
area is also frequent [102]. In global discussions on climate change, the estimation of 
forest AGB has been one of the agenda items in public and private decision-making, 
integrating into sustainable development projects on a local to global scale [91].

In forest biomass estimates, data can be acquired using direct (destructive) 
methods based on harvesting the all tree and indirect (nondestructive) based on 
field inventory and synergy between remote sensing data [103]. The direct methods 
are considered to have the best accuracy, due to the dry weight determination of 
the parts of the tree [101]. However, when it is intended to estimate biomass, this 
method is time-consuming, costly and laborious, and inadequate for using in large 
geographic areas [13, 42]. In addition, the application of destructive methods causes 
disturbances in the fauna and flora with alterations in the microclimate and habitat 
[104]. Thus, one of the alternatives to reduce these impacts is through the use of 
remote sensing technology [105]. In addition to being a nondestructive method, 
it is based on forest inventory data, allowing the fitting of models in synergy with 
small-, medium-, and large-scale satellite images [91, 106].

The thematic mapping based on a forest classification is fundamental as input 
parameters for the area and biomass estimation [107]. It is through the accuracy of a 
thematic map that the user can assess the consistency of the overall reliability of the 
map data and accuracy measures for LCLU classes [107]. In biomass estimates by 
remote sensing, the type of sensor, different spatial and temporal resolutions, scale, 
field data, errors, and uncertainty are factors that hinder the statistical evaluation 
of the final product on the map. In the biomass estimate, several studies indicate 
errors that can range from 5 to 30% [13]. The forest planning and management 
decision scale can also influence the accuracy of forest biomass analysis. According 
to Lu et al. [13], it is recommended that in forest research, accuracy reaches values 
greater than 90% for a regional scale and 80% for a national or global scale.

Regardless of the estimation method used, it is fundamentally a thorough evalu-
ation of the reference data and map data [108]. The agreement presented by the 
error matrix may not be equivalent to the product of the map and the reality, which 
impacts the biomass estimates [109]. Therefore, the classification validation analysis 
becomes essential because, depending on the classification methodology in a forest 
ecosystem, it is possible to observe errors and uncertainties that affected the classifier’s 
performance [36]. In studies of the representation of the heterogeneity of a forest, the 
erroneous choice of spatial resolution can cause the addition of redundant data and 
can increase the noise of statistical models, without adding important information 
about the stands [110]. Even when an AGB forest map achieves high accuracy with the 
integration of multisource remote sensing data, some limitations and uncertainty can 
impact the results between LCLU and remote sensing data [42]. One of the limitations 
is found in the uncertainties about ground measurements with GPS, which can contain 
geolocation errors, difficult to eliminate in the image analysis processing [42]. In 
addition, some uncertainties in the prediction model can be included with the time gap 
between field data and remote sensing data [42, 111]. In this way, any gain in accuracy 
in biomass maps comes from advances in technology. The diversity of image process-
ing software, greater processing capacity, and computer storage allowed the synergis-
tic use of cloud platforms and machine learning use to deal with big data problems.

Revised studies for the Mediterranean region [106] found that when the esti-
mates are based on passive sensor (optical data) are less accurate (R2 ≈ 0.70) than 



Forest Biomass - From Trees to Energy

34

it provides a slightly higher spatial and spectral resolution [5]. The classification 
methods can also be applied on the platform according to the image type, seg-
mentation method, classification algorithm, training sample sets, input resources, 
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the world through classified images [95]. Also, it can use several vegetation indices 
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due to difficulties in the acquisition of parameters with the atmospheric correction 
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ing forest cover [100]. In future missions, the Sentinel data will be essential for 
studies to validate forest AGB estimates [100]. Free access to both resources can 
generate valuable information on forest cover, located in low-, medium-, and high-
income countries.

35

The Potential of Sentinel-2 Satellite Images for Land-Cover/Land-Use and Forest Biomass…
DOI: http://dx.doi.org/10.5772/intechopen.93363

5. Biomass estimation
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forest AGB has been one of the agenda items in public and private decision-making, 
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errors that can range from 5 to 30% [13]. The forest planning and management 
decision scale can also influence the accuracy of forest biomass analysis. According 
to Lu et al. [13], it is recommended that in forest research, accuracy reaches values 
greater than 90% for a regional scale and 80% for a national or global scale.

Regardless of the estimation method used, it is fundamentally a thorough evalu-
ation of the reference data and map data [108]. The agreement presented by the 
error matrix may not be equivalent to the product of the map and the reality, which 
impacts the biomass estimates [109]. Therefore, the classification validation analysis 
becomes essential because, depending on the classification methodology in a forest 
ecosystem, it is possible to observe errors and uncertainties that affected the classifier’s 
performance [36]. In studies of the representation of the heterogeneity of a forest, the 
erroneous choice of spatial resolution can cause the addition of redundant data and 
can increase the noise of statistical models, without adding important information 
about the stands [110]. Even when an AGB forest map achieves high accuracy with the 
integration of multisource remote sensing data, some limitations and uncertainty can 
impact the results between LCLU and remote sensing data [42]. One of the limitations 
is found in the uncertainties about ground measurements with GPS, which can contain 
geolocation errors, difficult to eliminate in the image analysis processing [42]. In 
addition, some uncertainties in the prediction model can be included with the time gap 
between field data and remote sensing data [42, 111]. In this way, any gain in accuracy 
in biomass maps comes from advances in technology. The diversity of image process-
ing software, greater processing capacity, and computer storage allowed the synergis-
tic use of cloud platforms and machine learning use to deal with big data problems.

Revised studies for the Mediterranean region [106] found that when the esti-
mates are based on passive sensor (optical data) are less accurate (R2 ≈ 0.70) than 
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those carried by active sensors (R2 ≥ 0.80). One of the factors can be related to the 
dimension of images. While the optical sensors are based mainly on two-dimen-
sional view—2D, creating estimates with the top canopy layer, the active sensors, 
such as synthetic aperture radar (SAR) and LiDAR, reach the third dimension of 
the forest with the evaluation of the arboreal and understory, presenting a better 
data correlation with the biomass [106]. Among some studies, it was found that the 
spatial resolution has a key role in the accuracy of the biomass. The spatial resolu-
tion of Landsat can achieve a low accuracy [112], while the SPOT satellites [113], 
GeoEye [114], and Quickbird [55] can achieve medium to high accuracy, WorldView 
[115] and spatial resolution of LiDAR can achieve high accuracy [116]. Overall, the 
more accurate the modeling, the greater the approximation to the observed values 
[117]. Accurate models with optical data can be achieved using the high spatial 
resolution (<10 m), where the pixel size approximates the size of the study object 
[118]. In particular, using Sentinel-2 data, it has been reported medium accuracy in 
local and regional scale studies [119, 120]. Thus, the production of AGB maps, with 
Sentinel-2 data, has a great potential to expand to forest management and monitor-
ing decisions on a regional scale.

In quantifying the biomass stock with Sentinel data, the cross-use of sensor data 
combined with forest inventory data and algorithms were fundamental for gains in 

Satellite 
data

Location Forest settings Model performance Reference

R2 RMSE 
(Mg. ha−1)

S2 Evros prefecture, 
Rhodopes mountain 

range, Greece

Mediterranean 
forest

0.63 63.11a [122]

S2 Parsa National Park, Nepal Central-southern 
part of Nepal, 

subtropical 
climate

0.81 25.32 [124]

S2 Parque Nacional Yok Don, 
Vietnam

Tropical monsoon 
climate

0.81 36.67 [119]

S2 Parsa National Park, Nepal Central-southern 
part of Nepal, 

subtropical 
climate

0.99 4.51 [125]

S2 Hunan Province, southern 
China

Subtropical 
monsoon climate

0.58 65.03a [123]

S1 and 
S2

Island province of 
Palawan, Philippines

Southern coast of 
Honda Bay within 
the administrative 

jurisdiction of 
Puerto Princesa 

City, tropical 
climate

0.75 33.81 [43]

S1 and 
S2

Ecoregion of Changbai 
Mountains mixed forests 
and eastern mountainous 
region of Jilin Province in 

northeast China

Monsoon-
influenced humid 

continental 
climate

0.97 33.29 [76]

am3 ha−1 (growing stock volume).

Table 3. 
Studies on forest biomass estimation using algorithms RF in different ecological settings.
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the accuracy of the estimates. A study by Castillo et al. [43] showed improvements 
in the accuracy of biomass models with Sentinel-1 (S1) and S2, which were compa-
rable to the image accuracy of current commercial sensors. In biomass estimates, 
precision can also differ depending on the order of importance of spectral bands 
and textures, according to the input characteristics in the model [121]. When ana-
lyzing Landsat-8 satellite images with the inclusion of S2 images, the importance 
of SWIR region reflectance to improve the estimation of forest parameters was 
observed [122]. In study using the GEE platform, it was identified that the greatest 
contribution of the variables in the estimates of forest AGB were those composed 
by the SWIR and red-edge bands [119]. In addition, Hu et al. [123] reported that the 
red-edge band (B5) of S2 was the best in the prediction with good performance of 
the RF algorithm on the GEE platform. In particular, the RF algorithm showed good 
accuracy in AGB estimates in subtropical deciduous forests, as it was robust with 
the nonlinearity of the data [124]. Due to the large reported of the random forest 
algorithm in biomass estimation studies, Table 3 summarizes the results of some 
recent studies that used Sentinel (S1 and S2) data to estimate the forest AGB in 
different scenarios. It was observed that the machine learning algorithm was used in 
different climatic conditions and in time series with considerable accuracy.

Although advances in image resolution and use of radar data have been increas-
ingly available, the storing of a large amount of data and with a complex data 
structure is one of the major challenges of research with the geospatial data [126]. 
With the advances in technology, cloud computing has helped researchers to solve 
big data problems, which reduces the costs of accessing software and maintaining 
hardware [93]. However, to date, studies with cloud platforms such as GEE for 
forest biomass estimates have been little explored. For forest AGB, cloud computing 
holds promise in solving problems related to big data [126]. The platform’s advan-
tages are related to the data storage and analysis process of an intensive nature and 
based on complex point structures, such as LIDAR data [91]. The GEE platform is 
being used as rasterized data management in parallel with other software such as 
packages in the R [125] and cloud computing applications such as Fusion Tables and 
Google Cloud Platform [91]. In the near future, it is hoped that it will be possible to 
integrate data such as high-precision LiDAR with a collection of optical images for 
mapping global biomass [91].

In remote sensing, the promising prospects for biomass estimates can take 
new directions thanks to the ESA’s Earth Explorer mission Biomass. The mission 
scheduled for this decade aims to provide global maps of biomass and carbon stored 
in the world’s forests [126]. As a novelty, the Biomass will have the first P-band 
synthetic aperture radar capable of carrying out the precise mapping of biomass 
estimates [126]. In addition, it will have an experimental tomograph to provide 3D 
views of the forests [126]. In this way, we hope that in the future, it will be possible 
to carry out studies with crossing Sentinel 2 data with Biomass to compose thematic 
maps of LCLU changes and biomass stock with greater accuracy.

6. Conclusions and outlook

The development of LCLU maps for biomass estimates with Sentinel images is 
still recent, but promising. In studies of LCLU classification, the overall accuracy and 
producer’s and user’s accuracy should be the highest possible for better support of 
biomass prediction models. For the refinement of the classification map, the accuracy 
can be improved with the combination of radar and optical data from Sentinel 1 and 
2, respectively, as well as incorporating models and algorithms, vegetation indices, 
textures, biophysical variables, and forest inventory data, among others. However, it 
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those carried by active sensors (R2 ≥ 0.80). One of the factors can be related to the 
dimension of images. While the optical sensors are based mainly on two-dimen-
sional view—2D, creating estimates with the top canopy layer, the active sensors, 
such as synthetic aperture radar (SAR) and LiDAR, reach the third dimension of 
the forest with the evaluation of the arboreal and understory, presenting a better 
data correlation with the biomass [106]. Among some studies, it was found that the 
spatial resolution has a key role in the accuracy of the biomass. The spatial resolu-
tion of Landsat can achieve a low accuracy [112], while the SPOT satellites [113], 
GeoEye [114], and Quickbird [55] can achieve medium to high accuracy, WorldView 
[115] and spatial resolution of LiDAR can achieve high accuracy [116]. Overall, the 
more accurate the modeling, the greater the approximation to the observed values 
[117]. Accurate models with optical data can be achieved using the high spatial 
resolution (<10 m), where the pixel size approximates the size of the study object 
[118]. In particular, using Sentinel-2 data, it has been reported medium accuracy in 
local and regional scale studies [119, 120]. Thus, the production of AGB maps, with 
Sentinel-2 data, has a great potential to expand to forest management and monitor-
ing decisions on a regional scale.

In quantifying the biomass stock with Sentinel data, the cross-use of sensor data 
combined with forest inventory data and algorithms were fundamental for gains in 
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the accuracy of the estimates. A study by Castillo et al. [43] showed improvements 
in the accuracy of biomass models with Sentinel-1 (S1) and S2, which were compa-
rable to the image accuracy of current commercial sensors. In biomass estimates, 
precision can also differ depending on the order of importance of spectral bands 
and textures, according to the input characteristics in the model [121]. When ana-
lyzing Landsat-8 satellite images with the inclusion of S2 images, the importance 
of SWIR region reflectance to improve the estimation of forest parameters was 
observed [122]. In study using the GEE platform, it was identified that the greatest 
contribution of the variables in the estimates of forest AGB were those composed 
by the SWIR and red-edge bands [119]. In addition, Hu et al. [123] reported that the 
red-edge band (B5) of S2 was the best in the prediction with good performance of 
the RF algorithm on the GEE platform. In particular, the RF algorithm showed good 
accuracy in AGB estimates in subtropical deciduous forests, as it was robust with 
the nonlinearity of the data [124]. Due to the large reported of the random forest 
algorithm in biomass estimation studies, Table 3 summarizes the results of some 
recent studies that used Sentinel (S1 and S2) data to estimate the forest AGB in 
different scenarios. It was observed that the machine learning algorithm was used in 
different climatic conditions and in time series with considerable accuracy.

Although advances in image resolution and use of radar data have been increas-
ingly available, the storing of a large amount of data and with a complex data 
structure is one of the major challenges of research with the geospatial data [126]. 
With the advances in technology, cloud computing has helped researchers to solve 
big data problems, which reduces the costs of accessing software and maintaining 
hardware [93]. However, to date, studies with cloud platforms such as GEE for 
forest biomass estimates have been little explored. For forest AGB, cloud computing 
holds promise in solving problems related to big data [126]. The platform’s advan-
tages are related to the data storage and analysis process of an intensive nature and 
based on complex point structures, such as LIDAR data [91]. The GEE platform is 
being used as rasterized data management in parallel with other software such as 
packages in the R [125] and cloud computing applications such as Fusion Tables and 
Google Cloud Platform [91]. In the near future, it is hoped that it will be possible to 
integrate data such as high-precision LiDAR with a collection of optical images for 
mapping global biomass [91].

In remote sensing, the promising prospects for biomass estimates can take 
new directions thanks to the ESA’s Earth Explorer mission Biomass. The mission 
scheduled for this decade aims to provide global maps of biomass and carbon stored 
in the world’s forests [126]. As a novelty, the Biomass will have the first P-band 
synthetic aperture radar capable of carrying out the precise mapping of biomass 
estimates [126]. In addition, it will have an experimental tomograph to provide 3D 
views of the forests [126]. In this way, we hope that in the future, it will be possible 
to carry out studies with crossing Sentinel 2 data with Biomass to compose thematic 
maps of LCLU changes and biomass stock with greater accuracy.

6. Conclusions and outlook

The development of LCLU maps for biomass estimates with Sentinel images is 
still recent, but promising. In studies of LCLU classification, the overall accuracy and 
producer’s and user’s accuracy should be the highest possible for better support of 
biomass prediction models. For the refinement of the classification map, the accuracy 
can be improved with the combination of radar and optical data from Sentinel 1 and 
2, respectively, as well as incorporating models and algorithms, vegetation indices, 
textures, biophysical variables, and forest inventory data, among others. However, it 
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is noteworthy that the accuracy of the biomass prediction models obtained by remote 
sensing still depends on the precision of the field-based measurements.

The GEE platform allows the use of free data, combined with the remote data 
and machine learning for building maps, in addition, to assess the use of land occu-
pation on a large scale. The inclusion of samples collected in the field in the Google 
Fusion Table and multitemporal data, such as high-resolution images can improve 
the classification results.

Based on the limitations of the GEE platform, we hope that the new updates 
of the platform can solve problems such as memory space and the inclusion of 
other ranking algorithms. The improvements make the platform more accessible 
and attract new users to assess changes in LCLU and analysis of vegetation cover 
monitoring. In future works, the LCLU classification approach will be based on 
plots using the pixel method connected to the GEE and field validation, which 
facilitates the detection and understanding of the dynamics of forest areas in terms 
of volumetric and gravimetric production of biomass over time.

To our knowledge, studies that address the accuracy of a forest classification 
combined with biomass estimates, using Sentinel images on cloud platforms, have 
not yet been reported in the literature. Available studies make separate approaches 
to forest classification and biomass estimates. With Sentinel imagery, these two 
themes generally use field data and other thematic maps to develop the models. This 
limitation shows the opportunity to develop pioneering research on forest classifi-
cation and biomass estimates with Sentinel images on cloud platforms.
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is noteworthy that the accuracy of the biomass prediction models obtained by remote 
sensing still depends on the precision of the field-based measurements.

The GEE platform allows the use of free data, combined with the remote data 
and machine learning for building maps, in addition, to assess the use of land occu-
pation on a large scale. The inclusion of samples collected in the field in the Google 
Fusion Table and multitemporal data, such as high-resolution images can improve 
the classification results.

Based on the limitations of the GEE platform, we hope that the new updates 
of the platform can solve problems such as memory space and the inclusion of 
other ranking algorithms. The improvements make the platform more accessible 
and attract new users to assess changes in LCLU and analysis of vegetation cover 
monitoring. In future works, the LCLU classification approach will be based on 
plots using the pixel method connected to the GEE and field validation, which 
facilitates the detection and understanding of the dynamics of forest areas in terms 
of volumetric and gravimetric production of biomass over time.

To our knowledge, studies that address the accuracy of a forest classification 
combined with biomass estimates, using Sentinel images on cloud platforms, have 
not yet been reported in the literature. Available studies make separate approaches 
to forest classification and biomass estimates. With Sentinel imagery, these two 
themes generally use field data and other thematic maps to develop the models. This 
limitation shows the opportunity to develop pioneering research on forest classifi-
cation and biomass estimates with Sentinel images on cloud platforms.
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Chapter 3

Biomass Estimation Using
Satellite-Based Data
Patrícia Lourenço

Abstract

Comprehensive measurements of global forest aboveground biomass (AGB) are
crucial information to promote the sustainable management of forests to mitigate
climate change and preserve the multiple ecosystem services provided by forests.
Optical and radar sensors are available at different spatial, spectral, and temporal
scales. The integration of multi-sources sensor data with field measurements, using
appropriated algorithms to identify the relationship between remote sensing pre-
dictors and reference measurements, is important to improve forest AGB estima-
tion. This chapter aims to present different types of predicted variables derived
from multi-sources sensors, such as original spectral bands, transformed images,
vegetation indices, textural features, and different regression algorithms used
(parametric and non-parametric) that contribute to a more robust, practical, and
cost-effective approach for forest AGB estimation at different levels.

Keywords: aboveground biomass, regression algorithms, machine learning
algorithms, remote sensing, satellite-derived predictor variables

1. Introduction

The aboveground biomass (AGB) of forests directly provides the amount of
organic matter in living and dead plant materials, for example, of leaves, branches,
and stem, and it is expressed in dry weight per unit area [1]. AGB is also one of the
major reservoirs of carbon in forest ecosystems and a key indicator of forest health
[2]. Thus, measuring and monitoring AGB changes is crucial to understanding AGB
role in the global carbon cycle to reduce carbon dioxide concentrations and to
mitigate climate change [3]. AGB was recognized as an Essential Climate Variable
by the United Nations Framework Convention on Climate Change (UNFCCC) [4]
and an essential biophysical parameter of forest ecosystems [5] for estimating
carbon and water cycling, and energy fluxes between land surface and atmosphere.
These are processes relevant on the background of climate change [6]. In addition,
AGB resources underlie the development of a bio-based economy as part of the
European Union Forest-Based Vision targets sector 2030 [7]. The key role of AGB
forests leads to the need for accurate and precise estimates of AGB to assess changes
in forest structure, including understanding the roles of forests in the terrestrial
carbon flux and global climate change [8].

Spatial and temporal quantification and monitoring of AGB are important to
assess the impacts of climate and land use changes on the global carbon cycle and
understand the causing effects on ecosystem resilience [5]. Fast, accurate and
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timely estimation and monitoring of AGB, at local, regional, and global scales, will
significantly reduce the uncertainty in carbon stock assessments and provide valu-
able information to better support sustainable forest management strategies [9, 10].
The frequently used methods to estimate AGB are the indirect, which are based on
mathematical relations between biomass, dependent variable and one or a few easy-
to-measure tree variables, independent variables [11]. Traditionally, indirect
methods use forest inventories and allometric functions at tree level to evaluate
biomass at plot level and an extrapolation method to assess all area [12].

In last decade, there has been an increase of biomass mapping and estimations
for global terrestrial ecosystems using remote sensing (RS) [6]. Satellite-derived
predictor variables have been used to estimate AGB and assess its spatio-temporal
variability through valuable RS approaches [13]. The development and implemen-
tation of RS-based AGB estimation’ monitoring frameworks may provide low-cost
and accurate operational geospatial tools for rapidly and effectively detecting,
mapping and assessing relevant changes in AGB in any study area. On the other
hand, this same type of geospatial tool might be able to support the execution,
monitoring, and impact evaluation of nature conservation policies and strategies, by
providing a systematic and accurate forest AGB estimation monitoring system [14].
RS provides variables indirectly related to AGB, and the spectral response (original
or transformed sensor bands) of the vegetation cover, density, shade, and texture is
correlated with AGB [15].

In response to the urgent need for much improved mapping of global forest
biomass and the lack of current space systems capable of meeting this need, the
BIOMASS mission arose from European Space Agency (ESA) as an Earth observing
satellite planned to launch in October 2022 [16]. BIOMASS mission aims to provide
the scientific community with accurate maps of world’s forest biomass, including
height, state, disturbance patterns, and how they are changing [17, 18]. Gathering
BIOMASS mission information with the economic and environmental knowledge
will enable to reach a better spatial planning of the forest AGB [19].

The objective of this chapter is to present the satellite images, satellite-derived
predictor variables and algorithms used to estimate forest AGB with RS data. To
accomplish this objective, the Section 2 presents the types of satellite sensors used in
RS. The Section 3 describes the satellite-derived predictor variables. In Section 4,
there is a description of the most used algorithms to predict forest AGB. Section 5
presents a discussion of the more frequently used satellite images, algorithms, and
variable importance for AGB estimation with RS. Finally, in Section 6, the main
conclusions are presented.

2. Remote sensing satellite sensors

Currently, there is a wide variety of RS data available for forest AGB estimation,
such as optical (passive) and radar (active) sensors data, at different spatial, spec-
tral, and temporal scales resolution, from local to global scale, with or without costs
[20]. The selection of the proper satellite data it will depend on the scope of the
research and on the study area, considering the area size, type of forest, and
available budget to obtain accurate forest AGB estimations. Optical and radar RS
follow similar approaches for forest AGB analysis, modeling, mapping, and moni-
toring [21]. Optical RS imagery gives spectral information of the horizontal forest
structure [22], while radar RS imagery gives information of the vertical forest
structure due to the ability of penetrating the forest canopy to a certain depth [23].

The analyze of optical data is easier to use than radar RS data because, after
calibrating and correcting the images, the data can be directly processed and
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extracted and similarly interpreted as a photograph. As passive sensor, optical RS
sensors needs a light source (e.g., sun light), and the quality of the images is
dependent of the weather and day light. These sensors record a variety of electro-
magnetic spectrum radiation frequency, especially at wavelengths of visible light
and infra-red. Optical RS sensors record the reflectance of the electromagnetic
spectrum of earth objects in the visible (Blue, Green, and Red) and infrared regions
(near infrared – NIR and short wave infrared – SWIR). Visible and NIR (VNIR),
and SWIR are the wavelengths more sensitive to vegetation characteristics.

Optical RS data are widely used to estimate AGB of different types of forest,
such as in temperate forests [24], Mediterranean forests [25], sub-tropical forests
[26], and boreal forests [27]. Different types of spatial resolution sensors (low: 100–
1000 m, and medium: 10–100 m) have been used in studies of AGB estimation at
global, regional, and local scale, such as MODIS [15], Landsat ETM+ [28], SPOT
[29], and more recently Sentinel-2 [30]. Very high spatial resolution sensors
(<1 m), such as IKONOS, Quickbird II, WorldView-2, have advantage over low
and medium spatial resolution sensors, despite their cost. These sensors provide
finer spatial scale with a greater thematic resolution and accuracy which can be
used to complement AGB forestry measurements from the forest inventory [31, 32].
Monitoring and evaluation of AGB estimation over time can be performed by
using optical RS due to existing continuous data and wide spatial coverage.
However, despite the widespread usage of optical RS data in the estimation of
forest AGB, these are limited to their poor penetration capacity in the forest
canopies and clouds, in addition to presenting problems of data saturation in high
AGB density [33].

On the contrary, interpretation of radar RS sensor data, that is, Synthetic Aper-
ture Radar (SAR) and Light Detection and Ranging (LiDAR) sensors imagery, is not
always straightforward because of the signal being responsive to surface character-
istics, like structure and moisture, and consequently to have the non-intuitive and
side-looking geometry. Despite that, radar provides much more information than
just an image to be visually analyzed because of being characterized by two data
values for each pixel, a Magnitude value (image analogous to one collected by an
optical sensor) and a Phase value (it cannot be visually interpreted). As an active
sensor, radar has the advantage of providing its light source and enabling it to
operate 24 hours a day.

SAR sensors have been used to estimate forest AGB to complement the spectral
reflectance characteristics of vegetation in the optical regions and are very useful in
regions often covered by clouds [34]. These sensors are sensitive to water content in
vegetation and register information independently of the weather conditions [35]
through the interaction of the radar waves with tree scattering elements [17]. The
techniques most used in biomass studies using SAR data are regression based on
backscattering amplitudes [36] and interferometry based on backscattering ampli-
tudes and phases [37]. The important factors in the backscattering coefficient are
wavelength (e.g. ,K, X, C, L, P), polarization (e.g., HH, VV, HV, VH), incidence
angle, land cover, and terrain properties (e.g., roughness and dielectric constant).

The short wavelength X and C bands, which interact only with tree canopy
surface layer information, are more suitable for AGB estimation in areas with low
biomass [38]. The long wavelength L and P bands are more suitable for AGB
estimation of dense forest with relatively high biomass density for presenting
greater interaction with the forest elements, such as branch, stem, and soil under
the canopy [39] and by allowing canopy height to be retrieved by polarimetric
interferometry [17].

The polarization information can be linear and crossed. The linear polarization is
obtained through linear transmission and reception signal, horizontal (H) and
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timely estimation and monitoring of AGB, at local, regional, and global scales, will
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2. Remote sensing satellite sensors
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follow similar approaches for forest AGB analysis, modeling, mapping, and moni-
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extracted and similarly interpreted as a photograph. As passive sensor, optical RS
sensors needs a light source (e.g., sun light), and the quality of the images is
dependent of the weather and day light. These sensors record a variety of electro-
magnetic spectrum radiation frequency, especially at wavelengths of visible light
and infra-red. Optical RS sensors record the reflectance of the electromagnetic
spectrum of earth objects in the visible (Blue, Green, and Red) and infrared regions
(near infrared – NIR and short wave infrared – SWIR). Visible and NIR (VNIR),
and SWIR are the wavelengths more sensitive to vegetation characteristics.

Optical RS data are widely used to estimate AGB of different types of forest,
such as in temperate forests [24], Mediterranean forests [25], sub-tropical forests
[26], and boreal forests [27]. Different types of spatial resolution sensors (low: 100–
1000 m, and medium: 10–100 m) have been used in studies of AGB estimation at
global, regional, and local scale, such as MODIS [15], Landsat ETM+ [28], SPOT
[29], and more recently Sentinel-2 [30]. Very high spatial resolution sensors
(<1 m), such as IKONOS, Quickbird II, WorldView-2, have advantage over low
and medium spatial resolution sensors, despite their cost. These sensors provide
finer spatial scale with a greater thematic resolution and accuracy which can be
used to complement AGB forestry measurements from the forest inventory [31, 32].
Monitoring and evaluation of AGB estimation over time can be performed by
using optical RS due to existing continuous data and wide spatial coverage.
However, despite the widespread usage of optical RS data in the estimation of
forest AGB, these are limited to their poor penetration capacity in the forest
canopies and clouds, in addition to presenting problems of data saturation in high
AGB density [33].

On the contrary, interpretation of radar RS sensor data, that is, Synthetic Aper-
ture Radar (SAR) and Light Detection and Ranging (LiDAR) sensors imagery, is not
always straightforward because of the signal being responsive to surface character-
istics, like structure and moisture, and consequently to have the non-intuitive and
side-looking geometry. Despite that, radar provides much more information than
just an image to be visually analyzed because of being characterized by two data
values for each pixel, a Magnitude value (image analogous to one collected by an
optical sensor) and a Phase value (it cannot be visually interpreted). As an active
sensor, radar has the advantage of providing its light source and enabling it to
operate 24 hours a day.

SAR sensors have been used to estimate forest AGB to complement the spectral
reflectance characteristics of vegetation in the optical regions and are very useful in
regions often covered by clouds [34]. These sensors are sensitive to water content in
vegetation and register information independently of the weather conditions [35]
through the interaction of the radar waves with tree scattering elements [17]. The
techniques most used in biomass studies using SAR data are regression based on
backscattering amplitudes [36] and interferometry based on backscattering ampli-
tudes and phases [37]. The important factors in the backscattering coefficient are
wavelength (e.g. ,K, X, C, L, P), polarization (e.g., HH, VV, HV, VH), incidence
angle, land cover, and terrain properties (e.g., roughness and dielectric constant).

The short wavelength X and C bands, which interact only with tree canopy
surface layer information, are more suitable for AGB estimation in areas with low
biomass [38]. The long wavelength L and P bands are more suitable for AGB
estimation of dense forest with relatively high biomass density for presenting
greater interaction with the forest elements, such as branch, stem, and soil under
the canopy [39] and by allowing canopy height to be retrieved by polarimetric
interferometry [17].

The polarization information can be linear and crossed. The linear polarization is
obtained through linear transmission and reception signal, horizontal (H) and
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vertical (V), HH and VV, respectively [40]. In the cross-polarization, the transmis-
sion and reception signal are different, i.e., HV and VH. Cross-polarized VH back-
scatter has been considered the largest dynamic range and the highest correlation
with biomass [17]. In the case of linear polarization, ground conditions can affect
the biomass-backscatter relationship. HH backscatter comes mainly from stem-
ground scattering, while VV backscatter results from both volume and ground
scattering.

SAR sensors has been used in several forest AGB estimation studies, such as in
Miombo Savanna Woodlands [41], deciduous broadleaved and mixed broadleaf-
conifer forests [30, 42], tropical peat swamp forests [43], tropical savannas and
woodlands [44], temperate deciduous forest [45], rainforest [46], coniferous tem-
perate forest [47], and mixed and deciduous boreal forest [48]. Currently, there is a
considerable number of ongoing SAR missions from various agencies, namely
Sentinel-1A,B, ALOS-2, SOACOM-1a,b, Cosmo-SkyMed SG, and PAZ. For histori-
cal analysis, it can use data from sensors, such as, ERS-1,2, JERS, Envisat, Radarsat-
1,2, ALOS, TerraSAR-X, and TanDEM-X. However, despite the positive correlation
with the forest structure parameters, SAR data can present saturation problems.
The saturation problems can be over different types of temperate, boreal, and
tropical forests [49] and depend on the wavelengths, L band at around 100–150 t/ha
[50] and 250 t/ha [51], polarization, characteristics of the vegetation stand structure
and ground conditions [52]. Furthermore, estimating AGB with only SAR data is
difficult, since these data provide information on the roughness of the land cover
surfaces and do not distinguish the types of vegetation [53].

LiDAR is an active RS method sensor composed by a laser, a scanner and a
specialized GPS receiver used from spacecraft satellite for Space-borne Laser Scan-
ning (SLS), aircraft for Airborn Laser Scanning (ALS) – the most used in forestry
approaches – and on the ground level, Terrestrial Laser Scanning (TLS). LiDAR uses
pulsed laser light to measure ranges (variable distances) to the object Earth. Differ-
ences in return times and laser wavelengths serve to calculate distance traveled
which is then converted to elevation. These measurements generate a cloud of
points that allow the 3D representation of the vegetation, based on the identifica-
tion of the X, Y, and Z location, and can penetrate within forest canopy [54]. The
airborne LiDAR has the advantage of covering a large area, allowing its use in large
areas with minimum occlusion of the terrain by vegetation. Also, it does not satu-
rate even at very high biomass levels (>1000 Mg/ha) [55].

LiDAR provides accurate measurements of vegetation structures, such as height,
crown size, basal area, stem volume, and vertical profile. These measurements to
characterize the canopy or crown cover in three dimensions and consequently to
estimate forest AGB in any study area [56]. The LiDAR metrics can be extracted on
the basis of either individual trees [57] or areas [49]. The extraction of these metrics
depends on the laser return signal (discrete-return vs. waveform), scanning pattern
(scanning or profiling), and footprint size (small vs. large). LiDAR data have been
used to estimate forest AGB in combination with other sensors data (optical and/or
radar) [15, 58]. Moreover, LiDAR data are a good complement to forest inventory
data because they capture spatial variability and can be acquired quickly and in
large or difficult to access areas [58]. However, the limited availability and the cost
of these data prevent its extensive application [10].

Integration of multi-source RS data, that is, optical, SAR or/and LiDAR data, is
important to improve AGB estimation because more information about forest
structure features is integrated than just by a sensor. The integration of multiple
data sources for more accurate forest AGB estimations has been explored by several
authors [44, 59, 60]. In this way, the advantages of each sensor are highlighted to
the detriment of negative characteristics of the sensors [61]. Nevertheless, RS data
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should be complemented with AGB field data measurements, as training and vali-
dation data, in order to improve the accuracy of the AGB estimation model [6].

3. Satellite-derived predictor variables

In studies of forest AGB estimation, it is important to integrate different types of
independent variables derived from passive and active sensors, such as original
spectral bands, transformed images, vegetation indices, and textural variables
(Table 1), to achieve accurate predictive models [62].

Spectral bands (e.g., VNIR and SWIR) reflect the vegetation structure, texture,
and shadow, related with leaf cellular structure and plant pigments, which are
correlated with AGB [15]. VNIR wavelengths are more sensitive to pigments and
overall canopy health, while SWIR capture many biochemical, leaf mass per area,
and discriminates moisture content of soil and vegetation [15]. In Red region occurs
absorption by chlorophyll, while in NIR region, there is a pronounced reflection by
mesophyll cells [69]. Green band is related with the greenness of vegetation
representing the absorption intensity of Blue and Red energy by plant leaves and
the reflection intensity of green energy [70]. On the other hand, hyperspectral
sensors allow to have many narrow contiguous spectral bands and can accurately
discriminate absorption features’ wavelength position and shape.

Transformed images have been used to reduce the dimension of the data,
required for optimal performance, by producing new variables from optical multi-
spectral data [21]. There are some image transformation techniques, such as Princi-
pal Component Analysis (PCA), Minimum Noise Fraction transform (MNF), and
Tasseled Cap Transform (TCT). PCA is the most used transformed image to
enhance the change information from stacked multisensor data and captures max-
imum variance generating a new reduced set of bands in which the information is
concentrated and that have little correlation [71]. For n bands of multispectral data,
the first PC (PC1) includes the largest percentage of the total image variance and
the succeeding components (PC2, PC3, … , PCn) each containing a decreasing
percentage of the scene variance [70].

MNF transform is a linear transformation of the reflectance data of
hyperspectral and high spectral resolution images to determine the inherent
dimensionality of image data, to segregate noise in the data, and to reduce the
computational requirements for subsequent processing [72, 73]. MNF is composed
of two PCA rotations that separate the noise from the data. The first rotation
consists in the call noise whitening process in which the principal components of
the noise covariance matrix are used to decorrelate and rescale the noise in the data

Sensor Variable Description References

Optical Spectral
features

Spectral bands, vegetation indices, and transformed images (e.g. [62])

Spatial
features

Textural images (e.g. [63])

Active Radar Backscattering coefficients, textural images, interferometry
SAR, and Polarimetric SAR interferometry

(e.g. [38, 64–66])

LiDAR Lidar metrics based on statistical measures of point clouds or
estimated products (e.g. canopy height or individual trees)

(e.g. [67, 68])

Table 1.
Optical and active sensor derived variables used in forest AGB estimation.
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vertical (V), HH and VV, respectively [40]. In the cross-polarization, the transmis-
sion and reception signal are different, i.e., HV and VH. Cross-polarized VH back-
scatter has been considered the largest dynamic range and the highest correlation
with biomass [17]. In the case of linear polarization, ground conditions can affect
the biomass-backscatter relationship. HH backscatter comes mainly from stem-
ground scattering, while VV backscatter results from both volume and ground
scattering.

SAR sensors has been used in several forest AGB estimation studies, such as in
Miombo Savanna Woodlands [41], deciduous broadleaved and mixed broadleaf-
conifer forests [30, 42], tropical peat swamp forests [43], tropical savannas and
woodlands [44], temperate deciduous forest [45], rainforest [46], coniferous tem-
perate forest [47], and mixed and deciduous boreal forest [48]. Currently, there is a
considerable number of ongoing SAR missions from various agencies, namely
Sentinel-1A,B, ALOS-2, SOACOM-1a,b, Cosmo-SkyMed SG, and PAZ. For histori-
cal analysis, it can use data from sensors, such as, ERS-1,2, JERS, Envisat, Radarsat-
1,2, ALOS, TerraSAR-X, and TanDEM-X. However, despite the positive correlation
with the forest structure parameters, SAR data can present saturation problems.
The saturation problems can be over different types of temperate, boreal, and
tropical forests [49] and depend on the wavelengths, L band at around 100–150 t/ha
[50] and 250 t/ha [51], polarization, characteristics of the vegetation stand structure
and ground conditions [52]. Furthermore, estimating AGB with only SAR data is
difficult, since these data provide information on the roughness of the land cover
surfaces and do not distinguish the types of vegetation [53].

LiDAR is an active RS method sensor composed by a laser, a scanner and a
specialized GPS receiver used from spacecraft satellite for Space-borne Laser Scan-
ning (SLS), aircraft for Airborn Laser Scanning (ALS) – the most used in forestry
approaches – and on the ground level, Terrestrial Laser Scanning (TLS). LiDAR uses
pulsed laser light to measure ranges (variable distances) to the object Earth. Differ-
ences in return times and laser wavelengths serve to calculate distance traveled
which is then converted to elevation. These measurements generate a cloud of
points that allow the 3D representation of the vegetation, based on the identifica-
tion of the X, Y, and Z location, and can penetrate within forest canopy [54]. The
airborne LiDAR has the advantage of covering a large area, allowing its use in large
areas with minimum occlusion of the terrain by vegetation. Also, it does not satu-
rate even at very high biomass levels (>1000 Mg/ha) [55].

LiDAR provides accurate measurements of vegetation structures, such as height,
crown size, basal area, stem volume, and vertical profile. These measurements to
characterize the canopy or crown cover in three dimensions and consequently to
estimate forest AGB in any study area [56]. The LiDAR metrics can be extracted on
the basis of either individual trees [57] or areas [49]. The extraction of these metrics
depends on the laser return signal (discrete-return vs. waveform), scanning pattern
(scanning or profiling), and footprint size (small vs. large). LiDAR data have been
used to estimate forest AGB in combination with other sensors data (optical and/or
radar) [15, 58]. Moreover, LiDAR data are a good complement to forest inventory
data because they capture spatial variability and can be acquired quickly and in
large or difficult to access areas [58]. However, the limited availability and the cost
of these data prevent its extensive application [10].

Integration of multi-source RS data, that is, optical, SAR or/and LiDAR data, is
important to improve AGB estimation because more information about forest
structure features is integrated than just by a sensor. The integration of multiple
data sources for more accurate forest AGB estimations has been explored by several
authors [44, 59, 60]. In this way, the advantages of each sensor are highlighted to
the detriment of negative characteristics of the sensors [61]. Nevertheless, RS data
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should be complemented with AGB field data measurements, as training and vali-
dation data, in order to improve the accuracy of the AGB estimation model [6].

3. Satellite-derived predictor variables

In studies of forest AGB estimation, it is important to integrate different types of
independent variables derived from passive and active sensors, such as original
spectral bands, transformed images, vegetation indices, and textural variables
(Table 1), to achieve accurate predictive models [62].

Spectral bands (e.g., VNIR and SWIR) reflect the vegetation structure, texture,
and shadow, related with leaf cellular structure and plant pigments, which are
correlated with AGB [15]. VNIR wavelengths are more sensitive to pigments and
overall canopy health, while SWIR capture many biochemical, leaf mass per area,
and discriminates moisture content of soil and vegetation [15]. In Red region occurs
absorption by chlorophyll, while in NIR region, there is a pronounced reflection by
mesophyll cells [69]. Green band is related with the greenness of vegetation
representing the absorption intensity of Blue and Red energy by plant leaves and
the reflection intensity of green energy [70]. On the other hand, hyperspectral
sensors allow to have many narrow contiguous spectral bands and can accurately
discriminate absorption features’ wavelength position and shape.

Transformed images have been used to reduce the dimension of the data,
required for optimal performance, by producing new variables from optical multi-
spectral data [21]. There are some image transformation techniques, such as Princi-
pal Component Analysis (PCA), Minimum Noise Fraction transform (MNF), and
Tasseled Cap Transform (TCT). PCA is the most used transformed image to
enhance the change information from stacked multisensor data and captures max-
imum variance generating a new reduced set of bands in which the information is
concentrated and that have little correlation [71]. For n bands of multispectral data,
the first PC (PC1) includes the largest percentage of the total image variance and
the succeeding components (PC2, PC3, … , PCn) each containing a decreasing
percentage of the scene variance [70].

MNF transform is a linear transformation of the reflectance data of
hyperspectral and high spectral resolution images to determine the inherent
dimensionality of image data, to segregate noise in the data, and to reduce the
computational requirements for subsequent processing [72, 73]. MNF is composed
of two PCA rotations that separate the noise from the data. The first rotation
consists in the call noise whitening process in which the principal components of
the noise covariance matrix are used to decorrelate and rescale the noise in the data

Sensor Variable Description References

Optical Spectral
features

Spectral bands, vegetation indices, and transformed images (e.g. [62])

Spatial
features

Textural images (e.g. [63])

Active Radar Backscattering coefficients, textural images, interferometry
SAR, and Polarimetric SAR interferometry

(e.g. [38, 64–66])

LiDAR Lidar metrics based on statistical measures of point clouds or
estimated products (e.g. canopy height or individual trees)

(e.g. [67, 68])

Table 1.
Optical and active sensor derived variables used in forest AGB estimation.
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and obtain transformed data. The transformed noise data have unit variance and no
band-to-band correlations. The second rotation uses the principal components
derived from the noise whitening process and rescaled by the noise standard devi-
ation. The inherent dimensionality of the second transformation data is determined
by examining the final eigenvalues and the associated images. In this way, MNF
transformation may reduce the dimensionality of hyperspectral image data,
eliminate correlations band-to-band, and order components in terms of image
quality [74].

TCT is a conversion of the original bands of an image into a new set of bands
through an orthogonal transformation with defined interpretations, useful for veg-
etation mapping, and directly associated with important physical parameters of the
vegetation [75]. TCT uses a similar concept to the PCA in which linear combinations
of the original image bands are performed. The tasseled-cap band are produced as
the sum of image band 1 times a constant plus image band 2 times a constant, etc.
The coefficients used to create the tasseled-cap bands are derived statistically from
images and empirical observations and are specific to each imaging sensor. TCT
aims to compress the spectral data in few bands associated with physical scene
characteristics with minimal information loss [76]. These bands are then correlated,
transforming them orthogonally into a new set of axes associated with physical
features. The resulting spectral features consists in three axes defined as brightness,
greenness, and wetness that are directly associated with important physical param-
eters [77]. Brightness – the first feature of TCT – is a weighted sum of all the bands
and is related with bare or partially covered soil, natural and man-made features,
and variations in topography [70]. Greeneess – the second feature of TCT – is a
measure of the contrast between the NIR band and the visible bands and is related
with vegetation amount in the image. Wetness – the third feature of TCT – is
orthogonal to the first two components and is related to canopy and soil moisture
[78]. TCT was developed in 1972 for the Landsat multi-spectral scanner (MSS) to
understand the growth patterns of plants, soil moisture, and other hydrological
features in the spectral space formed by combinations of different bands but is
adapted to current sensors.

Vegetation index is a spectral transformation of at least two bands to improve
the contribution of the vegetation properties of an image. The wide variety of
vegetation indices are calculated based on the ratio between two or more bands to
contrast the high absorption by leaf pigments (chlorophylls, carotenoids, and xan-
thophylls) in the visible spectral region (400–700 nm), high reflectance by leaves in
the NIR region (700–1300 nm), and moderate water absorption in the SWIR
(1300–2100 nm) [79]. There is a wide range of vegetation indices that are used in
the estimation of AGB (Table 2).

Two most common vegetation indices used in forest AGB estimation are NDVI
and SR [63]. NDVI is the fraction of the difference and the sum of the NIR and Red
bands where chlorophyll absorbs Red whereas the mesophyll leaf structure scatters
NIR [80]. SR is the ratio between NIR and RED [81] and intends to capture the
contrast between the RED and NIR bands for vegetated pixels. Both vegetation
indices prove to have a good relation with the AGB estimation derived from satellite
images data in several types of forests [63, 82]. Further, canopy moisture content
can be quantified through vegetation water indices, namely NDWI which is related
with NIR and SWIR bands [83].

Texture is a feature used to identify objects or regions of interest in an image
[105], based on mathematical pattern (spatial) analysis. Texture is characterized by
defining local spatial organization of spatially varying spectral values that is
repeated in a region of larger spatial scale. The variations in these scales in the image
values that constitute texture are generally due to an underlying physical variation
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in the landscape that changes reflectivity or emissivity [106]. Textural analysis
techniques can be used to provide quantitative metrics that are highly sensitive to
the underlying processes of change [107]. However, as the texture has many differ-
ent dimensions, there is no single texture representation method that is suitable for
a variety of textures. There are several methods of extracting textures from RS
images; however, texture measurements based on the gray level co-occurrence
matrix (GLCM) [105] is one of the most used in forest AGB estimation [64, 108].
The extraction of appropriate descriptions of texture involves selecting moving
window sizes which in GLCM is a key parameter in texture analysis [106, 109].
Theoretically, variation and contrast should increase with increasing size and dis-
placement of the window until the size of the textured objects is reached [108].

Vegetation indices Formulation Reference

Normalized difference vegetation index NDVI NIR�RED
NIRþRED

[84]

Enhanced vegetation index EVI G� NIR�RED
NIR�C1�RED�C2�BLUEþL

Note: C1 = 6; C2 = 7 5; L = 1; G = 2 5

[85]

Modified simple ratio MSR NIR
RED�1ffiffiffiffiffi
NIR
RED

p
þ1

[86]

Specific leaf area vegetation index SLAVI NIR
REDþSWIR

[87]

Soil-adjusted vegetation index SAVI 1þ Lð Þ � NIR�REDð Þ
NIRþRED

[88]

Triangular vegetation index TVI
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NIR�R

NIRþRED

q
þ 0:5 [89]

Corrected transformed vegetation index CTVI NDVIþ0:5
ABS NDVIþ0:5ð Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ABS NDVI þ 0:5ð Þp

[90]

Transformed triangular vegetation index TTVI
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ABS NIR�RED

NIRþRED þ 0:5
� �r

[91]

Ratio vegetation index RVI RED
NIR

[92]

Normalized ratio vegetation indexes NRVI RVI�1
RVIþ1

[93]

Infrared percentage vegetation index IPVI NIR
NIRþRED

[94]

Optimized soil-adjusted vegetation index OSAVI NIR�RED
NIRþREDþY

Y = 0.16

[95]

Normalized difference index using bands 4
& 5 of Sentinel-2

NDI45 RE1�RED
RE1þRED

[96]

Inverted red-edge chlorophyll index
(Sentinel-2)

IRECI RE3�RED
RE1=RE2

[97]

Transformed normalized difference
vegetation index

TNDVI
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NIR�RED
NIRþRED

q
þ 0:5 [98]

Sentinel-2 red-edge position S2REP 705þ 35�
NIRþRED

2ð Þ�RE1
RE2�RE1

[97]

Green normalized difference vegetation
index

GNDVI NIR�GREEN
NIRþGREEN

[99]

Simple ratio SR NIR
RED

[100]

Green ratio vegetation index GRVI GREEN�RED
GREENþRED

[101, 102]

Normalized difference water index NDWI NIR�SWIR
NIRþSWIR

[83, 103]

Moisture stress index MSI NIR
SWIR

[104]

Table 2.
Vegetation indices used to establish the AGB model.
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and obtain transformed data. The transformed noise data have unit variance and no
band-to-band correlations. The second rotation uses the principal components
derived from the noise whitening process and rescaled by the noise standard devi-
ation. The inherent dimensionality of the second transformation data is determined
by examining the final eigenvalues and the associated images. In this way, MNF
transformation may reduce the dimensionality of hyperspectral image data,
eliminate correlations band-to-band, and order components in terms of image
quality [74].

TCT is a conversion of the original bands of an image into a new set of bands
through an orthogonal transformation with defined interpretations, useful for veg-
etation mapping, and directly associated with important physical parameters of the
vegetation [75]. TCT uses a similar concept to the PCA in which linear combinations
of the original image bands are performed. The tasseled-cap band are produced as
the sum of image band 1 times a constant plus image band 2 times a constant, etc.
The coefficients used to create the tasseled-cap bands are derived statistically from
images and empirical observations and are specific to each imaging sensor. TCT
aims to compress the spectral data in few bands associated with physical scene
characteristics with minimal information loss [76]. These bands are then correlated,
transforming them orthogonally into a new set of axes associated with physical
features. The resulting spectral features consists in three axes defined as brightness,
greenness, and wetness that are directly associated with important physical param-
eters [77]. Brightness – the first feature of TCT – is a weighted sum of all the bands
and is related with bare or partially covered soil, natural and man-made features,
and variations in topography [70]. Greeneess – the second feature of TCT – is a
measure of the contrast between the NIR band and the visible bands and is related
with vegetation amount in the image. Wetness – the third feature of TCT – is
orthogonal to the first two components and is related to canopy and soil moisture
[78]. TCT was developed in 1972 for the Landsat multi-spectral scanner (MSS) to
understand the growth patterns of plants, soil moisture, and other hydrological
features in the spectral space formed by combinations of different bands but is
adapted to current sensors.

Vegetation index is a spectral transformation of at least two bands to improve
the contribution of the vegetation properties of an image. The wide variety of
vegetation indices are calculated based on the ratio between two or more bands to
contrast the high absorption by leaf pigments (chlorophylls, carotenoids, and xan-
thophylls) in the visible spectral region (400–700 nm), high reflectance by leaves in
the NIR region (700–1300 nm), and moderate water absorption in the SWIR
(1300–2100 nm) [79]. There is a wide range of vegetation indices that are used in
the estimation of AGB (Table 2).

Two most common vegetation indices used in forest AGB estimation are NDVI
and SR [63]. NDVI is the fraction of the difference and the sum of the NIR and Red
bands where chlorophyll absorbs Red whereas the mesophyll leaf structure scatters
NIR [80]. SR is the ratio between NIR and RED [81] and intends to capture the
contrast between the RED and NIR bands for vegetated pixels. Both vegetation
indices prove to have a good relation with the AGB estimation derived from satellite
images data in several types of forests [63, 82]. Further, canopy moisture content
can be quantified through vegetation water indices, namely NDWI which is related
with NIR and SWIR bands [83].

Texture is a feature used to identify objects or regions of interest in an image
[105], based on mathematical pattern (spatial) analysis. Texture is characterized by
defining local spatial organization of spatially varying spectral values that is
repeated in a region of larger spatial scale. The variations in these scales in the image
values that constitute texture are generally due to an underlying physical variation

54

Forest Biomass - From Trees to Energy

in the landscape that changes reflectivity or emissivity [106]. Textural analysis
techniques can be used to provide quantitative metrics that are highly sensitive to
the underlying processes of change [107]. However, as the texture has many differ-
ent dimensions, there is no single texture representation method that is suitable for
a variety of textures. There are several methods of extracting textures from RS
images; however, texture measurements based on the gray level co-occurrence
matrix (GLCM) [105] is one of the most used in forest AGB estimation [64, 108].
The extraction of appropriate descriptions of texture involves selecting moving
window sizes which in GLCM is a key parameter in texture analysis [106, 109].
Theoretically, variation and contrast should increase with increasing size and dis-
placement of the window until the size of the textured objects is reached [108].

Vegetation indices Formulation Reference

Normalized difference vegetation index NDVI NIR�RED
NIRþRED

[84]

Enhanced vegetation index EVI G� NIR�RED
NIR�C1�RED�C2�BLUEþL

Note: C1 = 6; C2 = 7 5; L = 1; G = 2 5

[85]

Modified simple ratio MSR NIR
RED�1ffiffiffiffiffi
NIR
RED

p
þ1

[86]

Specific leaf area vegetation index SLAVI NIR
REDþSWIR

[87]

Soil-adjusted vegetation index SAVI 1þ Lð Þ � NIR�REDð Þ
NIRþRED

[88]

Triangular vegetation index TVI
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NIR�R

NIRþRED

q
þ 0:5 [89]

Corrected transformed vegetation index CTVI NDVIþ0:5
ABS NDVIþ0:5ð Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ABS NDVI þ 0:5ð Þp

[90]

Transformed triangular vegetation index TTVI
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ABS NIR�RED

NIRþRED þ 0:5
� �r

[91]

Ratio vegetation index RVI RED
NIR

[92]

Normalized ratio vegetation indexes NRVI RVI�1
RVIþ1

[93]

Infrared percentage vegetation index IPVI NIR
NIRþRED

[94]

Optimized soil-adjusted vegetation index OSAVI NIR�RED
NIRþREDþY

Y = 0.16

[95]

Normalized difference index using bands 4
& 5 of Sentinel-2

NDI45 RE1�RED
RE1þRED

[96]

Inverted red-edge chlorophyll index
(Sentinel-2)

IRECI RE3�RED
RE1=RE2

[97]

Transformed normalized difference
vegetation index

TNDVI
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NIR�RED
NIRþRED

q
þ 0:5 [98]

Sentinel-2 red-edge position S2REP 705þ 35�
NIRþRED

2ð Þ�RE1
RE2�RE1

[97]

Green normalized difference vegetation
index

GNDVI NIR�GREEN
NIRþGREEN

[99]

Simple ratio SR NIR
RED

[100]

Green ratio vegetation index GRVI GREEN�RED
GREENþRED

[101, 102]

Normalized difference water index NDWI NIR�SWIR
NIRþSWIR

[83, 103]

Moisture stress index MSI NIR
SWIR

[104]

Table 2.
Vegetation indices used to establish the AGB model.
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Overall, small windows produce noisier estimates of the texture descriptor and
maintain a high spatial resolution, while larger windows amplify the estimation
errors near spatial instances. Due to the variety of objects in an image, when
estimating texture parameters should not be used a fixed window. The estimation of
texture parameters should be done based on the directional invariant measures,
which are the averages between the texture measures of four directions (0, 45, 90,°
and 135°) [110]. There are also 8 statistical texture measures, from 14 suggested by
Haralick [105], considered the most relevant for the analysis of RS images: angular
second moment, contrast, variance, homogeneity, correlation, entropy, mean, and
dissimilarity [64]. The information of each of these texture measures depends on
the type of image to be analyzed in relation to the spectral domain, the spatial
resolution and characteristics of detected objects (size, shape, and spatial distribu-
tion). In addition, when faced with a complex forest structure textural images have
stronger relationships with biomass than the original spectral bands [64].

4. Algorithms to predict forest AGB

Forest AGB estimated from RS data is usually via an indirect relationship
between the spectral response (original or transformed sensor bands) and AGB
calculations based on field measurements, allowing an extrapolation of field data
collected for larger scales [111, 112]. Different prediction methods can be applied to
estimate forest AGB [52, 113]. The most used methods for forest AGB estimation are
the linear and multiple regression models [114]. However, in recent years’ machine
learning methods, such as, random forest (RF), support vector machines (SVM)
and artificial neural network (ANN) have become more prevalent [113].

Linear and multiple regression models are parametric algorithms which assumes
that there is a linear relationship between both the dependent (i.e., AGB) and
independent (derived from DR) variables [115]. Simple linear regression establishes
a relationship between a dependent and one independent variable. If there is a
relationship between two or more independent variables, the regression is called
multiple linear regressions. Multiple regressions can be linear and nonlinear. This
type of regression also allows to determine the relative contribution of each of the
independent variables to the total explained variance and the explained variation of
the model. Despite being an easy method to calculate the relationship between RS-
derived variables and forest AGB, parametric algorithm is not simple global linear
because it is affected by many factors (e.g., forest age, tree species, and tree height).
Thus, a stepwise regression model might be applied to identify the appropriate RS-
derived variables that present strong relations with forest AGB [114].

Among the existing non-parametric algorithms, only the most commonly
applied to predict forest AGB estimation using RS data will be described, that is, RF,
SVM and ANN [10, 52]. Non-parametric algorithms are more flexible than the
parametric algorithms and create more complex models of non-linear AGB. These
machine learning methods are a more reliable technique to estimate AGB [8]
because do not have predefined model structures and the data determined the
structure of the model.

RF is a machine learning classification and regression technique that creates a vast
number of uncorrelated decision trees at training time, where the most accurate
decision tree can be voted [116]. In addition, regression tree-based methods have a
higher potential to identify non-linear relationships between dependent and inde-
pendent variables [117]. This advantage is significant for RS-based studies, where
data have shown low linear relation with AGB and the variables might be collinear
[113]. RF has also the advantage of using multisource data in large study areas [10].
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SVM is a machine learning algorithm that analyzes data used for classification
and regression analysis [118]. This algorithm, from a set of category-identified
training examples, build a model in which the new examples are attribute to one
category or another. SVM constructs a linear separation rule between examples in a
higher-dimensional space induced by a mapping function in training samples. This
algorithm has the ability to use small data training samples to produce relatively
high estimates of forest biophysical parameters using remote sensing data [10].

ANN is an important non-parametric model for forest parameter estimation
[119] that simulates the associative memory as animal brain [120]. This algorithm
learns by processing examples that have one or more inputs (independent variables
from different data sources, such as RS and ancillary data) and known results,
establishing associations by probability that will contribute to the “learning.” These
associations are stored in their net data structure. After receiving several examples,
the net is able to predict the results from inputs using the previously established
associations. Thus, the greater the number of examples, the greater the accuracy of
ANN’s predictions will be. However, the relationship between the dependent and
the independent variable is not easily interpreted [10].

Accurate predictive models of forest AGB are of great importance for forest
management and climate mitigation [121]. In general, there are three widely used
methods of validation of forest AGB estimation. According to Lu et al. [10], the first
method consists in selecting a set of sample plots through random, systematic, and
stratified random sampling. The sample plots will be randomly divided into two
subsets. One of the subsets will be used to train the model (e.g., 75% of subset data),
while the other will be used to calibrate the model (e.g., 25% of subset data). In this
case, both subsets are produced from the same sample plot which may lead to an
overestimation of accuracy. The second method is cross-validation where a set of
sample plots is selected using one of the first sampling previous methods. Here, a plot
sample is removed while the remaining plots are used for the development of forest
AGB estimation model. This method has a similar advantage to the first; however, it
presents a more reliable precision assessment. The third method involves the use of
an independent set of sample plots collected through a sampling design. However,
despite being theoretically reliable, this method is more expensive.

These accuracy statistics are often expressed as the coefficient of determination
(R2), a measure of how well model predictions explain the target variance of the
validation set, and the root mean square error (RMSE), a frequently used measure
that indicates the absolute fit of the model to the data (i.e., how close the observed
data points are to the model’s predicted values). RMSE is a good measure of how
accurately the model predicts the response, and it is the most important criterion
for fit if the main purpose of the model is a prediction [122]. In general, a high R2

and a low RMSE value shows a good adjustment between the model developed and
the sample plot data. Thus, obtaining an accurate predictive model of forest AGB
estimation is important to provide valuable information to better support sustain-
able forest management strategies to mitigate climate change and preserve the
multiple ecosystem services provided by forests.

5. Discussion of forest AGB estimation using RS data

Over the past decades, there has been an improvement in satellite data from
sparse coarse to medium and fine spatial resolutions, allowing better accuracy in
estimating forest AGB at local, national, and global scale [69]. Recently with the
launch of the Sentinel satellite family, more accurate predictive models of forest
AGB estimation may be produced due to the existence of better spatial (bands with
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Overall, small windows produce noisier estimates of the texture descriptor and
maintain a high spatial resolution, while larger windows amplify the estimation
errors near spatial instances. Due to the variety of objects in an image, when
estimating texture parameters should not be used a fixed window. The estimation of
texture parameters should be done based on the directional invariant measures,
which are the averages between the texture measures of four directions (0, 45, 90,°
and 135°) [110]. There are also 8 statistical texture measures, from 14 suggested by
Haralick [105], considered the most relevant for the analysis of RS images: angular
second moment, contrast, variance, homogeneity, correlation, entropy, mean, and
dissimilarity [64]. The information of each of these texture measures depends on
the type of image to be analyzed in relation to the spectral domain, the spatial
resolution and characteristics of detected objects (size, shape, and spatial distribu-
tion). In addition, when faced with a complex forest structure textural images have
stronger relationships with biomass than the original spectral bands [64].

4. Algorithms to predict forest AGB

Forest AGB estimated from RS data is usually via an indirect relationship
between the spectral response (original or transformed sensor bands) and AGB
calculations based on field measurements, allowing an extrapolation of field data
collected for larger scales [111, 112]. Different prediction methods can be applied to
estimate forest AGB [52, 113]. The most used methods for forest AGB estimation are
the linear and multiple regression models [114]. However, in recent years’ machine
learning methods, such as, random forest (RF), support vector machines (SVM)
and artificial neural network (ANN) have become more prevalent [113].

Linear and multiple regression models are parametric algorithms which assumes
that there is a linear relationship between both the dependent (i.e., AGB) and
independent (derived from DR) variables [115]. Simple linear regression establishes
a relationship between a dependent and one independent variable. If there is a
relationship between two or more independent variables, the regression is called
multiple linear regressions. Multiple regressions can be linear and nonlinear. This
type of regression also allows to determine the relative contribution of each of the
independent variables to the total explained variance and the explained variation of
the model. Despite being an easy method to calculate the relationship between RS-
derived variables and forest AGB, parametric algorithm is not simple global linear
because it is affected by many factors (e.g., forest age, tree species, and tree height).
Thus, a stepwise regression model might be applied to identify the appropriate RS-
derived variables that present strong relations with forest AGB [114].

Among the existing non-parametric algorithms, only the most commonly
applied to predict forest AGB estimation using RS data will be described, that is, RF,
SVM and ANN [10, 52]. Non-parametric algorithms are more flexible than the
parametric algorithms and create more complex models of non-linear AGB. These
machine learning methods are a more reliable technique to estimate AGB [8]
because do not have predefined model structures and the data determined the
structure of the model.

RF is a machine learning classification and regression technique that creates a vast
number of uncorrelated decision trees at training time, where the most accurate
decision tree can be voted [116]. In addition, regression tree-based methods have a
higher potential to identify non-linear relationships between dependent and inde-
pendent variables [117]. This advantage is significant for RS-based studies, where
data have shown low linear relation with AGB and the variables might be collinear
[113]. RF has also the advantage of using multisource data in large study areas [10].
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SVM is a machine learning algorithm that analyzes data used for classification
and regression analysis [118]. This algorithm, from a set of category-identified
training examples, build a model in which the new examples are attribute to one
category or another. SVM constructs a linear separation rule between examples in a
higher-dimensional space induced by a mapping function in training samples. This
algorithm has the ability to use small data training samples to produce relatively
high estimates of forest biophysical parameters using remote sensing data [10].

ANN is an important non-parametric model for forest parameter estimation
[119] that simulates the associative memory as animal brain [120]. This algorithm
learns by processing examples that have one or more inputs (independent variables
from different data sources, such as RS and ancillary data) and known results,
establishing associations by probability that will contribute to the “learning.” These
associations are stored in their net data structure. After receiving several examples,
the net is able to predict the results from inputs using the previously established
associations. Thus, the greater the number of examples, the greater the accuracy of
ANN’s predictions will be. However, the relationship between the dependent and
the independent variable is not easily interpreted [10].

Accurate predictive models of forest AGB are of great importance for forest
management and climate mitigation [121]. In general, there are three widely used
methods of validation of forest AGB estimation. According to Lu et al. [10], the first
method consists in selecting a set of sample plots through random, systematic, and
stratified random sampling. The sample plots will be randomly divided into two
subsets. One of the subsets will be used to train the model (e.g., 75% of subset data),
while the other will be used to calibrate the model (e.g., 25% of subset data). In this
case, both subsets are produced from the same sample plot which may lead to an
overestimation of accuracy. The second method is cross-validation where a set of
sample plots is selected using one of the first sampling previous methods. Here, a plot
sample is removed while the remaining plots are used for the development of forest
AGB estimation model. This method has a similar advantage to the first; however, it
presents a more reliable precision assessment. The third method involves the use of
an independent set of sample plots collected through a sampling design. However,
despite being theoretically reliable, this method is more expensive.

These accuracy statistics are often expressed as the coefficient of determination
(R2), a measure of how well model predictions explain the target variance of the
validation set, and the root mean square error (RMSE), a frequently used measure
that indicates the absolute fit of the model to the data (i.e., how close the observed
data points are to the model’s predicted values). RMSE is a good measure of how
accurately the model predicts the response, and it is the most important criterion
for fit if the main purpose of the model is a prediction [122]. In general, a high R2

and a low RMSE value shows a good adjustment between the model developed and
the sample plot data. Thus, obtaining an accurate predictive model of forest AGB
estimation is important to provide valuable information to better support sustain-
able forest management strategies to mitigate climate change and preserve the
multiple ecosystem services provided by forests.

5. Discussion of forest AGB estimation using RS data

Over the past decades, there has been an improvement in satellite data from
sparse coarse to medium and fine spatial resolutions, allowing better accuracy in
estimating forest AGB at local, national, and global scale [69]. Recently with the
launch of the Sentinel satellite family, more accurate predictive models of forest
AGB estimation may be produced due to the existence of better spatial (bands with
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10, 20, and 60 m) and spectral resolutions data, with a 5 days’ revisit time of these
satellite family in comparison with other free commercial satellite data, as Landsat
or MODIS [59]. For instance, Landsat images with spatial resolution of 30 m contain
many mixed pixels, and a pixel can contain different trees species and vegetation
ages. In addition, large amount and good quality of field measurements, obtained
from forest inventory plots data [123, 124] and/or from LiDAR data [125] should be
used, as training and calibration data, to obtain accurate model of forest AGB
estimation.

More recently, the studies of forest AGB estimation have been using the combi-
nation of optical and radar data. The integration of different remotely detected data
sources showed to increase the accuracy of the predictive models of forest AGB
estimation. In this way, the incorporation of forest structural parameters of SAR
data overcome the problems of mixed pixels and data saturation caused by optical
data [30, 126]. For instance, Townsend [127] observed that the model’s perfor-
mance for estimating biophysical properties of forests has improved due to the
capabilities of the Landsat TM and SAR data. On the other hand, Forkuor et al. [44]
when mapping forest AGB found better predictive accuracy of AGB when combin-
ing optical and SAR sensors (Sentinel-1 and 2) than individually. However, several
authors corroborate that optical sensors produce better forest AGB estimation
results than SAR when used individually [8, 44, 128] despite the lack of sensitivity
of the optical data to AGB beyond the canopy closure and grass interference in
savannas and forests [129, 130].

In the last years, predictive models to estimate forest AGB have been applying
machine learning algorithms based on decision trees instead of the traditional para-
metric regression models [59]. Machine learning algorithm (e.g., ANN) showed
advantage over regression algorithms for being versatile and flexible [131]. This
advantage was observed by Ou et al. [132] when comparing with two parametric
models (linear regression model and linear regression with combined variables),
the two non-parametric models (RF and ANN) resulted in significantly greater
estimation accuracies of forest AGB, that is, higher coefficient of determination
(R2) and lower root mean square error (RMSE). Other authors corroborate with
this statement by showing that non-parametric models have greater capacity to
better capture the heterogeneity of forest AGB compared to parametric models
[47, 64, 128, 133].

Among the variety of machine learning techniques, RF algorithm revealed to be
one of the best methods for classification and regression by providing high accuracy
in estimating forest AGB, high speed of computation, robustness and capacity to
predict the important variables either using optical or SAR data [30, 59, 128, 134–
137]. Also, RF showed to be suitable for analyzing a larger data set, while other non-
parametric algorithms, such as support vector regression (SVR), are more suitable
to be used with small data set [30, 47] and in grasslands and shrubs AGB estima-
tions [138]. However, regardless of the algorithm applied to the model (e.g., linear
regression, RF, and ANN), independent variables seem to be more important to
obtain accurate forest AGB estimations [30].

The predictive models are able to explore and rank the variables importance
measure in the forest AGB estimation. Textural features from optical data (spectral
data) and SAR (backscattering data), spectral vegetation indices, and, more
recently, biophysical variables derived from Sentinel-2 (e.g., LAI - Leaf area index,
FVC - Fractional vegetation cover, and FAPAR - fraction of photosynthetically
active radiation) have been considered as the most important variables for forest
AGB estimation [30, 47, 141–145]. Spectral bands produce predictive models with
lower accuracy than using vegetation indices, transformed images and textural
features [132]. Therefore, Forkuor et al. [44] showed that SWIR bands are
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important in predictive models of AGB estimation in semi-arid regions. In addition,
the integration of variables (e.g., multispectral bands, transformed images, vegeta-
tion indices, and textural features) from optical and SAR sensors provide more
accurate predictive models of forest AGB estimation [10, 52] than simple backscat-
ter (SAR) and spectral (optical) bands [30, 47, 141, 142].

Vegetation indices are still important variables to estimate forest AGB as
reported by several authors [59, 107, 134, 139, 140]. In last years, due to the Multi-
Spectral Instrument aboard of the Sentinel-2 satellite, two relatively new vegetation
indices, NDI45 and IRECI emerged (Table 2). Both new vegetation indices take
advantage of the Sentinel-2 Red-edge bands (band 5 = 705 nm; band 6 = 740 nm;
band 7 = 783 nm) to reduce the effects of saturation problem in high AGB density
[44]. NDI45 is similar to NDVI but the original NIR band of 800 nm [84], is
replaced by the new Red-edge band (band 5) and the Red band (band 4 of 665 nm)
is kept [96]. On the other hand, IRECI uses the three available Red-edge bands of
Sentinel-2 and put little emphasis in the red band to avoid saturation problem [97].

Transformed images, such as PCA, are also an important variable to face the
saturation problem of optical sensor at low to intermediate biomass levels (between
60 and 150 Mg/ha) [146]. These images can also be used as input for textural images
of optical and SAR sensors to prevent the saturation problem of high AGB density.
For instance, textural variables showed to be more suitable to predict forest AGB
estimation due to its ability to simplify complex cover structures, such as uneven-
aged forests and different canopy structure then spectral bands [147, 148]. Also,
textural bands from optical sensor images (e.g., sentinel-2, SPOT-6, and AVNIR)
contributed to obtain accurate predictive models of forest AGB estimation than the
original spectral bands [47, 132, 147, 149].

In addition, the greater interaction capacity of SAR-derived variables with the
forest elements, such as branch, stem, and soil under the canopy [39, 65, 150],
highlight their advantage over biophysical parameters (e.g., LAI, FVC, and FAPAR)
to estimate forest AGB [44]. Hence, the importance of SAR long wavelengths (P-
band), capable of providing accurate forest AGB estimations, will be harnessed in
the BIOMASS mission to provide unprecedented information on the distribution of
world’s forest AGB and its changes [17, 18]. This mission will help to build a
sustainable global system of monitoring and quantification of biomass over time to
help countries in managing forest resources and mitigating the impacts of climate
change and land use changes.

6. Conclusions

From the analysis of several forestry AGB estimation studies, the integration of
optical and radar data improves the information extraction process, taking advan-
tage of the strengths of different image data. In this way, mixed pixel problems and
data saturation is reduced. Further, Sentinel satellite family showed to be promising
free satellites data to reach accurate forest AGB estimation models, including in
regions with few or scarce AGB information.

Non-parametric models, such as RF, SVM, and ANN, have been replacing
regression models due to their greatest ability to capture the heterogeneity of forest
AGB than parametric models. Among the variety of machine learning techniques,
RF algorithm showed to be one of the most used with ability to obtain better
accuracy in forest AGB estimation, either using optical or SAR data.

The integration of different data sources RS-derived, that is, spectral bands,
transformed images, vegetation indices, textural features, showed good correlation
with forest AGB. VNIR bands are the most important to calculate most of
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10, 20, and 60 m) and spectral resolutions data, with a 5 days’ revisit time of these
satellite family in comparison with other free commercial satellite data, as Landsat
or MODIS [59]. For instance, Landsat images with spatial resolution of 30 m contain
many mixed pixels, and a pixel can contain different trees species and vegetation
ages. In addition, large amount and good quality of field measurements, obtained
from forest inventory plots data [123, 124] and/or from LiDAR data [125] should be
used, as training and calibration data, to obtain accurate model of forest AGB
estimation.

More recently, the studies of forest AGB estimation have been using the combi-
nation of optical and radar data. The integration of different remotely detected data
sources showed to increase the accuracy of the predictive models of forest AGB
estimation. In this way, the incorporation of forest structural parameters of SAR
data overcome the problems of mixed pixels and data saturation caused by optical
data [30, 126]. For instance, Townsend [127] observed that the model’s perfor-
mance for estimating biophysical properties of forests has improved due to the
capabilities of the Landsat TM and SAR data. On the other hand, Forkuor et al. [44]
when mapping forest AGB found better predictive accuracy of AGB when combin-
ing optical and SAR sensors (Sentinel-1 and 2) than individually. However, several
authors corroborate that optical sensors produce better forest AGB estimation
results than SAR when used individually [8, 44, 128] despite the lack of sensitivity
of the optical data to AGB beyond the canopy closure and grass interference in
savannas and forests [129, 130].

In the last years, predictive models to estimate forest AGB have been applying
machine learning algorithms based on decision trees instead of the traditional para-
metric regression models [59]. Machine learning algorithm (e.g., ANN) showed
advantage over regression algorithms for being versatile and flexible [131]. This
advantage was observed by Ou et al. [132] when comparing with two parametric
models (linear regression model and linear regression with combined variables),
the two non-parametric models (RF and ANN) resulted in significantly greater
estimation accuracies of forest AGB, that is, higher coefficient of determination
(R2) and lower root mean square error (RMSE). Other authors corroborate with
this statement by showing that non-parametric models have greater capacity to
better capture the heterogeneity of forest AGB compared to parametric models
[47, 64, 128, 133].

Among the variety of machine learning techniques, RF algorithm revealed to be
one of the best methods for classification and regression by providing high accuracy
in estimating forest AGB, high speed of computation, robustness and capacity to
predict the important variables either using optical or SAR data [30, 59, 128, 134–
137]. Also, RF showed to be suitable for analyzing a larger data set, while other non-
parametric algorithms, such as support vector regression (SVR), are more suitable
to be used with small data set [30, 47] and in grasslands and shrubs AGB estima-
tions [138]. However, regardless of the algorithm applied to the model (e.g., linear
regression, RF, and ANN), independent variables seem to be more important to
obtain accurate forest AGB estimations [30].

The predictive models are able to explore and rank the variables importance
measure in the forest AGB estimation. Textural features from optical data (spectral
data) and SAR (backscattering data), spectral vegetation indices, and, more
recently, biophysical variables derived from Sentinel-2 (e.g., LAI - Leaf area index,
FVC - Fractional vegetation cover, and FAPAR - fraction of photosynthetically
active radiation) have been considered as the most important variables for forest
AGB estimation [30, 47, 141–145]. Spectral bands produce predictive models with
lower accuracy than using vegetation indices, transformed images and textural
features [132]. Therefore, Forkuor et al. [44] showed that SWIR bands are
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important in predictive models of AGB estimation in semi-arid regions. In addition,
the integration of variables (e.g., multispectral bands, transformed images, vegeta-
tion indices, and textural features) from optical and SAR sensors provide more
accurate predictive models of forest AGB estimation [10, 52] than simple backscat-
ter (SAR) and spectral (optical) bands [30, 47, 141, 142].

Vegetation indices are still important variables to estimate forest AGB as
reported by several authors [59, 107, 134, 139, 140]. In last years, due to the Multi-
Spectral Instrument aboard of the Sentinel-2 satellite, two relatively new vegetation
indices, NDI45 and IRECI emerged (Table 2). Both new vegetation indices take
advantage of the Sentinel-2 Red-edge bands (band 5 = 705 nm; band 6 = 740 nm;
band 7 = 783 nm) to reduce the effects of saturation problem in high AGB density
[44]. NDI45 is similar to NDVI but the original NIR band of 800 nm [84], is
replaced by the new Red-edge band (band 5) and the Red band (band 4 of 665 nm)
is kept [96]. On the other hand, IRECI uses the three available Red-edge bands of
Sentinel-2 and put little emphasis in the red band to avoid saturation problem [97].

Transformed images, such as PCA, are also an important variable to face the
saturation problem of optical sensor at low to intermediate biomass levels (between
60 and 150 Mg/ha) [146]. These images can also be used as input for textural images
of optical and SAR sensors to prevent the saturation problem of high AGB density.
For instance, textural variables showed to be more suitable to predict forest AGB
estimation due to its ability to simplify complex cover structures, such as uneven-
aged forests and different canopy structure then spectral bands [147, 148]. Also,
textural bands from optical sensor images (e.g., sentinel-2, SPOT-6, and AVNIR)
contributed to obtain accurate predictive models of forest AGB estimation than the
original spectral bands [47, 132, 147, 149].

In addition, the greater interaction capacity of SAR-derived variables with the
forest elements, such as branch, stem, and soil under the canopy [39, 65, 150],
highlight their advantage over biophysical parameters (e.g., LAI, FVC, and FAPAR)
to estimate forest AGB [44]. Hence, the importance of SAR long wavelengths (P-
band), capable of providing accurate forest AGB estimations, will be harnessed in
the BIOMASS mission to provide unprecedented information on the distribution of
world’s forest AGB and its changes [17, 18]. This mission will help to build a
sustainable global system of monitoring and quantification of biomass over time to
help countries in managing forest resources and mitigating the impacts of climate
change and land use changes.

6. Conclusions

From the analysis of several forestry AGB estimation studies, the integration of
optical and radar data improves the information extraction process, taking advan-
tage of the strengths of different image data. In this way, mixed pixel problems and
data saturation is reduced. Further, Sentinel satellite family showed to be promising
free satellites data to reach accurate forest AGB estimation models, including in
regions with few or scarce AGB information.

Non-parametric models, such as RF, SVM, and ANN, have been replacing
regression models due to their greatest ability to capture the heterogeneity of forest
AGB than parametric models. Among the variety of machine learning techniques,
RF algorithm showed to be one of the most used with ability to obtain better
accuracy in forest AGB estimation, either using optical or SAR data.

The integration of different data sources RS-derived, that is, spectral bands,
transformed images, vegetation indices, textural features, showed good correlation
with forest AGB. VNIR bands are the most important to calculate most of
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vegetation indices. When using Sentinel-2 data, the available red-edge bands
showed to reduce the effects of saturation problem in high AGB density.

PCA is a key variable to face the saturation problem of optical sensor of high
AGB density and to be used as input data for textural features of optical and SAR
sensors also to prevent the saturation problem of both sensors. Textural features,
from both optical and SAR sensors, are among of the most suitable variables for
forest AGB estimation due to their stronger relationships with AGB. SAR long
wavelengths bands (L and P) showed to be very promising bands in studies of
relatively high biomass density.

Acknowledgements

This work is funded by the National Funds through FCT - Foundation for
Science and Technology under the Project UIDB/05183/2020 and by Programa
Operativo de Cooperação Transfronteiriço Espanha-Portugal (POCTEP), and
Programa INTERREG V A Espanha – Project IDERCEXA – Investigación,
Desarrollo y Energías Renovables para nuevos modelos empresariales en Centro,
Extremadura y Alentejo, 0330_IDERCEXA_4_E.

Author details

Patrícia Lourenço1,2,3

1 MED - Mediterranean Institute for Agriculture, Environment and Development
and Departamento de Engenharia Rural, Escola Ciências e Tecnologia, Universidade
de Évora, Pólo da Mitra, Évora, Portugal

2 Research Center on Geo-Spatial Science, Faculty of Science of the University of
Porto (CICGE), Vila Nova de Gaia, Portugal

3 Andalusian Center for the Evaluation and Monitoring of Global Change,
University of Almeria (CAESCG), Almería, Spain

*Address all correspondence to: pmrlourencov2@gmail.com

©2020TheAuthor(s). Licensee IntechOpen.Distributed under the terms of theCreative
CommonsAttribution -NonCommercial 4.0 License (https://creativecommons.org/
licenses/by-nc/4.0/),which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited. –NC

60

Forest Biomass - From Trees to Energy

References

[1] Brown S. Estimating Biomass and
Biomass Change of Tropical Forests: A
Primer. Rome: Food & Agriculture Org;
1997

[2] Brown S, Schroeder P, Birdsey R.
Aboveground biomass distribution of
US eastern hardwood forests and the use
of large trees as an indicator of forest
development. Forest Ecology and
Management. 1997;96:37-47

[3] Qureshi A, Badola R, Hussain SA. A
review of protocols used for assessment
of carbon stock in forested landscapes.
Environmental Science & Policy. 2012;
16:81-89

[4] Sessa R, Dolman H. Terrestrial
Essential Climate Variables for
Climate Change Assessment, Mitigation
and Adaptation. Rome: FAO GTOS;
2008. p. 52

[5] Wang X, Shao G, Chen H, et al. An
application of remote sensing data in
mapping landscape-level forest biomass
for monitoring the effectiveness of
forest policies in northeastern China.
Environmental Management. 2013;52:
612-620

[6] Kumar L, Mutanga O. Remote
sensing of above-ground biomass.
Remote Sensing. 2017;9:935

[7] FTP. Horizons - Vision 2030 for the
European Forest-Based Sector. Forest-
Based Sector Technology Platform.
Brussels. 2013. pp. 1-10. Available from:
www.forestplatform.org

[8] Vafaei S, Soosani J, Adeli K, et al.
Improving accuracy estimation of
Forest aboveground biomass based on
incorporation of ALOS-2 PALSAR-2 and
sentinel-2A imagery and machine
learning: A case study of the Hyrcanian
forest area (Iran). Remote Sensing.
2018;10:172

[9] Pan Y, Birdsey RA, Fang J, et al. A
large and persistent carbon sink in the
world’s forests. Science. 2011;333:988-993

[10] Lu D, Chen Q, Wang G, et al. A
survey of remote sensing-based
aboveground biomass estimation
methods in forest ecosystems.
International Journal of Digital Earth.
2016;9:63-105

[11] Sousa AM, Gonçalves AC, Marques
da Silva JR. Above Ground Biomass
Estimation with High Spatial Resolution
Satellite Images. Biomass Volume
Estimation and Valorization for Energy.
Rijeka: InTech; 2017. pp. 47-70

[12] Fehrmann L, Kleinn C. General
considerations about the use of
allometric equations for biomass
estimation on the example of Norway
spruce in Central Europe. Forest
Ecology and Management. 2006;236:
412-421

[13] Eisfelder C, Kuenzer C, Dech S.
Derivation of biomass information for
semi-arid areas using remote-sensing
data. International Journal of Remote
Sensing. 2012;33:2937-2984

[14] Gil A, Fonseca C, Benedicto-
Royuela J. Land cover trade-offs in small
Oceanic Islands: A temporal analysis of
Pico Island, Azores. Land Degradation
& Development. 2018;29:349-360

[15] Baccini A, Laporte N, Goetz SJ, et al.
A first map of tropical Africa’s above-
ground biomass derived from satellite
imagery. Environmental Research
Letters. 2008;3:045011

[16] ESA. Biomass. Report for Mission
Selection. An Earth Explorer to Observe
Forest Biomass. Noordwijk, The
Netherlands: SP-1324/1. European Space
Agency; 2012

61

Biomass Estimation Using Satellite-Based Data
DOI: http://dx.doi.org/10.5772/intechopen.93603



vegetation indices. When using Sentinel-2 data, the available red-edge bands
showed to reduce the effects of saturation problem in high AGB density.

PCA is a key variable to face the saturation problem of optical sensor of high
AGB density and to be used as input data for textural features of optical and SAR
sensors also to prevent the saturation problem of both sensors. Textural features,
from both optical and SAR sensors, are among of the most suitable variables for
forest AGB estimation due to their stronger relationships with AGB. SAR long
wavelengths bands (L and P) showed to be very promising bands in studies of
relatively high biomass density.
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Chapter 4

Management of Maritime Pine:
Energetic Potential with
Alternative Silvicultural
Guidelines
Teresa Fonseca and José Lousada

Abstract

The interest in the use of energy of the forests has been increasing in recent
decades. Biomass has the potential to provide a cost-effective and sustainable sup-
ply of renewable energy. Moreover, it could be valuable for reducing the severity of
forest fires and create employment in extremely needy regions. This chapter brings
to discuss the effect of forest management on the potential of energy provided by
the woodlands. The authors selected as a case study the management of maritime
pine (Pinus pinaster Ait.), an important softwood species in the southwest of Europe
and, in particular, in Portugal where it represents around 22% of the forest area.
A summary of traditional and new silvicultural guidelines for the species, used or
proposed to be followed at the national level, is presented. The study follows with
the evaluation of stand yield and the potential of energy associated with four
alternative silvicultural guidelines. Two scenarios follow traditional standards
(an initial density of 1100–1200 trees/ha), while the other two consider managing
a high density stand (an initial density of 40,000 trees/ha). Simulations were
performed with the ModisPinaster model. The results show that the new designs
provide a considerable yield in terms of biomass and energy.

Keywords: forest management, regeneration, thinning, fire, biomass, energy,
CAPSIS

1. Introduction

The Portuguese forest occupies an area of 3224.2 thousand hectares, which
represents around 36.2% the mainland area according to the Sixth National Forest
Inventory (IFN6) report [1]. The major part of the forest areas (63.7%) refers to
hardwood species in pure stands (mainly Quercus sp. and Eucalyptus sp.), followed
by pure stands of softwood species (23.1%). Mixtures are less common occupying
around 13%. Among the softwood species, maritime pine (Pinus pinaster Ait.) is the
most represented species, covering an area of 713.3 thousand hectares, with a
growing stock of 67 Mm3 [1]. The species is of great economic importance in the
country. The pine sector represents 52% of the gross value added (GVA) and 46% of
the turnover of forestry industries and accounts for 35% of the forest industry’s
exports of goods. Wood consumption amounted to 4.2 Mm3 in 2018, representing
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an increase in around 10% compared to 2017 [2]. Primary use ranked by descending
order according to consumption level is sawmill, pellets, panels, pulp and paper,
poles, and pilings [2], and since 2016, the annual production of pellets in Portugal
exceeds 1.4 million tons [3].

The impact of pests (the most significant being the nematode) and fire has
contributed to a severe reduction in the area occupied with maritime pine forests
with time. It is worthwhile to mention a decrease in 134.7 thousand hectares just
from 2015 to 2018 [1] due to the impact of severe forest fires occurring in this recent
period. The same source refers that the growing volume, potentially affected by the
fires between 2016 and 2018, is 15.6 Mm3.

The recurrent menace of forest fire risk in Portugal, coupled to an increase in
consumption of pinewood for a diversity of uses, has been driving for a new vision
of forest management for these forests.

In the past, the use of shrubs and forest residues was extremely low, being
limited to small domestic uses, without any representativeness at the industrial
level. However, in recent years, due to the growing awareness of the use of natural,
renewable, and sustainable energy sources, there has been a high pressure for the
use of forest biomass for energy purposes. It is in this context that the need arises to
discuss and test new types of silvicultural management that allows exploiting not
only the woody component but also the forest residues and shrubs, to increase the
profitability of the forest and decrease its susceptibility to fire.

In this chapter, a summary of traditional and new silvicultural guidelines for the
species used or proposed to be followed at the national level is presented. The
authors proceed with the evaluation of total biomass and the potential of energy for
a set of four silvicultural models through simulation. Simulation of stand
development was performed with the simulator ModisPinaster [4, 5].

Two of the models (Scenarios 1 and 2) follow the traditional standards of stand
establishment (plantation or direct seeding) and management. The other models
(Scenarios 3 and 4) are driven by the increase of forest areas with natural regener-
ation regenerated post-fire and the demand for the wood of small size, with higher
densities at the establishment than the traditional standards. Results will provide
valuable information for forest planning and decision support to forest managers of
pine forest systems.

2. An overall view of the silvicultural guidelines for maritime
pine in Portugal

2.1 Silviculture guidelines in traditional roundwood-oriented management

In Portugal, maritime pine traditionally develops in pure stands, with mixtures
(e.g., with Eucalyptus sp., Castanea sativa, or Quercus suber) being less frequent [1].

The traditional silvicultural guidelines for the species consider the use of artifi-
cial regeneration by seeding or by plantation. For plantations and direct seeding,
initial densities differ among the silvicultural models, ranging from around 1100 to
2800 trees/ha in the stand tables by Oliveira [6] and of 2300–2500 in the models
developed by the authors of Refs. [7, 8]. Oliveira [9] suggested that when the aim is
wood for industry, the plantation should be the preferable method with a stem
density between 1250 trees/ha (in low fertility sites) and 1670 trees/ha (in better
sites), with a minimum line distance of 3 m to enable the mechanization of future
interventions.

Harvest age ranges from 40 to 50 years [7, 10, 11] to ensure that the age of
absolute exploitability (age at which the production of woody material per unit area
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is maximum) has already been reached, and the wood harvest has adequate
dimensions to be classified as sawmill wood. The age of the final cut can occur at
lower ages, such as 35 years, in sites of better quality [7], or be extended up to 80
years (e.g., [6, 8]), depending on the management objectives and aiming the target
of log size.

Final density varies among the silvicultural models and with the prescriptions of
density regulation as both by tree release or “precommercial” thinning set at young
stand ages (e.g., 5 and 10 years) and by intermediate thinning at juvenile and mature
development stages. In this section, we will focus on prescriptions of the later as those
prescriptions are a major differentiating element in the traditional silvicultural
models for the species. Intermediate thinning (categorized as “commercial” thinning)
typically begins between 15 and 20 years and may last until 5–10 years to the harvest
age. The thinning frequency is defined between short and medium (5–10 years),
corresponding to a top height growth of 2–3 m [12]. Wilson’s spacing factor has been
dictating the density regulation. The factor is defined as: Fw ¼ 100N�0:5h�1

dom [13],
where hdom refers to the dominant height defined as the average height (m) of the 100
thickest trees per hectare, and N indicates the number of trees per hectare, after
thinning. Prescribed values of Fw range from 0.20 (moderate-low thinning) to
0.28–0.30 (very heavy thinning from below) [6–8, 14, 15].

Páscoa [16] suggests, in alternative to Fw, the specification of a residual area
value for density regulation, while the authors of Refs. [10, 11] describe the thin-
ning regimes in pine stands based on the removal of a specified percent range of the
number of trees. The guidelines presented by the authors of Refs. [10, 11] consider a
first thinning at the age of 15–20 years, with the removal of 20–40% of the trees. A
second thinning should occur at the age of 25–30 years, with the removal of 20–30%
of the trees and a third thinning at the age of 35–40 years, with the removal of
20–30% of the trees. The final density should be of 300–500 trees/ha.

Luis and Fonseca [17] proposed the rules based on the self-thinning theory and
the stand density index [18], given as SDI ¼ N dg=25ð Þb, where b is the allometric
coefficient (�1.897 for maritime pine), and dg is the quadratic mean diameter of the
trees. Luis and Fonseca [17] hypothesized that 60 and 35% of SDI are appropriate
values for the upper and lower limits of the optimum growth-density interval,
respectively, and 25% is the reasonable value for the crown closure situation, for
maritime pine in the Portuguese conditions.

Fonseca and Calçada-Duarte [12] proposed a new density regulation model
under an adaptive management context, based on Wilson's spacing factor, Fw =
0.21. The model, given by N ¼ 18877 exp �0:656dg0:5

� �
, provides the optimal stand

density, for a given mean diameter of the stand, that prevents the understory
growth, thereby reducing the vulnerability to a forest fire and ensuring at the same
time the highest values of stand yield.

2.2 Management of naturally regenerated post-fire stands

The impact of rural fire, in number and burnt area, along the recent decades,
severely affected the forest cover and the age structure of the pine woodlands,
leading to an increase in pinewoods in the early stages and juvenile stratum [1]. In
areas naturally regenerated post-fire, density at the beginning of stand establish-
ment can reach a far greater number than the figures of stand density registered in
the traditional silvicultural models with artificial regeneration. In datasets used by
Enes et al. [19] to identify the maximum attainable density trajectory at the early
stages of development of the species, maximum values ranging from 7500 to
90,000 plants are reported in juvenile maritime pine stands (age less than 20 years)
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establishment (plantation or direct seeding) and management. The other models
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developed by the authors of Refs. [7, 8]. Oliveira [9] suggested that when the aim is
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interventions.

Harvest age ranges from 40 to 50 years [7, 10, 11] to ensure that the age of
absolute exploitability (age at which the production of woody material per unit area
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is maximum) has already been reached, and the wood harvest has adequate
dimensions to be classified as sawmill wood. The age of the final cut can occur at
lower ages, such as 35 years, in sites of better quality [7], or be extended up to 80
years (e.g., [6, 8]), depending on the management objectives and aiming the target
of log size.

Final density varies among the silvicultural models and with the prescriptions of
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stand ages (e.g., 5 and 10 years) and by intermediate thinning at juvenile and mature
development stages. In this section, we will focus on prescriptions of the later as those
prescriptions are a major differentiating element in the traditional silvicultural
models for the species. Intermediate thinning (categorized as “commercial” thinning)
typically begins between 15 and 20 years and may last until 5–10 years to the harvest
age. The thinning frequency is defined between short and medium (5–10 years),
corresponding to a top height growth of 2–3 m [12]. Wilson’s spacing factor has been
dictating the density regulation. The factor is defined as: Fw ¼ 100N�0:5h�1

dom [13],
where hdom refers to the dominant height defined as the average height (m) of the 100
thickest trees per hectare, and N indicates the number of trees per hectare, after
thinning. Prescribed values of Fw range from 0.20 (moderate-low thinning) to
0.28–0.30 (very heavy thinning from below) [6–8, 14, 15].

Páscoa [16] suggests, in alternative to Fw, the specification of a residual area
value for density regulation, while the authors of Refs. [10, 11] describe the thin-
ning regimes in pine stands based on the removal of a specified percent range of the
number of trees. The guidelines presented by the authors of Refs. [10, 11] consider a
first thinning at the age of 15–20 years, with the removal of 20–40% of the trees. A
second thinning should occur at the age of 25–30 years, with the removal of 20–30%
of the trees and a third thinning at the age of 35–40 years, with the removal of
20–30% of the trees. The final density should be of 300–500 trees/ha.

Luis and Fonseca [17] proposed the rules based on the self-thinning theory and
the stand density index [18], given as SDI ¼ N dg=25ð Þb, where b is the allometric
coefficient (�1.897 for maritime pine), and dg is the quadratic mean diameter of the
trees. Luis and Fonseca [17] hypothesized that 60 and 35% of SDI are appropriate
values for the upper and lower limits of the optimum growth-density interval,
respectively, and 25% is the reasonable value for the crown closure situation, for
maritime pine in the Portuguese conditions.

Fonseca and Calçada-Duarte [12] proposed a new density regulation model
under an adaptive management context, based on Wilson's spacing factor, Fw =
0.21. The model, given by N ¼ 18877 exp �0:656dg0:5

� �
, provides the optimal stand

density, for a given mean diameter of the stand, that prevents the understory
growth, thereby reducing the vulnerability to a forest fire and ensuring at the same
time the highest values of stand yield.

2.2 Management of naturally regenerated post-fire stands

The impact of rural fire, in number and burnt area, along the recent decades,
severely affected the forest cover and the age structure of the pine woodlands,
leading to an increase in pinewoods in the early stages and juvenile stratum [1]. In
areas naturally regenerated post-fire, density at the beginning of stand establish-
ment can reach a far greater number than the figures of stand density registered in
the traditional silvicultural models with artificial regeneration. In datasets used by
Enes et al. [19] to identify the maximum attainable density trajectory at the early
stages of development of the species, maximum values ranging from 7500 to
90,000 plants are reported in juvenile maritime pine stands (age less than 20 years)
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in Portugal. The availability of naturally regenerated forest promotes harnessing the
natural regeneration from seeds as an option that enables saving in site preparation
and plantation costs. The management of these areas requires careful analysis and
adaptations of traditional models to these “new” forest systems, namely for the ones
growing at high density or overstocked levels. Two challenges immediately arise,
one in terms of density regulation and the other about management objectives,
especially concerning the size of wood produced.

Alegria [20] analyzed the alternative wood production-oriented silvicultural
scenarios for maritime pine in Center of Portugal. For areas of natural regeneration,
high initial stand densities of 3000 and 5000 trees/ha were selected for essay, with
different density prescriptions, based on Fw spacing factor (0.25–0.28 and 0.20)
and based on a crown competition factor of 100%. The alternatives analyzed con-
sider two systematic precommercial thinnings at 5 and 10 years, three commercial
thinnings from below at 15–20, 20–25, and 35–40 years, and final harvest at 45–50
years depending on the site index. According to the author, the model departing
from an initial stand density of 3000 trees/ha and commercial thinning with Fw
ranging from 0.25 to 0.28 was the most suitable for the existing naturally
regenerated maritime pine stands of Portuguese private forest areas. Total stand
volume was similar to the obtained with a traditional model ([6], with an Fw
around 0.27) and showed to have a good balance between both round and pulp-
wood yields. However, pulpwood increased, comparatively of the traditional model.

In the essay conducted by Alegria [20], the age for the final cut was kept under
the usual harvest age range (45–50 years). Due to the ongoing risk of forest fire, the
managers have been discussing shortening the rotation length to 15–20 years.
Exploratory essays in the field are under development, as communicated in techni-
cal meetings recently promoted by Centro Pinus (https://centropinus.org/) and
sponsored by International Union of Forest Research Organizations (IUFRO,
https://www.iufro.org/), but, to the best knowledge of the authors, there are no
published results yet.

3. Materials and methods

This section is structured in two parts. In Section 3.1, the authors select and
characterize a set of silvicultural models proposed for maritime pine and identify
the new ones for evaluation of the potential energy purposes. In Section 3.2, the
authors proceed with the introduction and general description of simulator used in
the evaluation of stand growth and implementation of thinning and describe the
methodology followed in the simulations.

3.1 Silvicultural scenarios

The case of study selected refers to alternative management of maritime pine,
differing in terms of initial stand density, density regulation, and on the rotation
length.

In Section 2.1, the authors presented a summary of the silvicultural guidelines
that have been proposed for the maritime pine species in Portugal for roundwood
production. As shown, the management of the species traditionally considers initial
densities ranging from 1100 to 2800 trees/ha, and rotations of 35–50 years, with
prescription of periodic thinning – typically based on Fw spacing factors – for
reducing intratree competition and providing some economic return. The model
proposed by Louro et al. [10], made available by the Institute for Nature and Forest
Conservation (ICNF) in supporting documents for the elaboration of forest
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projects, was selected to sustain the design of Scenario 1. This scenario considers a
low density at stand establishment and focuses on wood production.

To the best knowledge of the authors, the density regulation model proposed by
Fonseca and Calçada-Duarte [12] is the most recent proposal within the traditional
vision of wood production-oriented silviculture in Portugal. The model applies to
even-aged stands managed for roundwood production but at higher densities than
the model by Louro et al. [10]. As the model explicitly takes into account the risk of
a forest fire was selected as a basis to define Scenario 2.

Given the representativeness in Portugal of dense pinewoods regenerated post-
fire, two scenarios (Scenarios 3 and 4) were additionally considered. These scenar-
ios were specifically designed by the authors for areas with a high density of natural
regeneration after fire. Both initialize with a density of 40,000 plants per hectare at
the age of 8, which are supported by Almeida et al. [21] and corroborated by Enes
et al.’s [19] findings on the size-density trajectory in regenerated pine stands after a
fire. Scenario 3 considers a harvest age of 45 years as typically occurs in traditional
management. In this scenario, it is intended not only to maximize the high biomass
production aimed at energy purposes in the initial stage of the stands but also to
obtain the wood quality in the remaining mature trees. In this way, the biomass
generated by mechanical thinning of 3 m width strips from natural regeneration
will be used in energy purposes. In the remaining trees managed at an early stage
with high stand densities followed by heavy thinning operations, the height growth
will be promoted to reduce the size and influence of the crown and, in this way, the
amount of juvenile wood in the stem. Scenario 4 meets the intent of managing the
pine forests in short rotations, mimicking “energy crops”. The material provided by
this scenario will be used basically as biomass for energy, pulp, panels, or pilings.

The characterization of the four scenarios is depicted in Table 1. The prescrip-
tions of treatments scheduled for the early stage of development in Scenarios 1 and
2 follow the traditional recommendations. Pruning was not included as it is not
mandatory.

3.2 Simulation of stand growth and assessment of potential energy
in the silvicultural scenarios with ModisPinaster

Simulators can provide valuable information to assess stand growth under
different management regimes as they allow to easily essay various alternatives and
provide immediate results on a set of variables that can be used to support
management decision. In this study, we selected Model with Distribution of Diam-
eters for Pinus Pinaster (ModisPinaster) as the appropriate simulator.
ModisPinaster [4, 5] is an “easy-to-use”model, freely available for use at Computer
Aided Projection of Strategies In Silviculture (CAPSIS, http://www.inra.fr/capsis)
platform [22]. The model offers the flexibility of use in terms of input data needs
(data from standard forest inventories), alternative density regulation approaches
(manual or automatic prescriptions based on spacing factors and density indices,
besides the usual density measures of the number of trees or basal area per hectare),
and diversity of output information (volume, biomass, carbon, and energy), among
other features. A comprehensive description is provided in Ref. [5]. In its general
use, the model starts simulations at a minimum age of 12 years, following the
restrictions of their internal modules. For specific purposes, such as in this case
study, those restrictions can be punctually alleviated, providing starting points at
lower ages (for further details, see [5]).

Table 2 presents a summary of the input data used in ModisPinaster to initialize
the simulations for the selected scenarios. Scenarios 1 and 2 are initialized at the age
of 12 for the simulation of stand growth before the first thinning, which occurs, in
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projects, was selected to sustain the design of Scenario 1. This scenario considers a
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pine forests in short rotations, mimicking “energy crops”. The material provided by
this scenario will be used basically as biomass for energy, pulp, panels, or pilings.

The characterization of the four scenarios is depicted in Table 1. The prescrip-
tions of treatments scheduled for the early stage of development in Scenarios 1 and
2 follow the traditional recommendations. Pruning was not included as it is not
mandatory.

3.2 Simulation of stand growth and assessment of potential energy
in the silvicultural scenarios with ModisPinaster

Simulators can provide valuable information to assess stand growth under
different management regimes as they allow to easily essay various alternatives and
provide immediate results on a set of variables that can be used to support
management decision. In this study, we selected Model with Distribution of Diam-
eters for Pinus Pinaster (ModisPinaster) as the appropriate simulator.
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use, the model starts simulations at a minimum age of 12 years, following the
restrictions of their internal modules. For specific purposes, such as in this case
study, those restrictions can be punctually alleviated, providing starting points at
lower ages (for further details, see [5]).

Table 2 presents a summary of the input data used in ModisPinaster to initialize
the simulations for the selected scenarios. Scenarios 1 and 2 are initialized at the age
of 12 for the simulation of stand growth before the first thinning, which occurs, in
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the traditional models, around the age of 15 years. For Scenarios 3 and 4, the
initialization point was set to a lower age, to allow for the simulation of the first
intervention, scheduled for the stand age of 8 years. To enable a comparison of
values, estimated values of the stand variables at the age of 8, for Scenarios 1 and 2,
are shown inside the parenthesis (Table 2).

The simulations consider stands developing in a site of high quality for the
species, with a dominant height of 20 m at the reference age of 35 years, according
to Ref. [23] site index (SI) model.

Year Scenario 1 Scenario 2 Scenario 3 Scenario 4

0 Site preparation Site preparation

0 Stand
establishment:
artificial
regeneration
(plantation) 1100
plants/ha

Artificial
regeneration
(seeding or
plantation) 2200
plants/ha

Natural regeneration. It is
assumed a value of
40,000 plants/ha

Natural regeneration. It is
assumed a value of
40,000 plants/ha

7–8 Release operation (8 yr).
Reduction of stand
density to 30,000 trees/ha
through systematic
(mechanical) thinning by
3 m width strips, leaving
1 m wide strips with trees

Release operation (8 yr).
Reduction of stand
density to 30,000 trees/ha
through systematic
(mechanical) thinning by
3 m width strips, leaving
1 m wide strips with trees

3–10 Control of
spontaneous
vegetation (3, 8 yr)

Control of
spontaneous
vegetation
(3, 8 yr)

Control of spontaneous
vegetation (8 yr)

Control of spontaneous
vegetation (8 yr)

8–12 Thinning from below
(12 yr). Removal of a.
60% trees/ha within the
1 m-wide strips with trees

Thinning from below
(12 yr). Removal of a.
50% trees/ha within the
1 m-wide strips with trees

15–
40

Three thinning
from below (15, 25,
35 yr). Removal of
a. 30% trees/ha per
action

Three thinning
from below (22,
29, 36 yr). Fw a.
0.21 after
thinning

Four thinning from below
(16, 20, 28, 36 yr).
Removal of a. 35-40%
trees/ha per action

Thinning from below
(16 yr). Removal of a.
40% trees/ha

15–
45

Final harvest at
45 yr

Final harvest at
45 yr

Final harvest at 45 yr Final harvest at 20 yr

Table 1.
Characterization of the silvicultural models selected for the essay.

Variable Scenario 1 Scenario 2 Scenario 3 Scenario 4

Stand age (t, yr) 12 (8) 12 (8) 8 8

Site index (SI35, m) 20 20 20 20

Number of trees (N, trees/ha) 1100 2200 40,000 40,000

Basal area (G, m2/ha) 8.8 (4.0) 9.6 (3.0) 19.6 19.6

Quadratic mean diameter (dg, cm) 10.1 (6.8) 7.5 (4.2) 2.5 2.5

Dominant diameter (ddom, cm) 16.4 (13.0) 13.7 (10.0) 8.0 8.0

Table 2.
Summary of the input data used in ModisPinaster for initializing the simulations with the selected scenarios.
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ModisPinaster allows simulating stand growth (in 1-year steps) and simulation
of interventions. The prescription of thinning can be performed manually through
the selection of the values of the number of trees to thin by diameter class or
automatically using an algorithm of thinning. In the automatic procedure, the
options include the specification of the number of trees to cut or to set the target
values of the Wilson’s spacing factor (Fw) or the stand density index (SDI) in a
percentage scale. The simulator offers an extensive set of output information with
detail of stand level or discriminated by diameter class. For this study, the authors
selected as output, following the stand-level variables: total volume of the stem over
bark, and total above-ground biomass (air-dried, assuming around 25–30% of
moisture), carbon, and higher heating value (HHV). When a thinning occurs, the
simulator also provides information on volume, biomass, carbon, and energy for the
removed stand and the cut wood material residuals. For the current simulations, the
biomass, carbon, and HHV values were estimated using the equations from Ref.
[24], integrated into ModisPinaster.

The output information was registered for the years with scheduled
interventions and for the harvest age accordingly to the description made in
Table 1. Also, the estimates about the biomass removed in shrub control for release
are provided. These estimates of understory component were calculated separately
based on the research on average values of shrub biomass (air-dried, t/ha) made by
Enes et al. [25].

4. Results and discussion

Tables 3–6 present the results of simulations performed with ModisPinaster for
the silviculture guidelines described in Table 1, concerning Scenarios 1–4. The
information presented in Tables 3–6 refers to the characteristics of the material
removed in each intervention (release, thinning, and harvest), quantified in total
stem volume (Vr, m3/ha), aboveground air-dried biomass (Br, t/ha), carbon (Cr,
t/ha), and energy (Er, GJ/ha), calculated on the base of HHVr and the amount of
biomass per hectare. The subscript “r” indicates “removed.” When an intervention

t (yr) Interv. Nb

(trees/ha)
Nr

(trees/ha)
Vr

(m3/ha)
dgr
(cm)

Br

(t/ha)
Cr

(t/ha)
Er

(GJ/ha)

3 Shrubs
release

– – – – (3) (1) (53)

8 Shrubs
release

– – – – (7) (2) (137)

15 First
thinning

1100 330 12 10.3 11 (19) 5 (9) 212 (365)

25 Second
thinning

770 230 45 18.5 29 (36) 12 (17) 532 (635)

35 Third
thinning

540 160 95 26.7 54 (45) 22 (21) 990 (769)

45 Harvest 380 380 432 38.5 238 (107) 97 (34) 4332 (1223)

Total (total forest residues) 583 333 (217) 136 (85) 6066 (3181)

Table 3.
Characteristics of the yield from thinning and yield at harvest age, according to the simulation results obtained
with Scenario 1.
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stem volume (Vr, m3/ha), aboveground air-dried biomass (Br, t/ha), carbon (Cr,
t/ha), and energy (Er, GJ/ha), calculated on the base of HHVr and the amount of
biomass per hectare. The subscript “r” indicates “removed.” When an intervention

t (yr) Interv. Nb

(trees/ha)
Nr

(trees/ha)
Vr

(m3/ha)
dgr
(cm)

Br

(t/ha)
Cr

(t/ha)
Er

(GJ/ha)

3 Shrubs
release

– – – – (3) (1) (53)

8 Shrubs
release

– – – – (7) (2) (137)

15 First
thinning

1100 330 12 10.3 11 (19) 5 (9) 212 (365)

25 Second
thinning

770 230 45 18.5 29 (36) 12 (17) 532 (635)

35 Third
thinning

540 160 95 26.7 54 (45) 22 (21) 990 (769)

45 Harvest 380 380 432 38.5 238 (107) 97 (34) 4332 (1223)

Total (total forest residues) 583 333 (217) 136 (85) 6066 (3181)

Table 3.
Characteristics of the yield from thinning and yield at harvest age, according to the simulation results obtained
with Scenario 1.
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is performed, the age of the stand (t, years) is provided along with the number of
standing trees (N, trees/ha) before the intervention (Nb) and removed (Nr) and the
quadratic mean diameter of the removed trees (dgr, cm). Biomass, carbon, and
energy of the forest residues are provided, within parenthesis, near to their coun-
terparts of the removed material.

The distribution of trees per diameter classes, for the simulated scenarios, at
harvest age is depicted in Figure 1. In Figure 1, the scale for the vertical axis in
Scenarios 1 (S1) and 2 (S2) is larger than the scale used for Scenarios 3 (S3) and 4
(S4), due to the differences on the number of trees per hectare.

t (yr) Interv. Nb

(trees/ha)
Nr

(trees/ha)
Vr

(m3/ha)
dgr
(cm)

Br

(t/ha)
Cr

(t/ha)
Er

(GJ/ha)

3 Shrubs
release

– – – – (3) (1) (53)

8 Shrubs
release

– – – – (7) (2) (137)

22 First
thinning

2200 787 39 10.1 30 (36) 12 (17) 537 (632)

29 Second
thinning

1413 508 67 14.6 42 (42) 17 (20) 757 (713)

36 Third
thinning

905 235 66 19.4 38 (49) 15 (23) 677 (826)

45 Harvest 670 670 420 28.9 229 (139) 92 (50) 4135 (1155)

Total (total forest residues) 591 338 (276) 137 (113) 6107 (3516)

Table 4.
Characteristics of the yield from thinning and yield at harvest age, according to the simulation results obtained
with Scenario 2.

t (yr) Interv. Nb

(trees/ha)
Nr

(trees/ha)
Vr

(m3/ha)
dgr
(cm)

Br

(t/ha)
Cr

(t/ha)
Er

(GJ/ha)

8 Tree release 40,000 30,000 – – (890) (308) (13,527)

12 Shrubs
release

– – – – (3) (1) (65)

12 First
thinning

10,000 6000 45 3.8 115 (62) 40 (29) 1744 (936)

16 Second
thinning

4000 1600 27 6.5 35 (38) 13 (18) 594 (647)

20 Third
thinning

2400 840 35 9.3 28 (35) 11 (17) 502 (607)

28 Fourth
thinning

1560 470 59 13.9 36 (46) 15 (22) 657 (787)

36 Fifth
thinning

1090 380 107 18.9 60 (51) 24 (24) 1079 (841)

45 Harvest 710 710 469 28.8 252 (139) 102 (35) 4549 (1201)

Total (total forest residues) 741 527 (1219) 205 (454) 9125 (18612)

Table 5.
Characteristics of the yield from thinning and yield at harvest age, according to the simulation results obtained
with Scenario 3.
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A summary of the yield totals obtained at harvest age with the four scenarios is
presented, for comparison purposes, in Table 7. The total yield reported as stand
volume, biomass, carbon, and energy reflect the amount of yield obtained at the
moment of harvest, plus the amounts obtained in silvicultural operations over stand
rotation.

The percentage of differences among scenarios for the variables, mean diameter
(dg), and total yield is displayed in brackets. Differences were evaluated using the
values obtained with the silvicultural guidelines proposed in Scenario 3 as the basis
for comparison. This scenario corresponds to a new management design, applicable
to stand with a high initial density, which is intended to know the expected man-
agement results. It allows a direct comparison with Scenarios 1 and 2 (with the same
rotation length) and with the alternative model described in Scenario 4, managed at
lower rotation age.

Regarding Scenarios 1 and 2 (more traditional in Portugal), there were no nota-
ble differences between them in terms of yield. Both present similar volume (583

t (yr) Interv. Nb

(trees/ha)
Nr

(trees/ha)
Vr

(m3/ha)
dgr
(cm)

Br

(t/ha)
Cr

(t/ha)
Er

(GJ/ha)

8 Tree
release

40,000 30,000 – – (890) (308) (13,527)

12 Shrubs
release

– – – – (3) (1) (65)

12 First
thinning

10,000 5000 37 3.7 96 (78) 33 (37) 1452 (1162)

16 Second
thinning

5000 2000 27 5.9 18 (46) 15 (22) 682 (765)

20 Harvest 3000 3000 154 11.1 118 (69) 48 (26) 2119 (933)

Total (total forest residues) 218 232 (1086) 96 (394) 4253 (16,452)

Table 6.
Characteristics of the yield from thinning and yield at harvest age, according to the simulation results obtained
with Scenario 4.

Figure 1.
Diameter distributions per 5 cm classes at harvest age (45 years for Scenarios 1–3, and 20 years for Scenario 4).
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moment of harvest, plus the amounts obtained in silvicultural operations over stand
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The percentage of differences among scenarios for the variables, mean diameter
(dg), and total yield is displayed in brackets. Differences were evaluated using the
values obtained with the silvicultural guidelines proposed in Scenario 3 as the basis
for comparison. This scenario corresponds to a new management design, applicable
to stand with a high initial density, which is intended to know the expected man-
agement results. It allows a direct comparison with Scenarios 1 and 2 (with the same
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and 591 m3/ha), biomass (550 and 614 t/ha), carbon (220 and 250 t/ha), and energy
(9247 and 9623 GJ/ha), although with a slight superiority of Scenario 2 for these
total yields. In terms of tree size, the trees in Scenario 1 span for a large interval of
diameter classes (Figure 1). Scenario 1 provides the higher average diameter at final
harvest among the three essayed with a rotation of 45 years.

Scenario 3 presents much higher yield values (volume = 741 m3/ha; bio-
mass = 1745 t/ha; carbon = 659 t/ha; and energy = 27,737 GJ/ha), which, compared
to the two previous scenarios, represent an increase in 27 and 25% in volume, 217
and 184% in biomass, 199 and 164% in carbon, and 200 and 188% in energy,
respectively. Yet, trees at harvest age are distributed by smaller range of diameter
classes (Figure 1) and present, on average, a lower diameter value in Scenario 3
than in Scenario 1 (28.8 and 38.5 cm, respectively), which is understandable since in
these trees, the height growth was promoted, in detriment of diameter growth, to
reduce the influence of the crown.

The forest management model of Scenario 3 is based on high stand densities
followed by several heavy thinning (with 35–40% of the number of trees per ha
removed in each intervention), which, in principle, reduces the amount of juvenile
wood on the stem [26, 27]. It is expected that the wood from these trees presents
better quality than the models with lower stand density. The forest management
practices that can be used to regulate spacing between trees and act as a tool for
wood quality improving are well documented in Ref. [26].

More recently, several studies with Scots pine (Pinus sylvestris L.), Norway
spruce (Picea abies L.), Douglas fir (Pseudotsuga menziesii (Mirb.) Franco), and Sitka
spruce (Picea sitchensis (Bong.) Carr.) concluded that higher stand density associ-
ated with high thinning intensity led to a significant change of the main wood
properties for conifer species. The highest mean basic density, modulus of elasticity
(MOE), and modulus of rupture (MOR) were obtained in the sites with the highest
stand density followed by heavy thinning [28–32].

So, in addition to the higher productivity provided by Scenario 3, probably the
trees will also have better wood quality.

In a minor extent, this feature also applies to Scenario 2. The average size of the
trees, at harvest age, is lower in Scenario 2 (28.9 cm) than in Scenario 1 (38.5 cm).
This difference is also expected as the average density of Scenario 2 along the
rotation is higher than the one observed with Scenario 1, which is an attribute of
Oliveira et al.’s [11] model to minimize the development of understory vegetation.

Regarding Scenario 4, whose management model is equal to Scenario 3 up to 12
years and the main difference is the reduction of the rotation from 45 to 20 years, it
does not seem very advantageous if the objective is the production of larger pieces

Scen. t (yr) Nr

(tree/ha)
dgr (cm) Vr (m3/ha) Br (t/ha) Cr (t/ha) Er (GJ/ha)

1 45 380 38.5 (+25%) 583 (�27%) 550 (�217%) 220 (�199%) 9247
(�200%)

2 45 670 28.9 (≈0%) 591 (�25%) 614 (�184%) 250 (�164%) 9623
(�188%)

3 45 710 28.8 741 1745 659 27,737

4 20 3000 11.1 (�159%) 218 (�239%) 1318 (�32%) 490 (�35%) 20,705
(�34%)

Table 7.
Total yield at harvest age obtained with the four scenarios.
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of wood (and of higher economic value), even considering that in the 45-year
period, it would be possible to have two rotations with Scenario 4. The anticipation
of the final cut to 20 years is strongly penalized by the significant reduction in the
total volume of wood obtained (741 and 218 m3/ha in Scenarios 3 and 4, respec-
tively) aggravated by the fact that this wood comes from trees with a small diameter
(only 11.1 cm) and low-economic value. However, if the main objective is the
production of small material, for example, to supply the biomass units, pulp, panels,
or pilings, Scenario 4 will be the most recommendable. After 20 years, this Scenario
4 provides slightly lower values of biomass (1318 t/ha), carbon (490 t/ha), and
energy (20,705 GJ/ha) than the 45 years of Scenario 3 (1745 t/ha, 659 t/ha, and
27,737 GJ/ha, respectively), but after two rotations with Scenario 4, the yield will be
much higher than with the other scenarios.

In this regard, it is important to emphasize that the production of pellets in
Portugal is the second most important use for the pinewood in the country, whose
annual production capacity is approximately 1.4 million tons [2, 3]. According to
Nunes and Freitas’ [33] ranking results, the Portuguese pellet productivity capacity
per forest area in 2012 surpassed the total production of Central and South America,
Africa, and Oceania and matched that of the entire Asian region, with Portugal
representing the country with most installed capacity of pellet production plants
per forest area in the world.

Thus, both Models 3 and 4 can be extremely useful to guarantee the supply of
these pellet production units while alleviating the pressure to the forest roundwood
in Portugal [34].

Finally, it is also worth mentioning the enormous amount of energy provided by
Scenario 3 (27,737 GJ/ha) and Scenario 4 (20,705 GJ/ha), that is, the energy equiv-
alent to 662 and 495 toe (tons of oil equivalent), respectively. Thus, if these models
are adopted, they will allow approximately 890 t of biomass to be collected per
hectare at the age of 8 from the natural regeneration of maritime pine, thus con-
tributing to an additional yield from forest stands. However, in addition to this
economic benefit resulting from the anticipation of an income (which definitely
compensates for the costs with the operation), there is also the fact that this biomass
contains around 13,500 GJ of energy equivalent to 323 toe, allowing part of the
country's energy needs to be met through a natural, renewable source, with a
neutral balance in CO2 emissions, thus helping to comply with the commitments of
Quito signed in 1998 and the Paris Agreement in 2015.

Concerning silviculture issues, managing stands in high values of density is
demanding, namely to assure stability to the wind effects. A disadvantage that
could be imputed to Scenarios 3 and 4 is the vulnerability to wind damages as it is
expected that trees growing in dense stands present high values of height/diameter
ratios, which usually denote lower stability to the wind effects [4]. As stated by
Schaedel et al. [35], the long-term effect of lower stand density is to produce trees of
larger size and greater stability while not sacrificing the stand yield. In stands
growing at high densities, losses can occur by windthrow. In dense stands, the
resistance to the wind is mostly provided by the group (block effect) [4].
Performing a thinning will interfere in the stability provided by the group. Special
care with thinning practices should, therefore, be taken into account with Scenarios
3 and 4, if the stands are located in areas exposed to wind. In that situation, Scenario
4 might be a better option instead of Scenario 3 as it presents a minor interference in
the stability to avoid windthrow (only two thinning, both made at early stages in
contrast to the five interventions scheduled in Scenario 3) and a shorter rotation (a
reduced risky period). In areas prone to forest fire, due to its minor rotation length,
Scenario 4 might also be considered an option of lower risk.
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5. Conclusion

The results of this study corroborate the influence of management in the total
yield of maritime pine species and provide new insights into the management of
naturally regenerated dense stands.

The results obtained through simulation with the new design of silvicultural
guidelines (Scenario 3), of managing a high dense stand, since the early stages of
development proved that a considerable potential of yield, in terms of biomass and
energy, can be achieved in those early interventions. Further, this new design pro-
vides multiple uses of the removed trees, as noticed by the range of mean diameter
values of the removed material, and material of good quality.

Although the prescriptions of density regulation set in Scenario 3 should be
interpreted as a possible recommendation, a new path on the management of
maritime pine is already identified.

If the objective of forest stands is the production of small woody material, such
as biomass for energy purposes, pulp, panels, or pilings, Scenario 4 will be the most
recommendable since it provides the highest productivity per unit of time.

Acknowledgements

This work was based on the CAPSIS platform, http://www.inra.fr/capsis. The
authors would like to acknowledge François de Coligny for its valuable and prompt
support. Acknowledgements are extended to Centro de Competências do Pinheiro
Bravo, Centro Pinus, and IUFRO for promoting fruitful discussions about the silvi-
culture and management of pine forests.

For the author integrated in the Forest Research Centre (CEF), the research was
financed by the National Funds through the Portuguese funding agency, FCT (the
Portuguese Foundation for Science and Technology), within the project UIDB/
00239/2020. For the author integrated in the CITAB research center, it was
supported by National Funds by FCT—Portuguese Foundation for Science and
Technology, under the project UIDB/04033/2020.

Conflict of interest

No potential conflict of interest was reported by the authors.

82

Forest Biomass - From Trees to Energy

Author details

Teresa Fonseca1,2,3* and José Lousada1,4

1 Department of Forestry Sciences and Landscape Architecture (CIFAP),
University of Trás-os-Montes and Alto Douro, Vila Real, Portugal

2 Forest Research Centre (CEF), School of Agriculture, University of Lisbon,
Lisboa, Portugal

3 Unit Ecology and Silviculture of Pine, IUFRO, Austria

4 Centre for the Research and Technology of Agro-Environmental and Biological
Sciences (CITAB), University of Trás-os-Montes and Alto Douro, Vila Real,
Portugal

*Address all correspondence to: tfonseca@utad.pt

© 2020TheAuthor(s). Licensee IntechOpen.Distributed under the terms of theCreative
CommonsAttribution -NonCommercial 4.0 License (https://creativecommons.org/
licenses/by-nc/4.0/),which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited. –NC

83

Management of Maritime Pine: Energetic Potential with Alternative Silvicultural Guidelines
DOI: http://dx.doi.org/10.5772/intechopen.93222



5. Conclusion

The results of this study corroborate the influence of management in the total
yield of maritime pine species and provide new insights into the management of
naturally regenerated dense stands.

The results obtained through simulation with the new design of silvicultural
guidelines (Scenario 3), of managing a high dense stand, since the early stages of
development proved that a considerable potential of yield, in terms of biomass and
energy, can be achieved in those early interventions. Further, this new design pro-
vides multiple uses of the removed trees, as noticed by the range of mean diameter
values of the removed material, and material of good quality.

Although the prescriptions of density regulation set in Scenario 3 should be
interpreted as a possible recommendation, a new path on the management of
maritime pine is already identified.

If the objective of forest stands is the production of small woody material, such
as biomass for energy purposes, pulp, panels, or pilings, Scenario 4 will be the most
recommendable since it provides the highest productivity per unit of time.
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Chapter 5

Evergreen Oak Biomass Residues 
for Firewood
Isabel Malico, Ana Cristina Gonçalves and Adélia M.O. Sousa

Abstract

This chapter presents the assessment of the availability for residential heating 
of residual biomass from cork and holm oaks in a 12,188 ha agroforest area in 
Portugal. First, the above-ground biomass of evergreen oaks using very high spatial 
resolution satellite images was determined, followed by the definition of different 
scenarios for residues removal from the stands. The useful energy potential of the 
firewood that can be collected from the study area under the various silviculture 
scenarios was determined considering different energy conversion technologies: 
open fireplaces (still popular in Portugal) and more efficient closed burning 
appliances. Additionally, emissions of airborne pollutants from combusting all the 
available residual biomass in the study area were determined. Depending on the 
percentage of residues collected when the trees are pruned and on the conversion 
technologies used, the energy potential of evergreen oak firewood ranged from 
5.0 × 106 MJ year−1 to 7.5 × 107 MJ year−1. Heavier pruning combined with the use 
of open fireplaces generates less useful heat and much higher emissions of pollut-
ants per unit useful energy produced than lighter pruning combined with a more 
efficient technology. This case study illustrates the need to promote the transition 
from inefficient to more efficient and cleaner technologies.

Keywords: biomass estimation, remote sensing, silviculture, energy potential, 
residential heating

1. Introduction

Forests constitute the most important stock of biomass and act as a major sink 
of carbon [1–3]. Among the various forest systems, the Mediterranean evergreen 
oak forest systems, mainly composed by cork oak (Quercus suber) and holm oak 
(Quercus rotundifolia), comprise two of the most abundant tree species in the 
Mediterranean basin [4]. They are typically managed as agroforestry systems 
(called montado in Portuguese) and are characterized by stands of low density with 
periodical pruning and thinning (the latter especially at the early stand develop-
ment stage) and cuts of dead and diseased trees [5, 6]. Especially the wood of holm 
oak, but also of cork oak, was traditionally used, and still is used, for firewood and 
to produce charcoal [5, 6].

Using firewood for residential heating has the potential to reduce the consumption 
of fossil fuels and greenhouse gas emissions. Factors such as the use of fossil fuels for 
the production, collection and transport of firewood to households, the efficiency of 
the conversion systems and the energy vectors used for heating determine the level 
of the reductions [7]. Additionally, the source of the firewood is also a determinant 
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factor, and the knowledge of the availability of biomass in the vicinity of the con-
sumption points and of the quantity of this firewood that is consumed and how it is 
consumed are of the upmost importance to define environmental and energy policies.

To determine the availability of firewood obtained from forest residues, it is 
important to quantify the amount of wood that can be collected at tree level. Several 
authors [8, 9] report that the average weight of holm oak pruned branches (in dry 
weight) divided by the diameter of the tree at breast height is in the range of 0.3 
to 0.8 kg cm−1 for light pruning, 1.4 to 1.5 kg cm−1 for moderate pruning and 1.7 to 
3.2 kg cm−1 for heavy pruning.

For cork oak, a proportion of residues of 17% of the above-ground biomass is 
considered by Palma et al. [10]. Natividade [6] considers that 30–40% of the crown 
is removed in moderate prunings. This author also presents the mean weight of 
pruning residues (in fresh weight basis) for moderate prunings with a periodicity of 
5 or 6 years as a function of the tree circumference at breast height 
(cbh, = ×cbh dbhπ , where dbh is the diameter at breast height) (Table 1).

Several studies determined the energy potential of forest residues in Portugal at 
country or regional level (e.g., [11–16]) and most considered the residual biomass 
originated from evergreen oaks. These forest species have also been considered in 
the assessment of the forest energy potentials of other countries (e.g., [17, 18]). 
Many of the studies referred above used data from field inventories and derived 
from remote sensing data (e.g., land use maps) in a Geographic Information 
Systems environment.

This work assesses the energy potential of evergreen oak residues for a region 
in Alentejo, South Portugal, dominated by holm and cork oaks. Through a case 
study, the next sections present a method that integrates the estimation of residual 
biomass from evergreen oaks using very high spatial resolution satellite images and 
the determination of its energy potential. For the evaluation of the existing forest 
above-ground biomass, remote sensing data was used to produce a vegetation mask 
with the delimitation and identification of the tree crowns by species and then 
calculate the crown horizontal projection. An allometric function developed by 
Gonçalves et al. [19] was then used to calculate the above ground biomass. Having 
the knowledge of the amount of above-ground biomass, different scenarios for 
residues removal from the stands were considered. These scenarios are based on 
common silvicultural practices. In the last step, the energy potential of the available 
firewood was calculated. Reference lower heating values for evergreen oak wood 
obtained from the literature were considered, as were several different conversion 
technologies: on the one hand, the technology most used in the country for the 
conversion of this type of residues, and on the other, more efficient conversion 
technologies. The environmental implications of using more efficient and cleaner 
technologies are briefly discussed.

cbh (m) Pruning residues (kg)

0.8–1.0 30.0

1.0–1.2 37.5

1.2–1.4 50.0

1.4–1.6 72.5

1.6–1.8 100.0

1.8–2.0 140.0

Table 1. 
Mean mass of pruning residues (in fresh weight basis) per class of circumference at breast height.

89

Evergreen Oak Biomass Residues for Firewood
DOI: http://dx.doi.org/10.5772/intechopen.95417

2. Firewood consumption in Portugal

According to the Eurostat [20], the production of firewood (including wood for 
charcoal) in Portugal was 1178 thousand m3 in 2018, 8.7% of the total roundwood 
production in the country. The reported percentage of roundwood that was used 
as firewood in Portugal is quite small when compared to the average of the 27 
member states of the European Union (22.7%). However, the Portuguese share 
of firewood in the total roundwood must be read with care because its supply is 
largely untaxed outside urban contexts and often auto-consumption and informal 
markets exist [21, 22]. For instance, pruning of cork and holm oaks is not recorded 
as sales of industrial wood [23].

According to DGEG [24], in Portugal, the primary energy production from 
firewood, forest and plant residues, pellets and other agglomerates was 1575 
ktoe (black liquor not included). The uses for this solid biomass are expressed in 
Figure 1, which shows that more than half of the biomass was consumed in the 
residential sector. The production of electricity in electricity-only power plants 
used 22% of the solid biomass and the industry, mostly the pulp and paper indus-
try, had a 19% share of the consumption of this type of biomass.

The basis for the estimation of the consumption of wood in the residential sector 
reported in the Portuguese energy balance were the results of a national survey 
preformed in 2010 by INE/DGEG [24]. According to that survey [25], 2.7 × 109 kg 
of firewood was consumed in Portugal between October 2009 and September 
2010. This value is significantly higher than the one reported by the Eurostat for 
all sectors [20]. One of the reasons for this deviation is, as already referred at the 
beginning of this section, that firewood is often collected for auto-consumption 
or supplied through informal markets, so it is not recorded (only 40% of the wood 
consumed in households was bought; the rest was collected in the vicinity of 
households or had other origin [25]). The amount of pellets and other agglomerates 
that were consumed in the country in 2018 was 2.25 × 108 kg [26].

National statistics show that, in 2018, electricity was the main energy vector 
consumed by households in Portugal, followed by primary solid biofuels [24], 
mainly firewood and forest and plant residues. The latter represented 26% of the 
energy consumed by the households. However, regional differences are important 
and consumption of wood in small rural cities in regions with colder weather can be 
much higher than the national average [27, 28]. Firewood was consumed in 40.1% of 
the households in 2009–2010 [25]. The various sources of wood were: pine (37.4%), 
Eucalyptus sp. (21.2%), holm oak (7.4%), cork oak (5.7%), other forest residues 
(4.2%) and other types of wood (24.0%). This implies that between October 2009 

Figure 1. 
Share of the various sectors in the Portuguese consumption of firewood, forest and plant residues, pellets and 
other agglomerates in 2018.
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factor, and the knowledge of the availability of biomass in the vicinity of the con-
sumption points and of the quantity of this firewood that is consumed and how it is 
consumed are of the upmost importance to define environmental and energy policies.

To determine the availability of firewood obtained from forest residues, it is 
important to quantify the amount of wood that can be collected at tree level. Several 
authors [8, 9] report that the average weight of holm oak pruned branches (in dry 
weight) divided by the diameter of the tree at breast height is in the range of 0.3 
to 0.8 kg cm−1 for light pruning, 1.4 to 1.5 kg cm−1 for moderate pruning and 1.7 to 
3.2 kg cm−1 for heavy pruning.

For cork oak, a proportion of residues of 17% of the above-ground biomass is 
considered by Palma et al. [10]. Natividade [6] considers that 30–40% of the crown 
is removed in moderate prunings. This author also presents the mean weight of 
pruning residues (in fresh weight basis) for moderate prunings with a periodicity of 
5 or 6 years as a function of the tree circumference at breast height 
(cbh, = ×cbh dbhπ , where dbh is the diameter at breast height) (Table 1).

Several studies determined the energy potential of forest residues in Portugal at 
country or regional level (e.g., [11–16]) and most considered the residual biomass 
originated from evergreen oaks. These forest species have also been considered in 
the assessment of the forest energy potentials of other countries (e.g., [17, 18]). 
Many of the studies referred above used data from field inventories and derived 
from remote sensing data (e.g., land use maps) in a Geographic Information 
Systems environment.

This work assesses the energy potential of evergreen oak residues for a region 
in Alentejo, South Portugal, dominated by holm and cork oaks. Through a case 
study, the next sections present a method that integrates the estimation of residual 
biomass from evergreen oaks using very high spatial resolution satellite images and 
the determination of its energy potential. For the evaluation of the existing forest 
above-ground biomass, remote sensing data was used to produce a vegetation mask 
with the delimitation and identification of the tree crowns by species and then 
calculate the crown horizontal projection. An allometric function developed by 
Gonçalves et al. [19] was then used to calculate the above ground biomass. Having 
the knowledge of the amount of above-ground biomass, different scenarios for 
residues removal from the stands were considered. These scenarios are based on 
common silvicultural practices. In the last step, the energy potential of the available 
firewood was calculated. Reference lower heating values for evergreen oak wood 
obtained from the literature were considered, as were several different conversion 
technologies: on the one hand, the technology most used in the country for the 
conversion of this type of residues, and on the other, more efficient conversion 
technologies. The environmental implications of using more efficient and cleaner 
technologies are briefly discussed.

cbh (m) Pruning residues (kg)

0.8–1.0 30.0

1.0–1.2 37.5

1.2–1.4 50.0

1.4–1.6 72.5

1.6–1.8 100.0

1.8–2.0 140.0

Table 1. 
Mean mass of pruning residues (in fresh weight basis) per class of circumference at breast height.
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much higher than the national average [27, 28]. Firewood was consumed in 40.1% of 
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and September 2010, the consumption of holm oak firewood was 2.0 × 105 t and of 
cork oak firewood 1.5 × 105 t. Oak wood is the mostly consumed as firewood in the 
South of the country [27], where most of its stands are situated (cork and holm oaks 
correspond, respectively, to 45.7% and 23.8% of the forest area in Alentejo [29]; 
Figure 2 shows the location of this region).

In Portugal, between October 2009 and September 2010, firewood was mostly 
used in household for space heating (52.0%); other uses are cooking and water 
heating [25]. Indeed, firewood was the most common energy source for space heating 
in the country. According to the INE/DGEG survey, the most popular wood-fired 
equipment for household heating was the open fireplace, followed by the closed fire-
place and woodstove (existent in 24%, 11.1% and 7.2% of the Portuguese households, 
respectively). Fireplaces were also the appliance most used for cooking with biomass. 
Note that regional differences in terms of technology used also exist and the technolo-
gies employed vary throughout the country [27]. For example, the study of Azevedo 
et al. [28] shows that in a region in the north of Portugal, the most used technologies 
for biomass heating are closed fireplaces and that open fireplaces only come second.

Independently of regional differences, it can be said that most biomass systems 
installed in the Portuguese households provide heat locally (central heating systems 
are not so common) and the percentage of wood that is burned inefficiently in open 
fireplaces is high. The efficiency of this type of technology is at best 20% [30], being 
typically below 10% [31]. Closed fireplaces and stoves present much higher efficien-
cies, which depend on the specific appliance. Efficiency values of closed fireplaces 
are usually above 50%, but can be as high as 80%, whereas that of batch-fed stoves 
characteristically range from 40–80% [32]. It is worth highlighting that compared to 

Figure 2. 
Map of the study area and the country boundaries for Portugal (left) and the QuickBird satellite image (false 
color composite, RGB - Red, Near-infrared (NIR), Blue).
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other countries, for example to the Scandinavian countries, in Portugal the share of 
high efficiency biomass-fired systems is much lower [33]. However, the situation in 
Portugal is comparable to the one of other southern European countries (e.g., [34]).

Another important factor to have in mind when comparing different firewood 
burning appliances is their emissions. Traditional residential heating systems are 
characterized by considerable emissions of airborne pollutants, namely fine particles, 
volatile organic compounds and carbon monoxide. In Portugal, one of the largest 
sources of fine particle emissions is firewood combustion [27, 35]. Table 2 presents 
the emission factors for a cast iron stove and a traditional brick open fireplace used 
in Portuguese households when combusting oak wood [33]. The cast iron wood stove 
(Portuguese stove) is representative of a closed burning appliance and the traditional 
open fireplace of an open burning appliance used in Portugal. It should be noted 
that emissions from wood combustion appliances depend not only on the fuel and 
 appliance used, but also on operational practices and maintenance [36, 37].

3.  Availability of evergreen oak firewood in a region in Alentejo, 
Portugal

Cork and holm oak stands occupy 22.3% and 10.8% of the forest area of 
Portugal, respectively. They are particularly important in the Alentejo region, 
which corresponds to about one third of mainland Portugal, and whose forest area 
is mainly composed by pure and mixed stands of both evergreen oaks (45.7% and 
23.8%, respectively, for cork and holm oaks). This corresponds to about 85% of the 
area of cork oak and circa 91% of the area of holm oak in mainland Portugal [29].

This work presents a case study for the assessment of the availability of residual 
biomass from these two evergreen oaks in an area of 12,188 ha (Figure 2) located 
in the region of Alentejo in Portugal (central coordinates: 8.07°W, 38.85°N). The 
area is characterized by plain terrain (mean elevation of approximately 200 m) and 
Mediterranean soils and climate. The forest stands are composed of pure and mixed 
stands of cork and holm oaks, and are managed as agroforestry systems. Their main 
products are bark for cork oak and fruit for both oaks. Additionally, these systems fre-
quently have extensive grazing and pasture as other productions. The area occupied by 
these agroforestry systems is 9720 ha (corresponding to about 80% of the total area).

The availability of evergreen oak firewood in the study area was assessed using 
published functions for the estimation of the above-ground biomass [19] and a 
methodology developed to estimate the amount of residues, as a function of the 
former, based on the literature [6, 8–10]. The study was done in a Geographical 
Information Systems (GIS) framework, with data derived from remote sensing 
techniques, which enabled the estimation for the whole area. The quantification of 

Wood Technology PM2.5 OC1 EC2 CO CO2

Holm oak Open fireplaces 13.1 ± 8.1 7.2 ± 4.0 0.30 ± 0.11 61.8 ± 24.5 735 ± 193

Cast iron stove 5.8 ± 3.9 3.0 ± 2.1 0.23 ± 0.1 63.7 ± 55.9 985 ± 570

Cork oak Open fireplaces 17.9 ± 10 10.1 ± 5.2 0.68 ± 0.40 85.5 ± 22.0 552 ± 306

Cast iron stove 8.3 ± 6.1 4.8 ± 3.4 0.42 ± 0.33 99.2 ± 92.4 895 ± 693
1OC – Organic carbon.
2EC – Elemental carbon.

Table 2. 
PM2.5, carbonaceous constituents, CO and CO2 emission factors for closed and open burning appliances used in 
Portuguese households when combusting oak wood (g kg−1, dry basis).
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South of the country [27], where most of its stands are situated (cork and holm oaks 
correspond, respectively, to 45.7% and 23.8% of the forest area in Alentejo [29]; 
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used in household for space heating (52.0%); other uses are cooking and water 
heating [25]. Indeed, firewood was the most common energy source for space heating 
in the country. According to the INE/DGEG survey, the most popular wood-fired 
equipment for household heating was the open fireplace, followed by the closed fire-
place and woodstove (existent in 24%, 11.1% and 7.2% of the Portuguese households, 
respectively). Fireplaces were also the appliance most used for cooking with biomass. 
Note that regional differences in terms of technology used also exist and the technolo-
gies employed vary throughout the country [27]. For example, the study of Azevedo 
et al. [28] shows that in a region in the north of Portugal, the most used technologies 
for biomass heating are closed fireplaces and that open fireplaces only come second.

Independently of regional differences, it can be said that most biomass systems 
installed in the Portuguese households provide heat locally (central heating systems 
are not so common) and the percentage of wood that is burned inefficiently in open 
fireplaces is high. The efficiency of this type of technology is at best 20% [30], being 
typically below 10% [31]. Closed fireplaces and stoves present much higher efficien-
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are usually above 50%, but can be as high as 80%, whereas that of batch-fed stoves 
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other countries, for example to the Scandinavian countries, in Portugal the share of 
high efficiency biomass-fired systems is much lower [33]. However, the situation in 
Portugal is comparable to the one of other southern European countries (e.g., [34]).

Another important factor to have in mind when comparing different firewood 
burning appliances is their emissions. Traditional residential heating systems are 
characterized by considerable emissions of airborne pollutants, namely fine particles, 
volatile organic compounds and carbon monoxide. In Portugal, one of the largest 
sources of fine particle emissions is firewood combustion [27, 35]. Table 2 presents 
the emission factors for a cast iron stove and a traditional brick open fireplace used 
in Portuguese households when combusting oak wood [33]. The cast iron wood stove 
(Portuguese stove) is representative of a closed burning appliance and the traditional 
open fireplace of an open burning appliance used in Portugal. It should be noted 
that emissions from wood combustion appliances depend not only on the fuel and 
 appliance used, but also on operational practices and maintenance [36, 37].

3.  Availability of evergreen oak firewood in a region in Alentejo, 
Portugal

Cork and holm oak stands occupy 22.3% and 10.8% of the forest area of 
Portugal, respectively. They are particularly important in the Alentejo region, 
which corresponds to about one third of mainland Portugal, and whose forest area 
is mainly composed by pure and mixed stands of both evergreen oaks (45.7% and 
23.8%, respectively, for cork and holm oaks). This corresponds to about 85% of the 
area of cork oak and circa 91% of the area of holm oak in mainland Portugal [29].

This work presents a case study for the assessment of the availability of residual 
biomass from these two evergreen oaks in an area of 12,188 ha (Figure 2) located 
in the region of Alentejo in Portugal (central coordinates: 8.07°W, 38.85°N). The 
area is characterized by plain terrain (mean elevation of approximately 200 m) and 
Mediterranean soils and climate. The forest stands are composed of pure and mixed 
stands of cork and holm oaks, and are managed as agroforestry systems. Their main 
products are bark for cork oak and fruit for both oaks. Additionally, these systems fre-
quently have extensive grazing and pasture as other productions. The area occupied by 
these agroforestry systems is 9720 ha (corresponding to about 80% of the total area).

The availability of evergreen oak firewood in the study area was assessed using 
published functions for the estimation of the above-ground biomass [19] and a 
methodology developed to estimate the amount of residues, as a function of the 
former, based on the literature [6, 8–10]. The study was done in a Geographical 
Information Systems (GIS) framework, with data derived from remote sensing 
techniques, which enabled the estimation for the whole area. The quantification of 

Wood Technology PM2.5 OC1 EC2 CO CO2

Holm oak Open fireplaces 13.1 ± 8.1 7.2 ± 4.0 0.30 ± 0.11 61.8 ± 24.5 735 ± 193

Cast iron stove 5.8 ± 3.9 3.0 ± 2.1 0.23 ± 0.1 63.7 ± 55.9 985 ± 570

Cork oak Open fireplaces 17.9 ± 10 10.1 ± 5.2 0.68 ± 0.40 85.5 ± 22.0 552 ± 306

Cast iron stove 8.3 ± 6.1 4.8 ± 3.4 0.42 ± 0.33 99.2 ± 92.4 895 ± 693
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2EC – Elemental carbon.

Table 2. 
PM2.5, carbonaceous constituents, CO and CO2 emission factors for closed and open burning appliances used in 
Portuguese households when combusting oak wood (g kg−1, dry basis).



Forest Biomass - From Trees to Energy

92

the biomass residues for the evergreen oaks was done in four steps that are briefly 
described in the next paragraphs.

In the first step, one image from the QuickBird satellite (with four multispectral 
bands (Blue, Green, Red and Near-Infrared (NIR)), acquired on August 2006, was 
selected for the study area. It was orthorectified, georeferenced and atmospherically 
corrected. Object-based image analysis with contrast split segmentation was used 
to isolate the tree crowns from the other land uses, then the objects were classified 
using the nearest neighbor algorithm. More details of the methodology used can be 
found in [19]. This resulted in a vegetation mask, in which the two species were dif-
ferentiated (Figure 3). The agreement between the classification and ground truth 
obtained by the Kappa statistic [38, 39] was 76% and the global precision was 87%, 
which shows a good performance of the applied methodologic procedures.

In the second step of the methodology, the study area was divided in a square 
grid of 2070.25 m2 (45.5 × 45.5 m, corresponding to 65 × 65 image pixels) and the 
vegetation mask was used to identify the composition and to calculate crown cover 
(the share of the area occupied by the tree crown horizontal projection) per grid.

The data obtained in the previous step was used to calculate above-ground 
biomass (AGB, in t ha−1) per square grid with the function of Gonçalves et al. [19]  
(Eq. (1), where CC is the crown cover, d a dummy variable, QR holm oak pure 
stands, PP umbrella pine (Pinus pinea) pure stands and QRPP mixed stands of holm 
oak and umbrella pine). In this case, no stands of umbrella pine exist, so dPP and 
dQSPP are zero and the formula is reduced to the first two terms (in bold).

 
. . 18.93157
24.72573

= × − × + ×
+ ×
0 97327 7 81323AGB dPP

dQSPP
CC dQR

 (1)

The final step of the methodology consisted in the estimation of the forest resi-
dues as a function of above-ground biomass, considering the values referred in the 

Figure 3. 
Illustration of the result of multi-resolution segmentation and object-oriented classification process over the very 
high spatial resolution image (false color composite, RGB – Red, NIR, Blue).
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literature for the share of above-ground biomass removed in pruning. To relate the 
proportion of residues in relation to the above-ground biomass, a data set of 91 plots 
of both holm and cork oaks was used. The plots were used to convert the weight of 
residues at tree level to area level. For each tree the weight of pruning residues was 
calculated as a function of the diameter at breast height (as referred by [6, 8, 9]). 
Then, the amount of residues was summed per plot and converted to an area basis 
(per hectare). Afterwards, the share of pruning residues per plot was determined 
and compared with the pruning intensity referred in the literature. Five alternatives 
were considered: 1) 10%; 2) 15%; 3) 20%; 4) 25%; and 5) 30%. The alternatives 
correspond to light, light-moderate, moderate, moderate-heavy and heavy pruning, 
respectively.

The total weight of above-ground biomass for the study area estimated by Eq. 
(1) was 184,887 t. Typical of montado, the spatial variability of density is high, 
which results also in a high variability in above-ground biomass (Figure 4).

Figure 4. 
Above-ground biomass per grid (in t ha−1) for two areas, one with low density (top) and another with high 
density (bottom).
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literature for the share of above-ground biomass removed in pruning. To relate the 
proportion of residues in relation to the above-ground biomass, a data set of 91 plots 
of both holm and cork oaks was used. The plots were used to convert the weight of 
residues at tree level to area level. For each tree the weight of pruning residues was 
calculated as a function of the diameter at breast height (as referred by [6, 8, 9]). 
Then, the amount of residues was summed per plot and converted to an area basis 
(per hectare). Afterwards, the share of pruning residues per plot was determined 
and compared with the pruning intensity referred in the literature. Five alternatives 
were considered: 1) 10%; 2) 15%; 3) 20%; 4) 25%; and 5) 30%. The alternatives 
correspond to light, light-moderate, moderate, moderate-heavy and heavy pruning, 
respectively.

The total weight of above-ground biomass for the study area estimated by Eq. 
(1) was 184,887 t. Typical of montado, the spatial variability of density is high, 
which results also in a high variability in above-ground biomass (Figure 4).

Figure 4. 
Above-ground biomass per grid (in t ha−1) for two areas, one with low density (top) and another with high 
density (bottom).
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Table 3 presents the above-ground biomass and the weight of residues for each 
alternative considered for the share of residues removed in pruning. It was assumed 
that the trees are pruned every 6 years and that the amount of residues per year is 
1/6 of the total amount of residues for the all area in a six-year period. Also for grids 
with both species, it was considered that the weight of biomass of residues per spe-
cies corresponded to the mean share of crown cover per species for the entire forest 
area (50.1% for holm oak and 49.9% for cork oak).

4. Energy potential of evergreen oak firewood in the study area

The yearly amounts of oak residues estimated in the last section for the study 
area under different scenarios were converted to energy using Eq. (2),

 t, ,= ×i i iE B LHV  (2)

where the subscript i refers to the forest species, Et,i is the theoretical energy 
potential of the residual biomass, Bi the yearly quantity of biomass that can be 
removed from the study area and LHVi the lower heating value (given in Table 4). 
The result of computing Eq. (2) represent the theoretical energy potentials of ever-
green oak firewood that can be collected in the study area, which are the upper limits 
for the value of energy that can be obtained from oak biomass residues.

A moisture content of 30% was considered, resulting in LHV (a.r., as received) 
of 11.1 and 11.6 MJ kg−1 for holm and cork oak, respectively. As a comparison, the 

Grids Pure Mixed Pure and mixed Total

QR QS QR QS total QR QS

AGB 8737 6166 85,158 84,818 169,976 93,895 90,984 184,879

Scenario/Share of AGB removed (%)

A1 10 874 617 8516 8482 16,998 9390 9098 18,488

A2 15 1311 925 12,774 12,723 25,496 14,084 13,648 27,732

A3 20 1747 1233 17,032 16,964 33,995 18,779 18,197 36,976

A4 25 2184 1542 21,290 21,205 42,494 23,474 22,746 46,220

A5 30 2621 1850 25,547 25,445 50,993 28,169 27,295 55,464

Table 3. 
Above-ground biomass and weight of residues for each alternative for residues removal on a 6 year basis for the 
study area (in t d.b.). QR refers to holm oak and QS to cork oak.

Wood LHV1 (MJ kg−1 a.r.) LHV2 (MJ kg−1 d.b.)

Holm oak 11.1 16.9

Cork oak 11.6 17.6
1Considering 30% water content.
2Taken from [17].
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Portuguese energy balance considers that the lower heating value of firewood is 
10.5 MJ kg−1.

Depending on the percentage of residues collected each time the trees are 
pruned, the amount of evergreen oak firewood that is available in the study area 
is in the range of 3081 to 9244 t year−1. This corresponds to a theoretical energy 
potential between 5.0 × 107 MJ year−1 and 1.5 × 108 MJ year−1 (Table 5).

The values reported in Table 5 correspond to the energy content of the residues, 
but, if they are used for household heating, not all this energy can be converted to 
heat. There is a conversion efficiency, η, which is dependent on the technology used, 
and defined by Eq. (3),

 u,

t,
,= i

i

E
Eη  (3)

where i refers to the forest species and Eu,i is the useful energy obtained from the 
combustion of the ith firewood type, which is reported on Table 6 for each of the 
scenarios considered.

Considering that all of the firewood is burned in open fireplaces, the most 
popular wood-fired appliance for household heating in Portugal [25], the amount 
of energy generated from the firewood obtained in the study area would be between 
5.0 × 106 MJ year−1 and 1.5 × 107 MJ year−1 (Table 6). If instead, the firewood would 
be burned in more efficient appliances, the energy that could be obtained would be 
significantly higher (between 2.5 × 107 MJ year−1 and 7.5 × 107 MJ year−1). The use of 
closed burning appliances represents an increase of 400% in the energy produced.

The two alternatives for energy conversion technologies considered in Table 6, 
where only one technology is used to convert all the collected biomass into energy, 

Scenario Amount of firewood (t d.b. year−1) Theoretical energy potential (MJ year−1)

A1 Holm oak 1565 Holm oak 2.5 × 107

Cork oak 1516 Cork oak 2.5 × 107

Total 3081 Total 5.0 × 107

A2 Holm oak 2347 Holm oak 3.7 × 107

Cork oak 2275 Cork oak 3.8 × 107

Total 4622 Total 7.5 × 107

A3 Holm oak 3130 Holm oak 5.0 × 107

Cork oak 3033 Cork oak 5.0 × 107

Total 6163 Total 1.0 × 108

A4 Holm oak 3912 Holm oak 6.2 × 107

Cork oak 3791 Cork oak 6.3 × 107

Total 7703 Total 1.2 × 108

A5 Holm oak 4695 Holm oak 7.4 × 107

Cork oak 4549 Cork oak 7.5 × 107

Total 9244 Total 1.5 × 108

Table 5. 
Yearly amount and theoretical energy potential of the oak firewood obtained in the study area under the 
different scenarios considered.
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and defined by Eq. (3),
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where i refers to the forest species and Eu,i is the useful energy obtained from the 
combustion of the ith firewood type, which is reported on Table 6 for each of the 
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be burned in more efficient appliances, the energy that could be obtained would be 
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closed burning appliances represents an increase of 400% in the energy produced.
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where only one technology is used to convert all the collected biomass into energy, 
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do not reflect the technological split existent in the country. The biomass technolo-
gies used for residential heating are diverse and their shares change over time. The 
scenario that considers that only open fireplaces are used is a borderline case, which 
seeks to illustrate the impact of using inefficient equipment. If a technology split 
close to the one reported in the INE/DGEG survey [25] is considered, the amount 
of useful heat generated from the firewood obtained in the study area would be 
between 1.4 × 107 MJ year−1 and 4.1 × 107 MJ year−1.

Knowing the amount of firewood consumed under each scenario, it is possible to 
estimate the emissions of airborne pollutants for each firewood species and technol-
ogy considered, k,i, jEE , using Eq. (4),

 , , , , , ,= ×k i j k i j i jEE EF B  (4)

where k refers to the pollutant, i to the forest species and j to the technology. 
EFk,i,j is the emission factor of pollutant k for the jth appliance/equipment when 
combusting firewood of the ith species and Bi,j the quantity of biomass i that is 
burned in the technology of type j.

The emissions of airborne pollutants that would be generated from the com-
bustion of the firewood that could be collected in the study area are reported on 
Table 7 for the scenario that considers heavy pruning (for the other scenarios, the 
emissions would be lower, but the same conclusions could be drawn). It can be seen 
that, in general, open fireplaces emit more pollutants than stoves. Additionally, 
burning cork oak is responsible for more emissions (CO2 not considered, as it will 
be discussed in the next paragraph).

Scenario Available energy (MJ year−1)

Open fireplace1 Cast iron stove2

A1 Holm oak 2.5 × 106 Holm oak 1.2 × 107

Cork oak 2.5 × 106 Cork oak 1.3 × 107

Total 5.0 × 106 Total 2.5 × 107

A2 Holm oak 3.7 × 106 Holm oak 1.9 × 107

Cork oak 3.8 × 106 Cork oak 1.9 × 107

Total 7.5 × 106 Total 3.7 × 107

A3 Holm oak 5.0 × 106 Holm oak 2.5 × 107

Cork oak 5.0 × 106 Cork oak 2.5 × 107

Total 1.0 × 107 Total 5.0 × 107

A4 Holm oak 6.2 × 106 Holm oak 3.1 × 107

Cork oak 6.3 × 106 Cork oak 3.1 × 107

Total 1.2 × 107 Total 6.2 × 107

A5 Holm oak 7.4 × 106 Holm oak 3.7 × 107

Cork oak 7.5 × 106 Cork oak 3.8 × 107

Total 1.5 × 107 Total 7.5 × 107

110% efficiency [31].
250% efficiency [28].

Table 6. 
Energy potential of the oak firewood obtained in the study area under the different scenarios considered.
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CO2 emissions reported in Table 7 are dependent on the carbon content of 
the biomass and inherent to biomass-fired combustion systems. A higher value 
of carbon dioxide emissions reflects both the carbon content of the fuel and the 
completeness of the combustion process (for the same fuel, when all the carbon 
is oxidized because combustion is complete, the CO2 emissions are larger than 
when combustion is not so efficient). The CO2 emissions are not included in 
the national emission inventory, though, since biomass is considered carbon 
 neutral [23].

Table 8 presents the amount of airborne pollutants that would be emitted 
when combusting the firewood that could be collected in the study area divided 
by the amount of thermal energy that could be usefully used for household space 
heating (these results are independent of the silvicultural scenario considered). As 
expected, the use of open fireplaces presents much higher emissions per unit energy 
obtained for space heating than the use of stoves.

The results presented in Tables 6–8 show the importance of both the silvicultural 
practices and energy conversion technologies on the energy that can be obtained 
from evergreen oak firewood and on the emissions that result from burning that 
firewood. If the pruning is heavier, more firewood is obtained and in theory more 
useful energy. However, as shown in Table 6 this does not imply that more useful 
energy is obtained. If this firewood is burned in a traditional fireplace, the energy 
efficiency is so low that more firewood is needed to reach the same useful energy 
as in a traditional stove. Pruning 30% of the above-ground biomass of evergreen 
oaks and burning all the firewood in a traditional fireplace results in less energy 
than pruning 10% of the above-ground biomass to fire a closed burning appliance. 
Additionally, the emissions of airborne pollutants per unit useful heat generated are 

Substance / Scenario A5 Emissions1 (t year−1)

Open fireplace Cast iron stove

PM2.5 Holm oak 61.5 Holm oak 27.2

Cork oak 81.4 Cork oak 37.8

Total 142.9 Total 65.0

OC Holm oak 33.8 Holm oak 14.1

Cork oak 45.9 Cork oak 21.8

Total 79.7 Total 35.9

EC Holm oak 1.4 Holm oak 1.1

Cork oak 3.1 Cork oak 1.9

Total 4.5 Total 3.0

CO Holm oak 290.2 Holm oak 299.1

Cork oak 388.9 Cork oak 451.3

Total 679.1 Total 750.3

CO2 Holm oak 3450.8 Holm oak 4624.6

Cork oak 2511.0 Cork oak 4071.4

Total 5961.9 Total 8695.9
1Emission factors taken from Table 2.

Table 7. 
Emissions of the combustion of the oak firewood obtained in the study area under the scenario were more 
residues are obtained (A5).
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scenario that considers that only open fireplaces are used is a borderline case, which 
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close to the one reported in the INE/DGEG survey [25] is considered, the amount 
of useful heat generated from the firewood obtained in the study area would be 
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bustion of the firewood that could be collected in the study area are reported on 
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emissions would be lower, but the same conclusions could be drawn). It can be seen 
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CO2 emissions reported in Table 7 are dependent on the carbon content of 
the biomass and inherent to biomass-fired combustion systems. A higher value 
of carbon dioxide emissions reflects both the carbon content of the fuel and the 
completeness of the combustion process (for the same fuel, when all the carbon 
is oxidized because combustion is complete, the CO2 emissions are larger than 
when combustion is not so efficient). The CO2 emissions are not included in 
the national emission inventory, though, since biomass is considered carbon 
 neutral [23].

Table 8 presents the amount of airborne pollutants that would be emitted 
when combusting the firewood that could be collected in the study area divided 
by the amount of thermal energy that could be usefully used for household space 
heating (these results are independent of the silvicultural scenario considered). As 
expected, the use of open fireplaces presents much higher emissions per unit energy 
obtained for space heating than the use of stoves.

The results presented in Tables 6–8 show the importance of both the silvicultural 
practices and energy conversion technologies on the energy that can be obtained 
from evergreen oak firewood and on the emissions that result from burning that 
firewood. If the pruning is heavier, more firewood is obtained and in theory more 
useful energy. However, as shown in Table 6 this does not imply that more useful 
energy is obtained. If this firewood is burned in a traditional fireplace, the energy 
efficiency is so low that more firewood is needed to reach the same useful energy 
as in a traditional stove. Pruning 30% of the above-ground biomass of evergreen 
oaks and burning all the firewood in a traditional fireplace results in less energy 
than pruning 10% of the above-ground biomass to fire a closed burning appliance. 
Additionally, the emissions of airborne pollutants per unit useful heat generated are 
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Cork oak 81.4 Cork oak 37.8
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Cork oak 2511.0 Cork oak 4071.4

Total 5961.9 Total 8695.9
1Emission factors taken from Table 2.

Table 7. 
Emissions of the combustion of the oak firewood obtained in the study area under the scenario were more 
residues are obtained (A5).
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much higher. Also important is the fact that heavier pruning practices have some 
undesirable environmental impacts. The higher the intensity of pruning, the higher 
the leaf area removed, and thus the lower the photosynthetic ability. This results in 
a reduction of growth and production, whether of bark (cork for cork oak) or fruit 
(for cork and holm oak). This is also reflected in the incomes and in the sustainabil-
ity of the systems as the evergreen oaks in these type of agroforestry systems have 
also an important role in the conservation of habitats, soil and water.

According to the concept of “energy ladder” [40], households tend to replace 
inefficient and more polluting fuels and energy conversion technologies by others 
that are “better” as their income rises. This is what has been happening in OECD 
Europe, where households mainly consume natural gas, followed by electricity; 
biofuels and waste coming third [41]. By mid-19th century, Portuguese households 
mainly consumed firewood [42], but in 2018 this share was 26% and the dominant 
energy source in households was electricity [24]. However, the “energy ladder” does 
not mean that modern biomass technologies should not be used and promoted. 
Residential biomass is an alternative to the use of fossil fuels and presents many 
advantages. However, the transition from traditional appliances to more efficient 
and cleaner technologies should be promoted [43].

5. Conclusions

Cork and holm oak firewood is traditionally used for household heating in 
Southwest Europe. This wood, as other types of firewood, is mostly traded in 
informal markets in Portugal. The latter results in a lack of statistics on firewood 

Substance Emissions1 (t MJ−1)

Open fireplace Cast iron stove

PM2.5 Holm oak 8.26 Holm oak 0.73

Cork oak 10.80 Cork oak 1.01

Total 19.06 Total 1.75

OC Holm oak 4.54 Holm oak 0.38

Cork oak 6.09 Cork oak 0.59

Total 10.64 Total 0.96

EC Holm oak 0.19 Holm oak 0.03

Cork oak 0.41 Cork oak 0.05

Total 0.60 Total 0.08

CO Holm oak 38.97 Holm oak 8.03

Cork oak 51.59 Cork oak 12.12

Total 90.57 Total 20.16

CO2 Holm oak 463.51 Holm oak 124.23

Cork oak 333.10 Cork oak 109.37

Total 796.62 Total 233.61
1Emission factors taken from Table 2.

Table 8. 
Emissions per unit useful energy obtained from the combustion of the oak firewood collected in the study area.
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consumption in the country, which hinders energy and environmental planning. 
Additionally, the assessment of the amount of wood that can sustainably be 
removed from the forest is of the upmost importance for the definition of bioenergy 
policies. In this context, this study used a method based on very high resolution 
remote sensing data to determine the energy potential of evergreen oak firewood 
for household heating. Different silvicultural and energy utilization scenarios were 
considered. The method was applied to an area of 12,188 ha dominated by cork 
and holm oak stands. The results show that both silvicultural practices and energy 
conversion technology choices are of primordial importance to the sustainability of 
the use of firewood for household heating. The use of inefficient equipment, still 
popular in Portugal, leads to considerable amounts of emissions of airborne pollut-
ants and firewood consumption. The results presented in this study show that the 
use of open fireplaces results in much larger biomass removals from the stands (for 
the same amount of useful heat obtained) with various environmental implications. 
When using more efficient equipment, the same amount of heat could be obtained 
with less biomass and airborne emissions. This fact is often forgotten in public 
energy policies, but is of primordial importance in a country where biomass is the 
most important source for household heating. Through the presentation of a case 
study, the authors want to put in evidence the need for the development of public 
policies that are directed to a transition from traditional to modern biomass uses for 
household heating.
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ity of the systems as the evergreen oaks in these type of agroforestry systems have 
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advantages. However, the transition from traditional appliances to more efficient 
and cleaner technologies should be promoted [43].

5. Conclusions

Cork and holm oak firewood is traditionally used for household heating in 
Southwest Europe. This wood, as other types of firewood, is mostly traded in 
informal markets in Portugal. The latter results in a lack of statistics on firewood 

Substance Emissions1 (t MJ−1)

Open fireplace Cast iron stove

PM2.5 Holm oak 8.26 Holm oak 0.73

Cork oak 10.80 Cork oak 1.01

Total 19.06 Total 1.75

OC Holm oak 4.54 Holm oak 0.38

Cork oak 6.09 Cork oak 0.59

Total 10.64 Total 0.96

EC Holm oak 0.19 Holm oak 0.03

Cork oak 0.41 Cork oak 0.05

Total 0.60 Total 0.08

CO Holm oak 38.97 Holm oak 8.03

Cork oak 51.59 Cork oak 12.12

Total 90.57 Total 20.16

CO2 Holm oak 463.51 Holm oak 124.23

Cork oak 333.10 Cork oak 109.37

Total 796.62 Total 233.61
1Emission factors taken from Table 2.

Table 8. 
Emissions per unit useful energy obtained from the combustion of the oak firewood collected in the study area.

99

Evergreen Oak Biomass Residues for Firewood
DOI: http://dx.doi.org/10.5772/intechopen.95417

consumption in the country, which hinders energy and environmental planning. 
Additionally, the assessment of the amount of wood that can sustainably be 
removed from the forest is of the upmost importance for the definition of bioenergy 
policies. In this context, this study used a method based on very high resolution 
remote sensing data to determine the energy potential of evergreen oak firewood 
for household heating. Different silvicultural and energy utilization scenarios were 
considered. The method was applied to an area of 12,188 ha dominated by cork 
and holm oak stands. The results show that both silvicultural practices and energy 
conversion technology choices are of primordial importance to the sustainability of 
the use of firewood for household heating. The use of inefficient equipment, still 
popular in Portugal, leads to considerable amounts of emissions of airborne pollut-
ants and firewood consumption. The results presented in this study show that the 
use of open fireplaces results in much larger biomass removals from the stands (for 
the same amount of useful heat obtained) with various environmental implications. 
When using more efficient equipment, the same amount of heat could be obtained 
with less biomass and airborne emissions. This fact is often forgotten in public 
energy policies, but is of primordial importance in a country where biomass is the 
most important source for household heating. Through the presentation of a case 
study, the authors want to put in evidence the need for the development of public 
policies that are directed to a transition from traditional to modern biomass uses for 
household heating.
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Chapter 6

Koroch (Pongamia pinnata): A 
Promising Unexploited Resources 
for the Tropics and Subtropics
Abul Kalam Mohammad Aminul Islam, 
Swapan Chakrabarty, Zahira Yaakob, 
Mohammad Ahiduzzaman and 
Abul Kalam Mohammad Mominul Islam

Abstract

The demand of petroleum fuel is increasing day by day. To meet up the energy 
demand, people of developing countries like Bangladesh basically used energy from 
indigenous sources, which are reducing quickly. Hence, it should be emphasized 
to explore unconventional fuel to overwhelm the crisis of petroleum fuels. Koroch 
(Pongamia pinnata L. Pierre) is a quick-growing leguminous tree that has the ability 
to grow on marginal land. Higher oil yield as well as physicochemical properties 
increases the suitability of using Pongamia as a promising substitute for supplying 
feedstock of biofuel production. Besides biofuel production, P. pinnata has multi-
purpose uses as traditional medicine to animal feed, bio-pesticides, and bio-fertiliz-
ers. A better understanding and knowledge on the ecological distribution, botanical 
characteristics, physiology, and mode of reproduction along with physicochemical 
properties, and biosynthesis of oil is essential for sustainable production of biofuel 
from P. pinnata. In this chapter, we discuss overall biological and physicochemical 
properties as well as cultivation and propagation methods that provide a fundamen-
tals for exploiting and improving of P. pinnata as a promising renewable source of 
biofuel feedstock.
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1. Introduction

Koroch (P. pinnata) is the member of Leguminosae family and Papilionoideae, 
more specifically the Millettieae tribe [1]. It is an oil seed tree known for its versatile 
applications but still remain unexploited. It is medium-sized, drought resistant, 
fast-growing, nitrogen fixing leguminous tree or glabrous shrub (15–25 m tall). 
It has been delineated as briefly deciduous or evergreen with a broad canopy of 
drooping or spreading branching behavior [2]. P. pinnata has a broadly distribu-
tion across coastal and riverine areas, primarily in humid tropical and subtropical 
environment of Indian subcontinent, Asia, Africa, Pacific, and America. It is found 
that the center of origin for Pongamia is most likely India (Figure 1) [3]. In the USA, 
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P. pinnata was introduced into Hawaii in the 1960s by Hillebrand. It is also found 
in the Andaman and Nicobar Islands, Bismarck, Archipelago, Northern Marianas, 
Djibouti, Tanzania, Zaire, Uganda, Caribbean, and Nicaragua. Traditionally, 
Koroch has been utilized in Indian sub-continent and neighboring countries as 
folk medicines, green manure, animal fodder, wood, and poison for fish and fuel 
[4, 5]. It is also used in agriculture and management of environment as fungicide, 
insecticide, nematicide [6], and soil improver as it fixes atmospheric nitrogen [1, 7]. 
Pongamia has bio-ameliorative capacity which adds nitrogen, phosphorous, potas-
sium, and organic carbon to soil. It also improves the rural economic condition by 
engendering employment opportunities during different phases of cultivation and 
further processing.

As the reserve of non-renewable fossil fuel become declining, the society is 
increasingly aware of the alternate source for the production of fuels. Now it is 
discernible that biofuel has substantial contribution to the future energy demands 
both for domestic and industrial economics. For production of biofuel, USA and 
some European countries are looking for various vegetable oils such as soybean, 
rapeseed, and sunflower oil but these are edible in nature [8, 9]. Developing 
countries like Bangladesh, India, and some Asian countries cannot provide edible 
oil as fuel alternative. But some non-edible species such as Koroch (P. pinnata), 
Jatropha (Jatropha curcas), castor (Ricinus communis), neem (Azadirachta indica), 
etc. can be utilized as alternate fuel sources. Among these, P. pinnata has high 
potentiality for extraction of seed oil for manufacturing biodiesel. Pongamia seed 
comprises 30–40% oil that can be utilized as biodiesel through transesterification 
[10, 11]. It has the potentiality to provide a renewable energy resource and mitigate 
the competitive situation of the use of food crops as biofuel as it can be cultivated 
on marginal lands. Further research is needed into different areas of production 
and utilization of this species as a source of biodiesel [1, 12, 13]. Identification and 
evaluation of elite genotypes has been very limited for the production of seed and 
its oil content. To increase the biodiesel production, selection of elite genotypes 
for economically important traits such as high seed yield, high oil content, and 
desirable fatty acid composition is the pre-requirement [14]. Finally, large scale 
plantation of clonal stocks of elite genotypes needs to be done through encourag-
ing afforestation programs. The overall objective of this chapter is to encourage 
exploiting these promising resources for sustainable biofuel production by 

Figure 1. 
Distribution of P. pinnata. The species has been planted in the above shown countries on the map. It does not 
indicate that the species can be planted in every ecological zone within that countries or in other countries than 
those depicted. Source: Agroforestry database 4.0 [2].
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updating knowledge on the ecological and botanical characteristics, cultivation 
and propagation techniques and physicochemical properties and biosynthesis of 
Pongamia oil.

2. Ecological, botanical and cultural characteristics

2.1 Ecology of P. pinnata

P. pinnata is native to humid tropical and sub-tropical region. Areas having 
annual rainfall ranging from 500 to 2500 mm and maximum temperature 27–38°C 
and the minimum from 1 to 16°C is suitable for cultivation. Although it requires 
rain, trees need a dry season of 2–6 months. Probably, it ranges from Tropical Dry 
to Moist through Subtropical Dry to Moist Forest Life Zones [15, 16]. The trees also 
can cope with adverse climatic and soil moisture conditions and naturally generate 
in lowland forest on limestone and rocky coral outcrops on the coast, along the 
border of mangrove forest and along tidal streams and rivers. Mature trees can 
stand against water logging and slight frost, also counteract to high winds, draught, 
and salinity but are susceptible to freezing temperatures [17–19]. This species grows 
at altitude ranges from 0 to 1200 m, but in the Himalayan, foothills is not found 
above 600 m [2, 20]. It has been considered as a “maritime species” since it tends 
to grow naturally along coasts and riverbanks in India, Bangladesh, and Myanmar 
[16, 21]. P. pinnata can be grown in wider soil types ranging from stony to sandy 
to heavy swelling clay soils including oolitic limestone, but it exhibits best growth 
in deep, well-drained and sandy loam soils with certain moisture, but it does not 
grow well on very dry sands, although it tolerates saline conditions, alkalinity, and 
waterlogged soils even with its root in fresh or salt water [2]. If Pongamia grown on 
soils with a pH above 7.5, it will show nutritional deficiencies [22].

2.2 Botanical characteristics

The odd pinnately compound leaves with long slender leaf stalk are fixed 
up alternately and consist of 5–9 leaflets that are ovate elliptical or oblong 
(5–25 cm × 2.5–15 cm), obtuse-acuminate at the tip, rounded to cuneate at the base, 
not toothed at the edges and slightly thickened. The leaflets are settled in two or 
three pairs except largest terminal leaflet. In juvenile stage, leaves remain without 
hair and pinkish red in color and turn into glossy dull green above and dull green 
with prominent veins at maturity [2]. The raceme type inflorescence is 6–27 cm 
long, axillary, pendant and it has pairs of strongly balsamic flowers which are 
fascicled (2–4 together), short stalked and pea shaped (15–18 mm long). The calyx 
is campanulate, truncate (4–5 mm long), short dentate, lowermost lobe, sometimes 
longer and the corolla is white to pink, purple inside and brownish veins on the 
outside and five-toothed. The standard is sub-orbicular (1–2 cm), broad with basal 
auricles often with a green blotch and thin silky hair on the outside. The wings are 
oblong, oblique with a slightly adherent to obtuse keel. The stamens are monadel-
phous, vexillary stamen free at the base but jointed with others into a close tube. 
The ovary is sub sessile to short-stalked and pubescent and there are usually two 
ovules (rarely three). The style is filiform, upper half incurved and glabrous, and 
the stigma is small and terminal [2, 23].

Pods are short stalked, smooth, flattened but slightly swollen, oblique-oblong to 
ellipsoid (3–8 cm × 2–3.5 cm × 1–1.5), brown, thick-walled and leathery to sub-
woody, reniform, hard, and indehiscent. It contains 1–2 seeds which are elliptical or 
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compressed ovoid, bean-like, with a brittle coat (1.5–2.5 cm × 1.2–2 cm × 0.8 cm), 
flattened, dark brown, and oily. The bark is thin gray to grayish-brown with smooth 
or faint vertical crevasse and yellow in the inside [24]. The branchlets are hairless 
with prominent pale stipule scars. The lateral roots are legionary, and the taproot is 
thick and long which is expanded about 10 m into the ground to uptake water from 
far beneath the ground surface without competing with other crops [2] (Figure 2).

2.3 Reproductive biology and propagation

In P. pinnata, mature buds open during 07:00–10:00 h with peak anthesis at 
08:00 h and all the 10 anthers dehisce by longitudinal slits in mature bud stage. 
It happens approximately 3h prior to anthesis. The number of pollen grains 
per anther is 2785 ± 266 and per flower 27,850 [25]. The prevailing environmental 
condition such as temperature, relative humidity, rainfall, etc. also attributed with 
the time of anthesis. The style is solid with central core of transmitting tissue in P. 
pinnata. Stigma receptivity may greatly caliber the rate of pollination success [26]. 
Raju and Rao [25] reported that in P. pinnata, the stigma receptivity is brought 
about 1 hour after anther dehiscence, but strong receptivity occurs during 09:00–
16:00 h. The flowers start to concatenate gradually from 17:00 h onwards and close 
completely at 18:00 h. The closure of flower indicates by gradual movement of the 
standard petal to enclose the wing and keel petal completely. The closed flowers 
remain permanent which is analogous to mature buds. In pollinated flowers, the 
corolla drops-off on third day, staminal tube after 10 days and calyx after 20 days 
and unpollinated flowers fall off on the third day. The ovary consecutively enlarges 
and burgeons into a fruit. The flowering of P. pinnata generally occurs through the 
year in some areas in the world. In Southeast Asia falling of leaves occurs in April 
and burgeoning new leaves from May and flower blossom in April to June. Its pod 
gets mature during March–May of following year and ripening of seeds occurs 
during February–May (Table 1).

Figure 2. 
P. pinnata (A) pod, seed, and seedling, (B) whole P. pinnata tree. These photos of P. pinnata were taken from 
Murari Chand College campus, Sylhet, Bangladesh.

109

Koroch (Pongamia pinnata): A Promising Unexploited Resources for the Tropics and Subtropics
DOI: http://dx.doi.org/10.5772/intechopen.93075

For raising of extensive plantations and successful introduction of a species, 
identification of plus trees with good genetic qualities and selection of most feasible 
methods for the multiplication of huge number of plants are essential. Propagation 
of Pongamia is needed for many purposes. The planting time of Pongamia cannot 
be band together with its reproductive phase (flowering and fruiting) in different 
eco-geographic zones and in such case, year-round supply of planting material 
can be obtained by vegetative propagation. Further, Pongamia can be cultivated in 
large areas of non-arable and wastelands for domestic and commercial purposes. 
Pongamia can be successfully propagated through seeds, cuttings [28–30] and tissue 
culture [3] and the viability of seeds remain up to 1 year. P. pinnata is a cross pol-
linated species, and vegetative propagation is advantageous to such type of plant in 
producing true to type plants with shorter juvenile period leading to early productiv-
ity [25]. It can be propagated through semi hard and hard wood cuttings consist of 
3–4 nodes. The stem cutting shows better rooting in terms of percentage response, 
average root number, and average root length which are collected during January 
than those are collected during October [14]. By grafting, long juvenile period can be 
avoided as well as good productivity can be assured owing to elite scions. In grafting 
of Pongamia, one-year old seedlings are used as rootstock and the scions can be col-
lected from a superior genotype with the same dimensions as that of rootstock. The 
most successful grafting may be Wedge grafting, and it is done by using 3months old 
seedling as the stocks and 12–15 cm length semi hard wood scion [31]. P. pinnata can 
be easily multiplied by grafting than that of propagation by cuttings. Tissue culture 
techniques have the potential to reproduce large quantities of genetically identi-
cal propagules from a small amount of source tissue within short time. Generally, 
explants used for regeneration through tissue culture are buds, meristems, and 
leaves. Regeneration of explants may occur through organogenesis or somatic 
embryogenesis [32, 33]. However, success of tissue culture is mostly dependent on 
genetic constituents of individual tree under identical tissue culture conditions [3].

3. P. pinnata seed oil as biodiesel feedstock

3.1 Phytochemistry of P. pinnata

The chemical composition including major fatty acids of P. pinnata oil such as 
palmitic acid, stearic acid, linoleic acid, and eicosenoic acid indicate this oil could be 

Physiological 
stages
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Seed ripening

Pod ripening

Flowering

Fruiting

Falling of 
leaves

Emergence of 
new leaves

Source: Sangwan et al. [27].

Table 1. 
Growth pattern of P. pinnata. 
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good source for biodiesel feedstock [34]. The fatty acid compositions of Pongamia 
seed oil are described in Table 2. Some alkaloids such as demethoxy, gamaty, glabin, 
glabro saponin, kaempferol, kanjone, kanugin, karangin, neuroglobin, pinnatin, 
pongamol, pongapin, quercetin, saponin, b-sitosterol, and tannin were reported 
to found in P. pinnata. 31.0% charcoal, 36.69% pyroligneous acid, 4.3% acid, 3.4% 
ester, 1.9% acetone, 1.1% methanol, 9.0% tar, 4.4% pitches and losses, and 0.12m3/
kg gas were found by destructive distillation of the wood (dry weight basis). The 
nutrient level of Pongamia leaf, twig, and fruit are shown in Table 3.

Furthermore, the comparative composition of the predominant fatty acids in 
Pongamia and other biofuel sources such as corn, soybean, canola, palm, Jatropha, 
Algae, and tallow indicate the suitability of Pongamia oil as biodiesel feedstock 
(Table 4). These chemical properties of Pongamia establish it as potential biofuel 
crop. It has also been reported that the oil yield (liter/ha per annum) from Pongamia 
seed is higher than corn, soybean, canola, and Jatropha. From 4th to 5th year 
onward of plantation of Pongamia starts flowering and fruiting and producing seeds 
in 4th–7th years and a full-grown tree may give 9–90 kg seed which indicates it has 
the potential of yielding 900–9000 kg seed/ha (assuming 100 trees/ha). In India, 
24–27.5% oil can be extracted in mills, 18–22% can be extracted by village crushers 
[15]. The yield of kernel ranges 8–24 kg per tree [12, 35] and contains about 28–34% 
oil with high percentage of polyunsaturated fatty acids [36]. In Australia per tree 
produces approximately 30 kg seeds per annum and containing up to 55% oil [3].

3.2 Physicochemical properties

The physicochemical properties of Pongamia seed oil have established it as a 
renewable source of biodiesel production. Oleic acid is responsible for low cloud 

Fatty acids Molecular 
formula

Composition 
(%)

Structure

Saturated fat — 20.5 —

Monounsaturated fatty acid — 46.0 —

Polyunsaturated fatty acid — 33.4 —

Palmitic acid C16H32O2 3.7–11.3 CH3(CH2)14COOH

Stearic acid C18H36O2 2.4–9.8 CH3(CH2)16COOH

Oleic acid C18H34O2 44.5–71.3 CH3(CH2)14(CH=CH)COOH

Linoleic acid C18H32O2 10.8–24.75 CH3(CH2)12(CH=CH)2COOH

Linolenic acid C18H30O2 2.9–6.3 CH3(CH2)10(CH=CH)3COOH

Eicosanoic acid C20H40O2 9.5–12.4 CH3(CH2)18COOH

Behenic acid C22H44O2 4.2–5.3 CH3(CH2)20COOH

Arachidic acid C20H40O2 0.8–4.7 CH3(CH2)18COOH

Lignoceric acid C24H48O2 1.1–3.5 CH3(CH2)22COOH

Myristic acid C14H28O2 0.23 CH3(CH2)12COOH

Lauric acid C12H24O2 0.1 CH3(CH2)10COOH

Capric acid C10H20O2 0.1 CH3(CH2)8COOH

Unidentified — 0.1–1.05 —

Source: Modified from Duke [15]; Ahmad et al. [37]; Karmee & Chadha [38]; Sarma et al. [15]; Kesari et al. [39].
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point so it is considered as important fatty acid in biodiesel production. Palmitic 
acid and stearic acid molecules have less mobility, thus increases the cloud point. As 
oxidation occurs in unsaturated C18 acids (linoleic acid and linolenic acid), these 

Parameter Leaf and twig Fruit (pod and seed)

Protein — 17.4%

Fatty oil — 27.5%

Nitrogen free extract — 55.4%

Crude fiber — 7.3%

Acid detergent fiber 40% 1.16%

Ash — 2.4%

Tannin — 2.32 g/100 g

Acid detergent lignin — 6.67%

Trypsin — 6.2 g/100 g

P 0.11, 0.14% 0.61%

Ca 1.54, 1.58% 0.65%

K 0.49, 0.62% 1.3%

Crude protein 18% 19.5 g/100 g

Neutral detergent fiber 62% 17.98%

N 0.71, 1.16% 5.1%

Moisture — 19.0%

Starch — 6.6%

Mucilage — 13.5%

Na+ — 0.8%

Source: Duke [15] and Singh [40].

Table 3. 
Level of nutrients present in Pongamia leaf and fruit.

Plant Oil yield 
(liter/ha 

per annum)

Percent 
oleic 
acid 

(C18:1)

Percent 
palmitic 

acid 
(C16:0)

Percent 
stearic 

acid 
(C18:0)

Reference

Corn 172 30.5–43 7–13 2.5–3 Dantas et al. [41]

Soybean 446 22–30.8 2.3–11 2.4–6 Hildebrand et al. [42]

Canola 1196 55–63 4–5 1–2 Moser [43]

Jatropha 1892 34.3–45.8 13.4–15.3 3.7–9.8 Becker and Makkar [44]; 
Islam et al. [45]

Palm oil 5950 38.2–43.5 41–47 3.7–5.6 Sarin et al. [46]

Algae* 59,000 1.7–14.3 3.7–40 0.6–6 Hu et al. [47]

Tallow Not applicable 26–50 25–37 14–29 CanakciandSanli [48]

Pongamia 3600–4800 25.3–68.3 5.41–9.49 2.15–8 Biswas et al. [3]
*The yield of Algae derived from smaller volume trails of multiple species.

Table 4. 
Major components of oil of several plants currently used as feedstock for biofuel production.
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good source for biodiesel feedstock [34]. The fatty acid compositions of Pongamia 
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are less desirable (Table 5). These properties of Pongamia biodiesel ascertained as 
per ASTM (American Standards for Testing and Materials) standards which consist 
of viscosity (4.78 mm2/s) that controls the characteristics of injection from diesel 
injector and for better performance the viscosity level should be minimized. The 
saponification number (187 mg/KOH) shows the relative length fatty acid chain; 
the iodine value (91I2 100/g) indicates the total number of double bonds among the 
respective fatty acids; and the cetane number (41.7) gives an indication of ignition 
quality of the fuel. The flash point (144°C) is also an important property. Flash 
point is the temperature at which it ignites when exposed to a flame or spark. The 
flash point of biodiesel is higher than that of petroleum diesel, that’s why it is safe 
for transport purpose. The lowest temperature at which oil can flow is known as 
pour point (−3°C for crude oil) and the cloud point (6°C) which is the temperature 
that will cause the dissolution of dissolved solids from the oil and indicates the 
possibility of use of biodiesel in temperature and cold climates. The pour point and 
cloud point of Pongamia biodiesel indicates the suitability of its use in tropical and 
some temperate regions. This non-edible Pongamia vegetables oil is the source of 
greenhouse gas neutral and environmentally acceptable biofuel. As an alternate 
to fossil fuel, Pongamia biodiesel can reduce CO2, CO, HC, and NO emission by 
producing about 0.52 million tone of biodiesel per year from the unused lands [49]. 

Property Pongamia crude oil Pongamia 
biodiesel

Diesel

Color Yellowish red Amber yellow White or slightly amber

Odor Characteristic odd 
odor

— —

Density 0.92 g/m3 0.86 g/m3 0.84 g/m3

Kinematic viscosity @ 
40°C

40.2 mm2/s 4.78 mm2/s 2.98 mm2/s

Acid value 5.40 mg/KOH 0.42 mg/KOH 0.35 mg/KOH

Iodine value 87(I2 100/g) 91(I2 100/g) —

Saponification value 184 (mg/KOH) 187 (mg/KOH) —

Calorific value 8742 kcal/kg 3700 kcal/kg 4285 kcal/kg

Specific gravity 0.925 — —

Unsaponifiable matter 2.9% w/w — —

Flash point 225°C 144°C 74°C

Fire point 230°C — —

Cloud point 3.5 °C 6 °C −16°C

Pour point −3 °C — —

Boiling point 316°C — —

Cetane number 42 41.7 49.0

Copper strip corrosion No corrosion observed — —

Ash content 0.07% 0.005% 0.02%

Moisture — 0.02% 0.02%

Carbon residue 1.51% 0.005% 0.01%

Source: Modified from Bobade and Khyade [39, 50].

Table 5. 
Physico-chemical properties of P. pinnata oil with diesel.
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Successful implementation of biofuels is depending on the supply of feedstock from 
non-food crops as well as the capacity to grow on marginal land that is not used 
for the cultivation of food crops [51]. From 15 years onward up to more 20 years, 
a Pongamia tree can produce 25–100 kg seed per year and after 30 years onward 
even up to 100 years, and each tree may produce 300–500 kg of seed per year with 
proper maintenance [52]. In this regard, Pongamia has the potentiality to supply 
significant amount of biofuel feedstock.

3.3 Biodiesel production

Biodiesel saves about 74% carbon dioxide emissions than conventional fuel [53]. 
Biodiesel from P. pinnata seed oil is the most useful product. However, P. pinnata 
seed oil could not considered to be suitable for direct use in the diesel engine due 
to high viscosity, free fatty acid content, and formation of gum during storage and 
combustion that causes thickening of lubricating oil and carbon deposits [54]. 
These drawbacks can be overcome by transesterification of bio-oil or straight 
vegetable oil that can produce biodiesel of nearly same properties as petroleum 
diesel. The transesterification process is the reaction of a triglyceride (with an 
alcohol to produce ester and glycerol). A triglyceride has a glycerine molecule as 
its base with three long chain fatty acids annexed. The characteristics of the fat are 
determined by the nature of the fatty acids subsumed to the glycerine which affects 
the characteristics of the biodiesel. In production of biodiesel, vegetable oil in the 
form of triglycerides reacts with small chain alcohol (methanol, ethanol, propanol, 
etc.) in the presence of homogeneous catalyst such as base (KOH, NaOH) or acid 
(HCl, H2SO4, H3PO4). The process is also called alcoholysis. When methanol is 
used, it is called methanolysis and esters that produced in methanolysis are called 
fatty acid methyl esters (FAMEs) and in case of ethanol, the process is termed as 
ethanolysis and the esters produced in this process are called fatty acid ethyl esters 
(FAEEs) [55]. The transesterification is a reversible reaction, so alcohol must be 
added in excess to ensure the reaction in the right direction. 80% methyl ester 
and 20% glycerin can be produced as by product through transesterification at 
low temperature and pressure [39]. The conditions for optimal reaction such as 
concentration of catalyst, molar ratio of alcohol/oil, and temperature have been 
investigated and optimized by Meher et al. [56]. Furthermore, Azam et al. [10] 
have reported that the FAMEs of Pongamia seed oil is most suitable as it meets the 
standard specifications of biodiesel. The reaction during transesterification can be 
described as below [57] (Figure 3).

The transesterification process for biodiesel production from Pongamia was 
described by Mahanta et al. [57]. Briefly, a known amount of oil was preheated 
to remove the moisture from the oil and then the oil was transferred to a reaction 
chamber in a hot water bath where 65–70°C temperature should be maintained. 
Based on the acid value of the oil, calculated amount of KOH and methanol were 
added and the mixture was stirred for 10–15 minutes for complete mixing. The 
temperature of the reaction should be maintained at 60°C. The reaction was 
considered to be completed when a clear separation was observed between oil and 
glycerol. After removing from the water bath, the mixture was kept for 7–8 hours 
for complete separation. After cooling, two layers were differentiated: the upper 
layer is methyl ester (biodiesel) with a little amount of KOH, soap, and other impu-
rities and the lower layer is glycerol. The biodiesel was collected by drain out of 
the upper layer, and remaining KOH, soap, and impurities were removed by using 
a separating funnel. Twenty-five percent by volume of impure methyl ester with 
warm distilled water is taken in a separating funnel. The impurities, KOH, and soap 
were solubilized in water and settled at the bottom of the funnel that can be drained 
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Successful implementation of biofuels is depending on the supply of feedstock from 
non-food crops as well as the capacity to grow on marginal land that is not used 
for the cultivation of food crops [51]. From 15 years onward up to more 20 years, 
a Pongamia tree can produce 25–100 kg seed per year and after 30 years onward 
even up to 100 years, and each tree may produce 300–500 kg of seed per year with 
proper maintenance [52]. In this regard, Pongamia has the potentiality to supply 
significant amount of biofuel feedstock.

3.3 Biodiesel production

Biodiesel saves about 74% carbon dioxide emissions than conventional fuel [53]. 
Biodiesel from P. pinnata seed oil is the most useful product. However, P. pinnata 
seed oil could not considered to be suitable for direct use in the diesel engine due 
to high viscosity, free fatty acid content, and formation of gum during storage and 
combustion that causes thickening of lubricating oil and carbon deposits [54]. 
These drawbacks can be overcome by transesterification of bio-oil or straight 
vegetable oil that can produce biodiesel of nearly same properties as petroleum 
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its base with three long chain fatty acids annexed. The characteristics of the fat are 
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used, it is called methanolysis and esters that produced in methanolysis are called 
fatty acid methyl esters (FAMEs) and in case of ethanol, the process is termed as 
ethanolysis and the esters produced in this process are called fatty acid ethyl esters 
(FAEEs) [55]. The transesterification is a reversible reaction, so alcohol must be 
added in excess to ensure the reaction in the right direction. 80% methyl ester 
and 20% glycerin can be produced as by product through transesterification at 
low temperature and pressure [39]. The conditions for optimal reaction such as 
concentration of catalyst, molar ratio of alcohol/oil, and temperature have been 
investigated and optimized by Meher et al. [56]. Furthermore, Azam et al. [10] 
have reported that the FAMEs of Pongamia seed oil is most suitable as it meets the 
standard specifications of biodiesel. The reaction during transesterification can be 
described as below [57] (Figure 3).

The transesterification process for biodiesel production from Pongamia was 
described by Mahanta et al. [57]. Briefly, a known amount of oil was preheated 
to remove the moisture from the oil and then the oil was transferred to a reaction 
chamber in a hot water bath where 65–70°C temperature should be maintained. 
Based on the acid value of the oil, calculated amount of KOH and methanol were 
added and the mixture was stirred for 10–15 minutes for complete mixing. The 
temperature of the reaction should be maintained at 60°C. The reaction was 
considered to be completed when a clear separation was observed between oil and 
glycerol. After removing from the water bath, the mixture was kept for 7–8 hours 
for complete separation. After cooling, two layers were differentiated: the upper 
layer is methyl ester (biodiesel) with a little amount of KOH, soap, and other impu-
rities and the lower layer is glycerol. The biodiesel was collected by drain out of 
the upper layer, and remaining KOH, soap, and impurities were removed by using 
a separating funnel. Twenty-five percent by volume of impure methyl ester with 
warm distilled water is taken in a separating funnel. The impurities, KOH, and soap 
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out easily. This washing was repeated until the pH of the separated water reaches 
at level of 7–8. Finally, amber yellow color biodiesel was obtained from P. pinnata 
seed oil [57]. Transesterification of 100 L of P. pinnata crude oil can produce about 
85 L of biodiesel and 15 L of glycerin as byproduct [58]. The Koroch tree has long 
life up 100 years. Its seed contains 25–35% non-edible oil extracted by mechanical 
press. It is also reported that 1 L of crude oil can be produced from about 4 kg of 
P. pinnata seed which ultimately can produce about 896 mL of biodiesel [59]. After 
oil extraction, oil cake, a by-product could be used as fertilizer or solid fuel [52].

4. Other uses and benefits

4.1 Biogas production and bio-fertilizer

The biomass waste from biofuel crops like Jatropha can be utilized for the 
production of biogas and bio-fertilizer [60]. Gunaseelan et al. [61] studied the 
potential of biogas (CH4) production from NaOH treated and untreated P. pinnata 
biomass waste. The results indicated that maximum amount of CH4 was produced 
from untreated seeds, whereas lower amount of CH4 was produced from withered 
yellow leaves of P. pinnata. The yield of CH4 from fiber rich leaves and pod husk was 
increased by 15–22% when treated with NaOH [61]. The deoiled cake of Pongamia 
cannot be used for animal feeding or agricultural farming directly due to its toxic 
properties. The generation of biogas by anaerobic digestion of oilseed cakes would 
be best solution for its efficient utilization which provides a better quality renew-
able gaseous fuel (biogas) than cattle dung to generate biogas. However, the co-
digestion of cattle dung with Pongamia seed cakes accelerate the digestion process. 
The C-N ratio of P. pinnata oil seeds cake was found 8.7, and the pH value ranges 
between 4.8–9.4 depending on percentage of cattle dung, cake, and water dilution 
ratio. Total biogas generation potential from P. pinnata cakes has been estimated 
as 377 million cubic meter from 0.145 million tone of P. pinnata oil cakes [62]. 
Along with fuel, anaerobic digestion gives good manorial value effluent for organic 
farming. P. pinnata oil cake contains higher amount of N, P, K (4%, 1%, 1%) than 
vermicompost [63].

4.2 Firewood and briquette

The wood of P. pinnata is considered as low quality timber due to its soft-
ness, tendency to split during sowing, and vulnerability to insect attack [16]. 
Traditionally, P. pinnata wood is used as fuel in rural areas in India, Bangladesh, 
and other neighboring regions. It has no distinct heartwood and varies from white 
to yellowish gray color with a calorific value of 19.32 MJ/kg. The ash produced 
from burning wood is used for dyeing [64]. Briquettes can be produced from shell 
and deoiled cake of Pongamia. The harvested pods are decorticated to separate the 

Figure 3. 
Transesterification reaction for biodiesel production.
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shells, and the shells are pulverized to prepare the materials for briquette prepara-
tion. The pulverized product is blended with other biomass to increase calorific 
value and compressed with a piston press to produce the Pongamia briquette. 
Briquettes that produced by following typical method result in a high heating value 
of 4000 kcal/kg [63].

4.3 Medicinal and pharmaceutical use

P. pinnata has been used as folk medicine or crude drug from pre-modern 
period. Recently, many pharmacological studies have been carried out on P. pin-
nata. Ethanolic extract of P. pinnata leaf was reported to have anti-inflammatory 
activity against various stages (acute, sub-acute, and chronic) of inflammation 
and also anti-pyretic function against Brewer’s yeast-induced pyrexia [65]. Shing 
and Pandey [66] showed that petroleum ether extraction of seeds of P. pinnata 
have powerful acute anti-inflammatory activity, whereas the aqueous suspen-
sion showed pro-inflammatory activity. It shows anti-plasmodial activity against 
Plasmodium falciparum [67]. The leaf extract of Koroch shows defensive charac-
teristics against blood ammonia and urea levels in ammonium chlorides induced 
hyperammonemia [68]. Shoba and Thomas [69] reported on the protective effect 
of P. pinnata in inhibiting castor oil induced diarrhea. Brijesh et al. [70] found that 
the crude extract of dried leaves of P. pinnata had a potential effect against the 
production of cholera toxin and enteroinvasive bacterial strains that cause diar-
rhea. Antihyperglycaemic and Antilipidperoxidative effects of ethanolic extract of 
Pongamia flowers in alloxan induced diabetic rats were evaluated by Punitha and 
Manoharan [71]. Rameshthangam and Ramasamy [72] noticed the antiviral activity 
of bis (2-methylhepty1) phthalate isolated from Pongamia leaves against White Spot 
Syndrome Virus of Penaeus mondon fabricius. Oral injection of ethanolic extract and 
purified compound from the leaves of Pongamia pinnata has increased the survival 
of WSSV infected Penaeus mondon. The fruits and leaves extract of Pongamia pin-
nata possess antifilarial potential of on cattle filarial parasite which was investigated 
by Uddin et al. [73].

4.4 Bio-pesticide

Oil extracted from seeds of Pongamia used in agriculture as it functions against 
the insect pests. The main active ingredient of Pongamia oil is Karanjin which used 
as acaricide and insecticide. Karanjin also possess nitrification inhibitory proper-
ties. Application of the insecticide based on Pongamia oil causes high larval mortal-
ity of Plutella xylostella and significantly reduces the damage caused by feeding 
to crops. The product formulation based on the combination of P. pinnata and 
Thymus vulgaris or Foeniculum vulgare essential oils can be recommended against 
Plutella xylostella larvae for protection of cabbage crops [74]. Mechanical extrac-
tion of Pongamia seeds produces oil seeds cakes as byproducts. These seed cakes are 
generally toxic but the toxicity can be minimized by using them as bio-pesticides. 
Further this oil cake can be used as low cost substrates for the growth of the fungus 
Paecilomyces playing an important role in controlling nematodes. The aqueous and 
methanolic extracts and the crude active components of the cake cause significant 
termite mortality [75].

4.5 Nitrogen fixation and nodulation

P. pinnata has the quality to fix atmospheric nitrogen. The nodulation of most 
legumes occurs effectively with one or few specific species of Rhizobia. However, 
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out easily. This washing was repeated until the pH of the separated water reaches 
at level of 7–8. Finally, amber yellow color biodiesel was obtained from P. pinnata 
seed oil [57]. Transesterification of 100 L of P. pinnata crude oil can produce about 
85 L of biodiesel and 15 L of glycerin as byproduct [58]. The Koroch tree has long 
life up 100 years. Its seed contains 25–35% non-edible oil extracted by mechanical 
press. It is also reported that 1 L of crude oil can be produced from about 4 kg of 
P. pinnata seed which ultimately can produce about 896 mL of biodiesel [59]. After 
oil extraction, oil cake, a by-product could be used as fertilizer or solid fuel [52].

4. Other uses and benefits

4.1 Biogas production and bio-fertilizer

The biomass waste from biofuel crops like Jatropha can be utilized for the 
production of biogas and bio-fertilizer [60]. Gunaseelan et al. [61] studied the 
potential of biogas (CH4) production from NaOH treated and untreated P. pinnata 
biomass waste. The results indicated that maximum amount of CH4 was produced 
from untreated seeds, whereas lower amount of CH4 was produced from withered 
yellow leaves of P. pinnata. The yield of CH4 from fiber rich leaves and pod husk was 
increased by 15–22% when treated with NaOH [61]. The deoiled cake of Pongamia 
cannot be used for animal feeding or agricultural farming directly due to its toxic 
properties. The generation of biogas by anaerobic digestion of oilseed cakes would 
be best solution for its efficient utilization which provides a better quality renew-
able gaseous fuel (biogas) than cattle dung to generate biogas. However, the co-
digestion of cattle dung with Pongamia seed cakes accelerate the digestion process. 
The C-N ratio of P. pinnata oil seeds cake was found 8.7, and the pH value ranges 
between 4.8–9.4 depending on percentage of cattle dung, cake, and water dilution 
ratio. Total biogas generation potential from P. pinnata cakes has been estimated 
as 377 million cubic meter from 0.145 million tone of P. pinnata oil cakes [62]. 
Along with fuel, anaerobic digestion gives good manorial value effluent for organic 
farming. P. pinnata oil cake contains higher amount of N, P, K (4%, 1%, 1%) than 
vermicompost [63].

4.2 Firewood and briquette

The wood of P. pinnata is considered as low quality timber due to its soft-
ness, tendency to split during sowing, and vulnerability to insect attack [16]. 
Traditionally, P. pinnata wood is used as fuel in rural areas in India, Bangladesh, 
and other neighboring regions. It has no distinct heartwood and varies from white 
to yellowish gray color with a calorific value of 19.32 MJ/kg. The ash produced 
from burning wood is used for dyeing [64]. Briquettes can be produced from shell 
and deoiled cake of Pongamia. The harvested pods are decorticated to separate the 

Figure 3. 
Transesterification reaction for biodiesel production.
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shells, and the shells are pulverized to prepare the materials for briquette prepara-
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Further this oil cake can be used as low cost substrates for the growth of the fungus 
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methanolic extracts and the crude active components of the cake cause significant 
termite mortality [75].

4.5 Nitrogen fixation and nodulation

P. pinnata has the quality to fix atmospheric nitrogen. The nodulation of most 
legumes occurs effectively with one or few specific species of Rhizobia. However, 
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nodulation process of Pongamia has been found to be quite promiscuous, which 
make symbiosis with different species of both Bradyrhizobium and Rhizobium 
[76–78]. The capacity of Pongamia to fix nitrogen with these species of Rhizobia has 
not been reported, and the establishment of superior inoculants was not possible 
[78]. Nodulation in legume can either be determinate with a spherical morphology 
due to lack of persistent meristems or indeterminate where holding of meristems 
produces more cylindrical nodules. Pongamia nodules have been noticed to be 
determinate in nature [1, 79] but older Pongamia trees will indicate a combination 
of spherical and coralloid nodules. Therefore, as a tree, Pongamia represents both 
qualitatively and quantitatively major features found in other better-characterized 
annual legume crops, such as soybean and pea (Pisum sativum L.).

Besides above discussed uses different part or as whole Pongamia also be used for 
shade and shelter, controlling soil erosion, soil reclamation, fish poison, apiculture, 
fiber, tannin or dyestuff, and ornamentals.

5. Current status and future prospects and challenges

Pongamia is versatile plant, and it is more valued for its biodiesel properties but 
its production is not satisfactory level. In Bangladesh, commercial cultivation and 
production of biodiesel and bio-ethanol from P. pinnata has not started yet [16]. 
Pongamia and other fuel crops are not planted commercially, and no mass planta-
tion program has been taken yet. Pongamia is planted in lower areas of Sunamganj 
district of Bangladesh for windbreak and to control soil erosion. In Bangladesh, 
Koroch was naturally grown at Ratargul Swamp Forest, Gowainghat, Sylhet. The 
International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), 
Andhra Prdesh, India is supporting innovative research on the Pongamia “journey 
from Forest to Micro-enterprise” to ameliorate rural liflode and empowerment. 
The purpose of this organization is to exonerate the degraded lands and conserve 
the environments, to assess and elevate sustainable crop management practices and 
to assess the enhancement of income of self-helped groups by planting Pongamia. 
There is also another target to value addition of its byproducts after extraction of 
oil. There is about 28 institution in India, and they are working for undertaking 
joint research on some issues such as marking of prime planting materials, seed 
resource assessment, collection and storage, phonological and chemical analysis 
for characterization, improvement of trees to get quality and reliable seed source, 
multi-location trials of superior planting materials, and agro-forestry models for 
evolving good intercropping system of tree borne oilseeds [54]. It has been culti-
vated outside its native range in South-eastern Queensland, Australia.

To fulfill the future demands for biodiesel and to increase the production of 
Pongamia, mass plantation program should be taken through commercially or 
social afforestation by the Government, NGOs, and by Private Public Partnership. 
Local communities who participate in this program may not be much interested 
until they know the value of plant genetic resources. The involvement of the local 
people will be assured through a program to aware them by display of charts and 
posters arranged in the local language and also by field demonstration to present the 
economic viability and feasibility of cultivation as an alternative choice on degraded 
lands and community wastelands. Therefore, value addition to a plant, thereby 
emphasizing on the livings of the local communities, would be an efficient mode 
for propagation and management in Pongamia. Field-level laborers are engaged 
in extension activities of Pongamia cultivation should be trained on the different 
aspects of Pongamia plant cultivation such as value of superior planting elements, 
collection of elite germplasm, developing nursery, plantation establishment, and 
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post cultivation care. Clonal cuttings of the elite materials or candidate plus tree can 
be supplied to enhance the plantation of Pongamia on more marginal and waste-
lands. Different improved plant breeding methods should be used to develop of 
early bearing Pongamia varieties so that it shortens the growth period and increases 
oil content with desirable oil properties especially monounsaturated fatty acid from 
the point of view of using it as biofuel. Again to produce Pongamia seeds all the year 
round, selection of day neutral verities is necessary. So development of high yield 
Pongamia varieties produced in the “off season” could also be attempted for strate-
gies toward development of dwarf high-yielding varieties that can minimize the 
management cost also be possible. Further techniques for development of location-
specific genotypes that are resistant to adverse growing condition such as salinity, 
draught, alkalinity, and water logging can be considered as future research so as to 
enhance the range of growth and cultivation of Pongamia.

6. Conclusion

Pongamia is an underutilized species but it has great potential for use in produc-
tion of biodiesel and in pharmaceuticals. Furthermore, wasteland can be effectively 
used for cultivation and subsequent agronomic or silvicultural practices and also 
helps in bucolic development and poverty alleviation through development of 
employment opportunities. To increase the production of Pongamia standardiza-
tion of the vegetative propagation techniques, large-scale production of genetically 
superior saplings throughout the year, appropriate planting models for different 
agro-ecological zones and land uses and post planting care are of prime impor-
tance. Thus, the future success of Pongamia as a sustainable source of feedstock 
for the biofuel industry is dependent on an extensive knowledge of the genetics, 
physiology, and propagation of this legume. Moreover, research activities should be 
targeted to ameliorate the physic-chemical properties and plant growth as it relates 
to oil biosynthesis.
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Abstract

The present case study deals with new pathways in demand for forest residues 
disposal in the Lafões region (Portugal), since this biomass is presently regarded 
as a residue and eliminated through open air burning. Different biomass-to-energy 
conversion systems have a high sustainability value and, thus, the energy potential 
of the biomass supplied by the forest of Lafões was assessed, using GIS-based 
methods and assumptions from the literature. The Lafões region produces large 
amounts of chicken manure from which energy can be recovered through anaerobic 
digestion. The energy potential held by the effluent of the several classes of the 
poultry industry of Lafões was assessed, using IPCC 2006 guidelines to estimate 
their biomass and methane production potential. Furthermore, integrated solutions 
were pursued. The present challenge is to explore complementarities between efflu-
ents for anaerobic digestion to achieve improved energy and waste management 
system performances. The complementarity between the residues from maritime 
pine forest management and from broiler production was assessed through bench-
scale anaerobic co-digestion assays, leading to increased methane production when 
compared to those achieved with single substrate anaerobic digestion. This result 
highlights the interest of further research concerning complementarities between 
other effluents in the Lafões region.

Keywords: forest residues, chicken manure, anaerobic digestion, substrate 
complementarity, energy potential assessment

1. Introduction

The damage to ecosystems generated by the current consumption patterns and 
associated energy demand, as well as by many of the current waste management 
systems, has been driving the scientific community to develop research on the 
mitigation of this damage through integrated and more sustainable energy and 
waste management systems.

Alongside, decision makers, non-governmental organizations and even mar-
ket agents (both from supply and demand sectors) are concerned with current 
consumption impacts. They demand new or improved services and products, 
paying attention to all their supply chain impacts, including the energy and waste 
 management systems required to provide them.
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The present case study had the collaboration of some of the entity types men-
tioned above, in order to pursuit more sustainable energy and waste management 
systems for the region of Lafões, a region of the Viseu district, located in the centre of 
Portugal. Its area corresponds to the earlier Lafões municipality and presently com-
prises three municipalities, namely, Oliveira de Frades, São Pedro do Sul and Vouzela. 
Figure 1 depicts the official administrative map of Portugal [1] and the region of 
Lafões, with the borders of the three municipalities and their location in Portugal.

The Lafões region is characterized by large forest areas. In the last decade, its 
forests have been severely affected by wildfires which also endanger food crops, 
industrial facilities and households. The promoter of the research here reported was 
the Lafões rural development association (ADRL), a certified forest management 
entity (EGF—Entidade de Gestão Florestal) responsible by two forest management 
units (UGF—Unidade de Gestão Florestal) in the region of Lafões, which is responsi-
ble for two main activities, namely, fire preventive forestry and surveillance during 
fire hazard periods.

ADRL is presently much concerned with the disposal of the forest residues 
generated by its fire preventive forestry management operations, which include 
thinning, pruning and sometimes harvesting, generating large amounts of biomass 
presently disposed of by open air burning. Regarding this effluent no longer as a 
residue and using knowledge on environmental management systems and technolo-
gies with a higher sustainability value, ADRL brought together local key actors and 
entities, to work on the common goal of finding new integrated energy systems to 
jointly deal with their effluents.

Figure 1. 
Official administrative map of Portugal with the location of the Lafões region municipalities [1].
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The Lafões region is also the home of a large poultry industry sector (15.9% of 
the Portuguese production, according to [2] and the directorate-general of food and 
veterinary (DGAV) of Viseu), which produces large amounts of waste. The present 
case study thus aims to explore complementarities in the joint valorisation of the 
effluents from this activity with those of the forest management operations. The 
challenge is then to quantify the production of these effluents in the Lafões region 
and to identify promising ways to convert them into energy, in a circular economy, 
integrated strategy. To tackle this challenge, ADRL sought the contribution of the 
institutions to which the authors belong.

The decision on the most promising biomass conversion processes depends on 
many factors, including the type and quantity of available biomass, the desired end-
uses, the relevant governmental policies, environmental standards and economic 
conditions, as well as project specific factors. The available biomass types is one of 
the most determinant factors [3]. In the present case, the ADRL challenge, involving 
such different biomasses (forest residues and chicken manure), is not an easy one.

Since it is hardly biodegradable and carries low moisture content, forest residues 
are a suitable substrate for thermochemical conversion. Within thermochemical 
conversion process options, namely, combustion, pyrolysis, gasification and liq-
uefaction, the combustion of residues in small-scale decentralized facilities can be 
considered the most promising present option for forest residues exploitation. This 
is due to the fact that other options involve technological challenges that remain 
unsolved and somewhat uncertain investment costs [4].

Chicken manure, a more easily biodegradable substrate with higher moisture 
content, is adequate for biochemical conversion processes. There are different 
possible routes within biochemical processes, mainly through fermentation and 
anaerobic digestion. The first is widely implemented to produce ethanol from 
sugar- and cellulose-rich crops and the second is frequently used for the direct 
conversion of manure to biogas [5].

Anaerobic digestion can provide a “major contribution to the safeguarding of 
energy supplies in future” [6], as stated by the head of the “Anaerobic Processes” 
research focus area of the German biomass research centre (DBFZ). As he also 
states, “biogas plants must become more flexible in terms of their substrates and 
energy delivery”. This thus became a core issue of the present case study, in order 
to recover as much as possible of the energy potential of the two biomass types in 
consideration, through integrated solutions.

Many assessments of the biomass and energy potentials of forest [4, 7–10], chicken 
manure [11–15] and overall organic residues [2, 16–19] can be found in the literature, 
considering different boundaries (local, regional, national or worldwide levels) and 
different plant scales (small, medium and large). For forest and manure biomasses, the 
assessment of the energy potential starts with the assessment of the biomass potential. 
This done, it is possible to obtain their theoretical energy potential and, according to 
the conversion process specifications, the associated technical energy potential.

In addition to the mentioned assessment levels (biomass potential, theoreti-
cal and technical energy potentials), three more levels theoretically remain to be 
considered (economical, implementation and sustainable implementation) [19], 
however they are beyond the scope of this preliminary case study.

Concerning forest residues, it is common to rely on GIS-based methods for sup-
ply quantification, using geo-referenced data derived from remote sensing imagery, 
taking into account important constrains such as slope, accessibility, and land use 
conflicts. The theoretical energy potential is subsequently obtained using the lower 
heating value of each biomass species and the technical energy potential is obtained 
using the conversion efficiency of the selected process.
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The chicken manure biomass potential assessment starts by the quantification 
of the number of birds in the covered industrial facilities, which is usually available 
through local or national statistics offices. For the present case study, this informa-
tion was readily provided by the DGAV of Viseu, which has been struggling to 
promote sustainable standards in the local poultry sector, through inspections and 
guidance provided to the producers.

The Tier 2 methodology of the IPCC Guidelines 2006 [11] allows the calculation 
of the volatile solids and methane emissions per bird, which can then be used to 
return the Lafões biomass and methane potentials per poultry class. The theoretical 
and technical energy potentials can then be obtained as described for forest resi-
dues, using the lower heating value of methane and the technical specifications of 
the implemented system.

Up to this point, only the energy potentials for the separate conversion of 
the two types of biomass are obtained and an integrated solution remains to be 
assessed. Since the aim of the present case study is to estimate the increment in 
energy potential that can be obtained when an integrated solution is implemented, 
two bench-scale biomass-to-energy conversion systems (BTES) were assessed: 
chicken manure anaerobic digestion and anaerobic co-digestion of chicken manure 
and forest residues.

There are scarce results in the literature from computing the energy potential of 
the joint digestion of biomass from plant and animal origins, and those available are 
case specific, as, for example, in [20–24]. The values for this case study were thus 
measured experimentally and choices had to be made concerning the classes of the 
two types of biomass to be used as substrates. The details of the methodological 
procedures employed in this case study, the discussion of the results and some con-
clusions that can be drawn from the results, are presented in the following sections.

2.  Assessment of the energy potential of the two biomass-to-energy 
conversion systems

The energy potential of the two BTES was assessed in three main steps. In the 
first step, the available classes of both types of biomass were examined and one 
class from each was selected to feed the bench-scale BTES assays. This selection 
was based on the theoretical energy potential (ThEP) for the forest classes and on 
the theoretical methane production (MP) from manure for the poultry classes. 
The second step was conducted to experimentally assess the methane production 
capacity of both BTES using the selected substrates. With the third step, the energy 
potential of each BTES was finally estimated.

These three assessment steps are presented in the following sections and the 
discussion concerning the energy potential increment between the two considered 
BTES is presented in Section 3.

2.1 Selection of biomass classes

2.1.1 Selection of the forest species

For the assessment of the ThEP of the forest residues, the analysis of geo-
referenced data obtained through GIS-based methods is largely accepted and, thus, 
ArcGIS version 10.5 was used to map the several forest class areas. Subsequently, 
the annual residue productivity (RP) and the percentage of the land covered by 
the horizontal projection of the vegetation (HPV) were considered to assess the 
biomass potential of each forest class. Finally, the lower heating value (LHV) was 
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used to obtain the ThEP of each forest class. Between the two forest classes with 
higher ThEP, the one with higher C:N ratio was selected, since it favors the methane 
potential in anaerobic digestion. This methodology is applied as described in detail 
subsequently.

After defining the Lafões region area (Figure 1), which was obtained from 
the official administrative map of Portugal [1], all areas with land uses other than 
forest were eliminated from the land use cover map [25] of the region. When 
mapping the forest area, land use conflicts with nature conservation areas must be 
considered [7, 18], which can be located in the geocatalogue of the nature and forest 
conservation institute (ICNF) [26].

Nevertheless, because of the fire hazard threatening nature conservation areas 
(rendering fire preventive biomass removal mandatory) and since the residue 
fraction that needs to be left on the soil for environmental purposes is taken into 
account in the subsequent calculations, these areas were not subtracted from the 
forest area to be considered.

When quantifying the biomass supply area, accessibility must also be consid-
ered, since there are technical difficulties with the collection of forest residues from 
steep slope areas. Due to environmental concerns like soil erosion, but also to allow 
mechanization and to reduce collection costs, only areas with slopes of less than 
20% [4] were selected from the terrain digital model [27] of Lafões.

To further meet accessibility criteria, technical restrictions imposed by large 
distances to roads or passable tracks must also be taken into account. Thus areas 
at distances of less than 3 km were to be selected [4] from the forest road maps of 
Oliveira de Frades [28], São Pedro do Sul [29] and Vouzela [30]. Dense road cover-
age of the entire region was observed, thus, no area was subtracted concerning this 
technical restriction to biomass collection, since no point in the map is at a distance 
to a road greater than 3 km.

With all the mentioned assumptions, the available and accessible supply area for 
each forest class was obtained. Those areas are illustrated in Figure 2 and the forest 
class nomenclature used is in accordance with the technical specifications in [31].

The forest biomass residues potential (FBP) present in the residues was 
estimated, multiplying the selected areas by the RP for each forest class and the 
percentage of land covered by the HPV of the predominant species of each forest 
class, as suggested in [10]. Finally, to calculate the ThEP, the LHV of the pre-
dominant species of each forest class, taken from [4], was multiplied by the FBP. 
All the input data used is shown in Table 1, as well as the results for the FBP and 
the ThEP.

As observed from the results, the eucalyptus forest and the maritime pine forest 
are those with the highest ThEP in the region of Lafões, 601 TJ/year and 374 TJ/
year, respectively. According to [32], the C:N ratio values for pine and hardwood 
are 73:1 and 39:1, respectively, and since high C:N ratios favor the methane poten-
tial in anaerobic digestion of chicken manure, maritime pine was the selected 
 residue source.

2.1.2 Selection of the poultry class

The assessment of the ThEP of the chicken manure in the region of Lafões was 
implemented in three stages: (1) data collection on the number of birds in the 
region’s industrial units; (2) calculation of the biomass potential of each poultry 
class using volatile solids excretion rate (VS); (3) estimation of the theoretical 
methane potential using the maximum methane production capacity (Bo) of each 
poultry class. The methodological assumptions, procedures and results in each stage 
are subsequently explained in detail.
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When quantifying the biomass supply area, accessibility must also be consid-
ered, since there are technical difficulties with the collection of forest residues from 
steep slope areas. Due to environmental concerns like soil erosion, but also to allow 
mechanization and to reduce collection costs, only areas with slopes of less than 
20% [4] were selected from the terrain digital model [27] of Lafões.

To further meet accessibility criteria, technical restrictions imposed by large 
distances to roads or passable tracks must also be taken into account. Thus areas 
at distances of less than 3 km were to be selected [4] from the forest road maps of 
Oliveira de Frades [28], São Pedro do Sul [29] and Vouzela [30]. Dense road cover-
age of the entire region was observed, thus, no area was subtracted concerning this 
technical restriction to biomass collection, since no point in the map is at a distance 
to a road greater than 3 km.

With all the mentioned assumptions, the available and accessible supply area for 
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class nomenclature used is in accordance with the technical specifications in [31].
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class, as suggested in [10]. Finally, to calculate the ThEP, the LHV of the pre-
dominant species of each forest class, taken from [4], was multiplied by the FBP. 
All the input data used is shown in Table 1, as well as the results for the FBP and 
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As observed from the results, the eucalyptus forest and the maritime pine forest 
are those with the highest ThEP in the region of Lafões, 601 TJ/year and 374 TJ/
year, respectively. According to [32], the C:N ratio values for pine and hardwood 
are 73:1 and 39:1, respectively, and since high C:N ratios favor the methane poten-
tial in anaerobic digestion of chicken manure, maritime pine was the selected 
 residue source.

2.1.2 Selection of the poultry class

The assessment of the ThEP of the chicken manure in the region of Lafões was 
implemented in three stages: (1) data collection on the number of birds in the 
region’s industrial units; (2) calculation of the biomass potential of each poultry 
class using volatile solids excretion rate (VS); (3) estimation of the theoretical 
methane potential using the maximum methane production capacity (Bo) of each 
poultry class. The methodological assumptions, procedures and results in each stage 
are subsequently explained in detail.
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To start the computation of the chicken manure production in the region of 
Lafões, the first collected input data was the number of birds in the industrial sector 
of the region. The number of birds existing in the three municipalities of Lafões in 
February 2020 was registered and provided by DGAV. A total of 328 producers and 
5,716,945 birds were registered, distributed among four classes of poultry industry, 
namely, broilers, laying hens, reproductive hens and turkeys. Table 2 shows the 
number of birds of each class registered in the three municipalities of Lafões.

With the information on the number of birds, calculation of the biomass poten-
tial is usually done considering the chemical oxygen demand (COD) or volatile 
solids (VS) content of the chicken manure. The methodology applied in this case 
study is that suggested in the IPCC guidelines [11]. In this, the assessment uses the 
volatile solids excretion rate, calculated through Eq. (1) for each class of bird.

  VS =  [GE ×  (1 −   DE _ 100  )  +  (UE × GE) ]  ×  [  1 − ASH _ 18.45  ]   (1)

where VS is the volatile solids excreted by an average bird [kg VS/(bird.day)]; 
GE is the gross energy intake in the feed for an average bird [MJ/(bird.day)]; DE is 
the digestibility of the feed [%];  UE  is the urinary energy expressed as mass frac-
tion of GE;  ASH  is the ash content of manure calculated as mass fraction of the dry 
matter in the feed intake; 18.45 is the conversion factor for dietary GE per kg of feed 
dry matter [MJ/kg].

The results of the estimation of the VS per bird class, as well as all the input 
data (taken from [2]) are presented in Table 3. The calculation of the gross energy 
intake (GE), which depends on the recommended metabolic energy ingestion 
and metabolisability, is explained in detail in [11]. The presented values are class 
specific, except for that of UE (no value available for poultry) for which the value 
given for other livestock (cattle, sheep and goats) was used.

In the third stage, the value obtained for the VS in the second stage was multi-
plied by the maximum methane production capacity (  B  o   ) from manure, specific 
for each bird class, all taken from [2], resulting the methane production (MP) per 
bird. The total MP was calculated on a basis of 365 days/year and using the number 
of birds in each poultry class presented in Table 2. The values of   B  o    and the results 

Figure 2. 
Map of the forest land cover of the Lafões region.
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To start the computation of the chicken manure production in the region of 
Lafões, the first collected input data was the number of birds in the industrial sector 
of the region. The number of birds existing in the three municipalities of Lafões in 
February 2020 was registered and provided by DGAV. A total of 328 producers and 
5,716,945 birds were registered, distributed among four classes of poultry industry, 
namely, broilers, laying hens, reproductive hens and turkeys. Table 2 shows the 
number of birds of each class registered in the three municipalities of Lafões.

With the information on the number of birds, calculation of the biomass poten-
tial is usually done considering the chemical oxygen demand (COD) or volatile 
solids (VS) content of the chicken manure. The methodology applied in this case 
study is that suggested in the IPCC guidelines [11]. In this, the assessment uses the 
volatile solids excretion rate, calculated through Eq. (1) for each class of bird.

  VS =  [GE ×  (1 −   DE _ 100  )  +  (UE × GE) ]  ×  [  1 − ASH _ 18.45  ]   (1)

where VS is the volatile solids excreted by an average bird [kg VS/(bird.day)]; 
GE is the gross energy intake in the feed for an average bird [MJ/(bird.day)]; DE is 
the digestibility of the feed [%];  UE  is the urinary energy expressed as mass frac-
tion of GE;  ASH  is the ash content of manure calculated as mass fraction of the dry 
matter in the feed intake; 18.45 is the conversion factor for dietary GE per kg of feed 
dry matter [MJ/kg].

The results of the estimation of the VS per bird class, as well as all the input 
data (taken from [2]) are presented in Table 3. The calculation of the gross energy 
intake (GE), which depends on the recommended metabolic energy ingestion 
and metabolisability, is explained in detail in [11]. The presented values are class 
specific, except for that of UE (no value available for poultry) for which the value 
given for other livestock (cattle, sheep and goats) was used.

In the third stage, the value obtained for the VS in the second stage was multi-
plied by the maximum methane production capacity (  B  o   ) from manure, specific 
for each bird class, all taken from [2], resulting the methane production (MP) per 
bird. The total MP was calculated on a basis of 365 days/year and using the number 
of birds in each poultry class presented in Table 2. The values of   B  o    and the results 
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of the estimation of the MP potential of the several poultry classes of Lafões are 
presented in Table 4.

According to the calculations, the poultry class that contributes the most to the 
MP potential of the Lafões region is the broilers (77.3%) and was therefore selected 
for the experimental study.

2.1.3 Selection of the broiler litter type

The characterization of the litter practices in the region was provided by a 
company that integrates 73 producers, representing a sample of 26.8% of the total 
population of producers in the region of Lafões. Within this sample, 88% of the 
producers use straw litter for the bed of the broilers, 10% use sawdust litter and 2% 
use rice chaff litter. Straw litter is thus the favorite and, therefore, a poultry produc-
tion facility that uses this litter type was selected to provide the sample used to feed 
the bench-scale BTES assays.

2.2 Estimation of the methane production capacity of the two BTES

After the residue class selection, samples were collected, submitted to a pre-
treatment and characterized. With these, different compositions of mother suspen-
sions were prepared to feed bench-scale digestion assays. The methane productivity 
results obtained from the assays were then used to compute the experimental and 
technical energy potentials of the two BTES being assessed.

The samples collected are identified as follows: straw litter chicken manure 
(CM) from the poultry breeding pavilion; maritime pine forest biomass residues 
(FB) containing residues of woody tissues (with diameter smaller than 6 mm) and 
leaves; wastewater (WW) from the cleaning of the poultry pavilion; inoculum  
(I) from an anaerobic digester treating wastewater sludge.

Both CM and FB were collected in triplicate, from a broiler production pavilion 
and from a maritime pine forest area, respectively, in the region of Lafões. The WW 

Poultry class GE  
[MJ/(bird.day)]

DE 
[%]

UE  
[kg/kg]

ASH  
[kg/kg]

VS  
[kg VS/(bird.day)]

Broiler 1.56 68 0.04 0.020 0.03

Laying hen 2.2 64 0.04 0.048 0.05

Reproductive hen 2.15 64 0.04 0.048 0.04

Turkey 4.75 68 0.04 0.026 0.09

Gross feed energy intake (GE), digestibility of the feed (DE), urinary energy expressed as mass fraction of GE (UE) 
and manure ash content (ASH) [2].

Table 3. 
Volatile solid excretion rate (VS) calculated for each poultry class in the Lafões region and its input data.

Poultry class Oliveira de Frades São Pedro do Sul Vouzela Total

Broiler 1,869,294 1,734,020 1,361,166 4,964,480

Laying hen 102,108 46,607 27,027 175,742

Reproductive hen 201,149 0 209,200 410,349

Turkey 75,919 63,055 27,400 166,374

Table 2. 
Number of birds registered by class and municipality (data from February 2020).
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was collected from a drain usually connected to a septic tank, in the facility that 
provided the CM sample, while the inoculum (I) was obtained at the wastewater 
treatment plant of Quinta do Conde (SIMARSUL, Setúbal, Portugal).

At the laboratory, all the samples were submitted to a pre-treatment and sub-
sequently characterized. For both the CM and FB samples, the collected triplicates 
were hand homogenized together in a single large container. After this, the CM was 
slightly chopped and shifted to produce particles with an approximate diameter 
lower than 5 mm, while the FB was crushed in a mill to produce particles less than 
0.5 mm in diameter. No pre-treatment was applied to the WW and I samples. 
Characterization of the four substrates was performed in duplicate using standard 
methods [33] for volatile solids (VS*) and bulk density. Results are presented in 
Table 5.

To experimentally assess the methane potential of the anaerobic digestion and 
co-digestion options, four mother suspensions were prepared: chicken manure 
(CMms); chicken manure and forest biomass (CM + FBms); forest biomass 
(FBms); and inoculum (Ims).

The CMms was used to determine the methane production capacity from 
the CM substrate and the CM + FBms was used for the same purpose regarding 
co-digestion of the CM and FB substrates. Inoculum was added to both CMms 
and CM + FBms, at a concentration of 0.3 mL per mL of mother suspension. 
The preparation of these mother suspensions also incorporated the wastewater 
from cleaning of the poultry pavilion (WW). For this, a volumetric propor-
tion between the liquid and solid substrates of 1:4.5 was considered, the aver-
age value among those provided by several poultry production facilities in 
the region.

The other two mother suspensions, Ims and FBms, were included in the study 
with the intention of measuring their individual methane production capacity 

Poultry class   B  o    [m3 CH4/kg VS*] MP [103 m3 CH4/year]

Broiler 0.36 19,460

Laying hen 0.39 1136

Reproductive hen 0.39 2592

Turkey 0.36 1974

Table 4. 
Methane production (MP) and maximum methane production capacity (  B  o    ) per poultry class [2].

Sample VS* [g/g] Bulk Density [g/mL]

Straw litter chicken 
manure (CM)

0.519  ±  0.001 0.3  ±  0.01

Maritime pine forest 
biomass residues (FB)

0.767  ±  0.001 0.21  ±  0.02

Wastewater from 
the poultry pavilion 
cleaning (WW)

0.0016  ±  0.0001 0.97  ±  0.02

Inoculum (I) 0.0133  ±  0.0003 n.d.

The values presented are average ± standard deviation from duplicate measurements using standard methods [33].

Table 5. 
Values for the characterization parameters of the substrates used in the anaerobic digestion experiments, 
volatile solids (VS*) and bulk density.
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of the estimation of the MP potential of the several poultry classes of Lafões are 
presented in Table 4.

According to the calculations, the poultry class that contributes the most to the 
MP potential of the Lafões region is the broilers (77.3%) and was therefore selected 
for the experimental study.

2.1.3 Selection of the broiler litter type

The characterization of the litter practices in the region was provided by a 
company that integrates 73 producers, representing a sample of 26.8% of the total 
population of producers in the region of Lafões. Within this sample, 88% of the 
producers use straw litter for the bed of the broilers, 10% use sawdust litter and 2% 
use rice chaff litter. Straw litter is thus the favorite and, therefore, a poultry produc-
tion facility that uses this litter type was selected to provide the sample used to feed 
the bench-scale BTES assays.

2.2 Estimation of the methane production capacity of the two BTES

After the residue class selection, samples were collected, submitted to a pre-
treatment and characterized. With these, different compositions of mother suspen-
sions were prepared to feed bench-scale digestion assays. The methane productivity 
results obtained from the assays were then used to compute the experimental and 
technical energy potentials of the two BTES being assessed.

The samples collected are identified as follows: straw litter chicken manure 
(CM) from the poultry breeding pavilion; maritime pine forest biomass residues 
(FB) containing residues of woody tissues (with diameter smaller than 6 mm) and 
leaves; wastewater (WW) from the cleaning of the poultry pavilion; inoculum  
(I) from an anaerobic digester treating wastewater sludge.

Both CM and FB were collected in triplicate, from a broiler production pavilion 
and from a maritime pine forest area, respectively, in the region of Lafões. The WW 

Poultry class GE  
[MJ/(bird.day)]

DE 
[%]

UE  
[kg/kg]

ASH  
[kg/kg]

VS  
[kg VS/(bird.day)]

Broiler 1.56 68 0.04 0.020 0.03

Laying hen 2.2 64 0.04 0.048 0.05

Reproductive hen 2.15 64 0.04 0.048 0.04

Turkey 4.75 68 0.04 0.026 0.09

Gross feed energy intake (GE), digestibility of the feed (DE), urinary energy expressed as mass fraction of GE (UE) 
and manure ash content (ASH) [2].

Table 3. 
Volatile solid excretion rate (VS) calculated for each poultry class in the Lafões region and its input data.

Poultry class Oliveira de Frades São Pedro do Sul Vouzela Total

Broiler 1,869,294 1,734,020 1,361,166 4,964,480

Laying hen 102,108 46,607 27,027 175,742

Reproductive hen 201,149 0 209,200 410,349

Turkey 75,919 63,055 27,400 166,374

Table 2. 
Number of birds registered by class and municipality (data from February 2020).
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was collected from a drain usually connected to a septic tank, in the facility that 
provided the CM sample, while the inoculum (I) was obtained at the wastewater 
treatment plant of Quinta do Conde (SIMARSUL, Setúbal, Portugal).

At the laboratory, all the samples were submitted to a pre-treatment and sub-
sequently characterized. For both the CM and FB samples, the collected triplicates 
were hand homogenized together in a single large container. After this, the CM was 
slightly chopped and shifted to produce particles with an approximate diameter 
lower than 5 mm, while the FB was crushed in a mill to produce particles less than 
0.5 mm in diameter. No pre-treatment was applied to the WW and I samples. 
Characterization of the four substrates was performed in duplicate using standard 
methods [33] for volatile solids (VS*) and bulk density. Results are presented in 
Table 5.

To experimentally assess the methane potential of the anaerobic digestion and 
co-digestion options, four mother suspensions were prepared: chicken manure 
(CMms); chicken manure and forest biomass (CM + FBms); forest biomass 
(FBms); and inoculum (Ims).

The CMms was used to determine the methane production capacity from 
the CM substrate and the CM + FBms was used for the same purpose regarding 
co-digestion of the CM and FB substrates. Inoculum was added to both CMms 
and CM + FBms, at a concentration of 0.3 mL per mL of mother suspension. 
The preparation of these mother suspensions also incorporated the wastewater 
from cleaning of the poultry pavilion (WW). For this, a volumetric propor-
tion between the liquid and solid substrates of 1:4.5 was considered, the aver-
age value among those provided by several poultry production facilities in 
the region.

The other two mother suspensions, Ims and FBms, were included in the study 
with the intention of measuring their individual methane production capacity 

Poultry class   B  o    [m3 CH4/kg VS*] MP [103 m3 CH4/year]

Broiler 0.36 19,460

Laying hen 0.39 1136

Reproductive hen 0.39 2592

Turkey 0.36 1974

Table 4. 
Methane production (MP) and maximum methane production capacity (  B  o    ) per poultry class [2].

Sample VS* [g/g] Bulk Density [g/mL]

Straw litter chicken 
manure (CM)

0.519  ±  0.001 0.3  ±  0.01

Maritime pine forest 
biomass residues (FB)

0.767  ±  0.001 0.21  ±  0.02

Wastewater from 
the poultry pavilion 
cleaning (WW)

0.0016  ±  0.0001 0.97  ±  0.02

Inoculum (I) 0.0133  ±  0.0003 n.d.

The values presented are average ± standard deviation from duplicate measurements using standard methods [33].

Table 5. 
Values for the characterization parameters of the substrates used in the anaerobic digestion experiments, 
volatile solids (VS*) and bulk density.
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(in the absence of CM). The same inoculum concentration was used in these two 
(0.3 mL I/mL mother suspension) and distilled water was added to complete the 
assay volume, instead of poultry wastewater. The composition of the four mother 
suspensions is summarized in Table 6.

From each 400 mL of mother suspensions, 40 mL were taken to feed each of 
three 70-mL reactors, leaving a headspace of 30 mL. The reactors were operated in 
batch mode under temperature control at 37 ± 1°C, thus in mesophilic conditions.

The assay had a duration of 48 days and during this period biogas production 
was monitored every day with a pressure transducer and the methane content in the 
biogas was monitored every week by gas chromatography (Varian 430-GC). The 
cumulative methane production results after the incubation period are presented in 
Table 7 and their evolution along time is illustrated in Figure 3. The step increase 
episodes that can be observed correspond to gas sampling for chromatographic 
analysis.

Considering the methane production achieved from each mother suspension 
(Table 7), the value from the inoculum alone (Ims) was subtracted from the CMms 
and the CM + FBms values. The resulting methane volume was then used in Eq. (2), 
together with the volatile solids content and the density of the CM (Table 5) and the 
volume of CM added to mother suspensions CMms and CM + FBms (Table 6),  
to compute their average maximum methane production capacity achieved from 
the added CM, resulting in values of 0.01 and 0.2 m3 CH4/kg VS*, respectively  
(@STP).

   B  o_ms   =    Vol   CH  4  _CM   _______________   VS*  CM   ×  Vol  CM   ×  ρ  CM      (2)

where   B  o_ms    is the average methane production capacity from the VS* in the CM 
residue [m3 CH4/kg VS*];   Vol   CH  4  _CM    is the average accumulated methane production 
from the reactors carrying the CM [m3 CH4];   VS*  CM    is the volatile solids content of 
the CM [kg VS*/g CM];   Vol  CM    is the volume of CM added to the reactors [mL];   ρ  CM    
is the CM density [g/mL]. All methane volume values are expressed at STP.

2.3 Estimation of the theoretical and technical energy potential of the two BTES

The estimation of the energy potential of the two BTES starts with the estima-
tion of their average methane production (MP), using the biomass supply of the 
broiler production of Lafões, considering the average Bo calculated in the previous 
section and using Eq. (3) presented below. This equation was adapted from the one 
suggested in [11] to estimate methane emissions from chicken manure. The meth-
ane density value was expressed at STP, corresponding to the experimental methane 
volume values.

Mother suspension CM 
[mL]
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Water 
[mL]

Total 
[mL]

CMms 228.8 0.0 51.2 120 0 400

FBms 0.0 228.8 0.0 120 51.2 400
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   MP  i   = VS ×  B  o_i   × 0.71  (3)

where   MP  i    is the methane production achieved by the BTES i [kgCH4/(bird.day)]; 
VS is the volatile solids excretion rate obtained with Eq. (1) [kgVS/(bird.day)];   B  o_i    is 
the maximum methane production capacity of the BTES i [m3 CH4/kg VS excreted]; 
0.71 is the conversion factor of m3 CH4 to kg CH4 at STP; i stands for the anaerobic 
digestion or anaerobic co-digestion BTES.

The total MP for each BTES was calculated on a basis of 365 days/year and using 
the number of birds in the broiler poultry class presented in Table 2. The obtained 
values of MP were 369 t CH4/year and 7719 t CH4/year, for anaerobic digestion and co-
digestion BTES, respectively. Multiplying the MP of each BTES by the methane LHV 
of 50 MJ/kg [34], the theoretical energy potential (ThEP) values of 18,450 TJ/year and 
386,000 TJ/year for anaerobic digestion and co-digestion, respectively, were obtained.

Finally, the technical energy potential (TeEP) of the two BTES was estimated. 
The methane losses that occur in different unit operations of the anaerobic diges-
tion process, namely, pre-storage, digestion and digestate storage, as well as the 
conversion yield of methane into energy, were taken into consideration.

Mother suspension Methane production [mL CH4 @STP]

CMms 36.5  ±  4.5

FBms 0.10  ±  0.03

CM + FBms 356.8  ±  25.0

Ims 2.6  ±  0.03

The values presented are average ± standard deviation from triplicate digestion runs.

Table 7. 
Total methane production in the anaerobic digestion reactors using the mother suspensions chicken manure 
(CMms), chicken manure and forest biomass (CM + FBms), forest biomass (FBms) and inoculum (Ims).

Figure 3. 
Time course of cumulative methane production (in mL@STP) in the anaerobic digestion reactors using the 
mother suspensions chicken manure (CMms), chicken manure and forest biomass (CM + FBms), forest biomass 
(FBms) and inoculum (Ims). Average values are given, with standard deviation (error bars) from triplicate 
runs.
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The methodology proposed in [35] accounts for the methane conversion (emissions 
to the atmosphere) during manure pre-storage and the gastight storage of the diges-
tate, as well as methane losses in its recovery from the digester. Using Eq. (4) and the 
input data presented in Table 8, the value of 0.011 m3/m3 was obtained for the overall 
effective methane conversion factor (MCF) that represents the total losses during the 
digestion process of both BTES. The value is then used, multiplying by the ThEP value 
previously calculated, to compute methane energy losses in the three mentioned sys-
tem components, resulting in 212 TJ/year and 4433 TJ/year for the anaerobic digestion 
and co-digestion BTES, respectively.

  MCF =  MCF  ps   +  (1 −  MCF  ps  )  ×  [ (1 −  μ  rg  )  ×  L  prod   +  μ  rg   ×  MCF  digestate  ]    (4)

where  MCF  is the effective methane conversion factor for the combination “pre-
storage + digester + storage” [m3/m3];   MCF  ps    is the methane conversion factor for 
pre-storage [m3/m3];   μ  rg    is the relative potential of residual gas, in relation to  
  B  o    (with  0 ≤  μ  rg   ≤ 1  [m3/m3]);   L  prod    is the leakage rate of the digester (with  0 ≤  L  prod   
≤ 1  [m3/m3]);   MCF  digestate    is the methane conversion factor for the gastight storage of 
the digested manure [m3/m3].

It is assumed, according to [36], that the biogas recovered from the digester of 
both BTES is conveyed to a combined heat and power (CHP) plant with electrical 
and thermal yield values of 35% and 43%, respectively, and the remaining 22% are 
taken as overall losses in the co-generation process. Still according to [36], some 

Parameter Value

  𝝁𝝁  rg    [m3/m3] 0.046

MCF of the pre-storage [m3/m3] 0.0015

  L  prod    [m3/m3] 0.01

MCF of the digestate [m3/m3] 0.01

MCF of the overall process [m3/m3] 0.011

Table 8. 
Process specific methane conversion factors (MCF), relative potential of residual gas (  𝝁𝝁  rg   ) and leakage rate of 
the digester (  L  prod   ) values [35] used for the calculation of the overall MCF for methane losses in the anaerobic 
digestion process.

Parameter Anaerobic digestion energy 
[103 TJ/year]

Anaerobic co-digestion energy 
[103 TJ/year]

Methane losses in the digestion 
process

0.2 4.4

Electricity produced 6.3 135.0

Heat produced 7.8 165.9

Electricity for internal use 0.6 27.0

Heat for internal use 1.6 33.2

Overall losses in the co-generation 
process

4.0 83.9

TeEP 12.0 241

Digestion processes losses, co-generation balance and energy diverted for internal use are also given.

Table 9. 
Technical energy potential (TeEP) of the anaerobic digestion and co-digestion BTES.
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internal use of the produced energy is assumed, namely, 10% of the generated 
electricity is used for digester agitation and material conveying operations and 10% 
of the produced heat is used for temperature control in the digester.

The first value concerning internal electricity use was adopted for the anaerobic 
digestion BTES, but for the anaerobic co-digestion BTES the value was increased 
to 20%, since there are energy requirements associated to the pre-treatment of 
the maritime pine biomass. The second value, heat used internally, was increased 
to 20% for both BTES, anticipating less efficient heat conservation systems in 
Portugal.

The technical energy potential of both BTES, TeEP, is given by Eq. (5). Table 9 
presents the results of the above assumptions and the total TeEP values, 12 PJ/year 
and 241 PJ/year (presented in bold in the table) for the anaerobic digestion and 
co-digestion BTES, respectively.

  TeEP = ThEP ×  (1 − MCF)  ×  [ η  el   (1 − int .el . use)  +  η  th   (1 − int .th . use) ]    (5)

where  TeEP  is the technical energy potential of the BTES [TJ/year];  ThEP  is the 
theoretical energy potential of the BTES [TJ/year];  MCF  is the methane conversion 
factor for losses in anaerobic digestion systems [m3/m3];   η  el    is the electrical yield of 
the CHP [%/100];  int .el . use  is the electricity fraction used internally [%/100];   η  th    is 
the thermal yield of the CHP [%/100];  int .th . use  is the heat fraction used internally 
[%/100].

3.  Energy potential increment due to the exploitation of substrate 
complementarities

The results obtained experimentally allow an optimistic perspective on the 
performance of the BTES handling forest residues and chicken manure together. 
With the BTES running on complementary substrates it is possible to achieve an 
increment of 229 PJ/year, one order of magnitude from the value for the BTES run-
ning only on chicken manure.

It can however be argued that the overall efficiency values considered for the two 
BTES are unrealistic since much higher internal use fractions for electricity and heat 
should be considered to account for the pre-treatment. Dividing the TeEP by the 
ThEP of each BTES, overall yield values of 65% and 62% are obtained for the anaero-
bic digestion and co-digestion BTES, respectively. A more realistic comparison would 
require further knowledge on energy demand for these pre-treatment options.

Nevertheless, the obtained results allow the conclusion that, even considering 
further technical differences, the anaerobic co-digestion BTES is likely to achieve 
better performance levels than the single substrate chicken manure BTES, since a 
clearly improved methane production capacity can be obtained through its comple-
mentarity with the maritime pine biomass.

4. Conclusions

The main conclusion that can be drawn from this case study is that integrated 
solutions, such as anaerobic co-digestion of complementary substrates, can 
be appealing from the point of view of their theoretical and technical energy 
potentials.

The large production of chicken manure in the Lafões region is presently 
handled through solid storage or pasture solutions, therefore emitting methane 
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to 20%, since there are energy requirements associated to the pre-treatment of 
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Portugal.
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into the atmosphere. This is a waste of its energy content and contributes to climate 
change. Thus, this residue class presents itself as a strong candidate to create syner-
gies in the implementation of integrated systems, in a circular economy concept, 
whereby complementary effluents are managed together to produce value gains in 
the region.

It is advisable to perform assessments on further levels, namely in terms of the 
economical, implementation and sustainable implementation energy potentials. 
Even within the scope of the assessment levels addressed in the present case study 
(theoretical and technical), the total energy potential is yet to be determined, since 
the classes from both biomass types that were left out in this preliminary study must 
also be tested in terms of their complementarity.

More research has also yet to be carried out concerning the forest residues supply 
needed to run the anaerobic co-digestion, since only the small size fraction was 
used in the BTES assay. The total amount of available residues was estimated, but 
the amounts corresponding to this faction remain unknown.

Finally, another aspect needing further research concerns the biochemical 
mechanisms responsible for the increment in methane production when substrate 
complementarities in co-digestion are exploited. The physicochemical composition 
of the different effluents generated by the industrial activities of Lafões must be 
analyzed in more detail and their possible combinations must be experimentally 
assessed, in order to develop new pathways from forest to energy.
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Chapter 8

Methodology for the Evaluation of 
the Electrical Energy Potential of 
Residual Biomass from the Wood 
Industry: A Case Study in Brazil
Augusto César de Mendonça Brasil

Abstract

This chapter presents in a consolidated manner the step-by-step methodology 
to estimate the electrical energy potential of industrial wood residues considering 
the dependency of the efficiency of the power plants with their size. A function 
of the overall efficiency with power was obtained from a best curve fit of real data 
both taken from the literature and from Brazilian biomass-fired power plants. The 
methodology was applied to the determination of the electrical energy potential of 
wood industry residues in the State of Pará (data collected in 2004). Two cases were 
analyzed: one where a constant electrical efficiency of 25% was considered (inde-
pendently of the amount of residues generated) and another where the proposed 
function of efficiency with power was used. Results show that in the State of Pará, 
the existent 675 sawmills generated 2.95 × 106 t in dry basis. When the dependency 
of efficiency with plant size is not considered, the electrical energy potential and 
average installed power (3140.4 GWh and 2 MWe) are overestimated in comparison 
to the herein proposed methodology (1868.8 GWh and 1 MWe). The present meth-
odology, considering the efficiency as a function of the power, results in an average 
efficiency of 12.3% (lower than 25%).

Keywords: energy potential methodology, woody biomass, biomass residues, 
bioelectricity, electrical overall efficiency

1. Introduction

A large amount of the Brazilian timber production is concentrated in the north-
ern region of the country, namely in the Amazon region. This can be observed in 
Figure 1, which shows the timber production of the top five timber producer states 
[1]. Four out of the top five timber producer states in Brazil are within the Amazon 
region. These states are: Rondônia, Amazonas, Amapá, and Pará. Moreover, the 
State of Pará is historically the largest producer of timber in the country.

As a result of the timber production in the Amazon region, a large quantity of 
wood residues is generated. However, only a small amount of these residues is used 
as a valuable biomass energy source [2, 3]. Other industrial uses of wood residues 
are also minimal. In 2004, for instance, only 10% of the wood processing factories 
in the State of Pará used wood residues to produce plywood [4]. Usually, woody 
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wood residues is generated. However, only a small amount of these residues is used 
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are also minimal. In 2004, for instance, only 10% of the wood processing factories 
in the State of Pará used wood residues to produce plywood [4]. Usually, woody 
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biomass residues from timber production, which are estimated to be between 
58 and 62% of the log volume, become waste [5].

According to the Brazilian Energy Balance [6], in 2019, hydropower in Brazil 
shared 66.6% of the total 535 TWh of electric generation. At the same time, in the 
State of Pará, 3.0% of the electric generation is based on fossil fuels and the other 
97% is hydropower generation.

The context mentioned above indicates that, in the Amazon region and, more 
specifically in the State of Pará, the wood residues generated by the industry are not 
used as an energy source, and that the electric energy resources are mainly based on 
one single source: hydropower. The strong dependence on hydroelectricity was also 
identified by da Silva et al. [7] who showed the importance of the diversification of 
the electricity generation mix to the energy security in Brazil.

That scenario of wood residues availability, with the possibility of using them 
as an energy source, and the need of diversifying the energy resources in the 
Amazon region, opens an opportunity for the local lumber mills to install biomass-
fired power plants and also to properly valorize the residual woody biomass they 
generate.

In order to evaluate the viability of using wood residues as an energy resource 
in the State of Pará, Padilha et al. [4] estimated the electrical energy potential of 
the residual biomass of the wood industry in that state. The evaluation applied by 
Padilha et al. [4] used a constant overall efficiency for the steam turbine power 
plants in the determination of the biomass energy potential. The authors concluded 
that 70% of the lumber mills in the State of Pará could install biomass-fired power 
plants with a capacity between 200 and 300 kWe.

Brasil et al. [8] revisited part of the data analyzed in 2004 by [4] and esti-
mated an electrical energy potential of 235.5 GWh year−1 for the wood residues 
from the 117 sawmills located in a region within a 100-km radius from the main 
hydropower plant in the State of Pará. In [8], a methodology that takes into 
account the dependency of the electrical efficiency of the power plants with 
their capacity was applied, which improved the assessment of the potential of 
woody biomass wastes for electric energy generation made by Padilha et al. [4]. 
If the methodology of Padilha et al. [4] was applied to the data analyzed by [8], 
the electricity potential would be almost twice as large, 429.6 GWh year−1. That 
difference in the energy potential calculated by the two methodologies referred 
above confirms the importance of considering the influence of the efficiency as 

Figure 1. 
Timber production of the top five timber producer states in Brazil from 1997 to 2018.
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a function of the installed power when estimating the electric energy that can be 
generated from wood residues.

The approach used to determine the electric energy potential of wood residues 
followed in work [8] considers not only the dependency of the efficiency on the 
installed power, but also the geographic location of the lumber mills, the amount of 
wood residues produced by each mill, and properties, such as the density and lower 
heating value, of the mixture of the wood residues produced locally.

Following the two works [4, 8], which applied two different approaches, the 
present study aims to consolidate the step-by-step methodology to estimate the 
electrical energy potential of residual biomass simultaneously considering the main 
variables that influence the result of the calculated electric energy generation. Those 
variables are the geographic location of the timber processing plants where the 
biomass residues are produced, the amount of residues produced in each of those 
plants, the density and lower heating value of the mix of the residues, and finally 
the dependency of the efficiency on the size of the power plants. To illustrate the 
application of the proposed methodology, a case study determining the potential 
of implementing biomass power plants fired with wood residues generated by the 
sawmills in the State of Pará—Brazil—was chosen and investigated. This work 
highlights the difference in the energy potential obtained when a variable electrical 
efficiency (dependent on the power) or a constant electrical efficiency is used. That 
methodological difference can have a great impact on the estimate of the electric 
energy potential of wood residues in the State of Pará such as the observed in 
 previous works (235.5 GWh year−1 in [8] and 429.6 GWh year−1 in [4]).

2. Methodology for the evaluation of electric energy potential

Currently, combustion is the most widely used primary conversion technol-
ogy of biomass into power and heat (it represents more than 90% of the installed 
capacity [9]). However, differently from heat, electricity can be integrated into 
the national grid. In general, steam turbines and the Rankine cycle are used for the 
conversion of biomass into electricity [10].

In the past, some studies published on the evaluation of the biomass energy 
potential, such as [4, 11–14], used a constant typical efficiency value. In their study, 
Brasil, Brasil Jr., and Malico [8] considered the electric efficiency dependence on 
the size of the power plant when calculating the electric energy potential of wood 
residues generated by the wood industry. That dependency of the efficiency on 
the installed power has also been presented, for example, by Bridgwater [15, 16], 
Dornburg and Faaij [17] and Caputo et al. [18]. Therefore, in order to achieve 
a more accurate calculation of the electric energy potential of biomass residues 
combusted in steam cycle power plants located at lumber mills, the efficiency must 
be a function of the power as proposed in [8]. Hence, the methodology proposed 
by the present work applies the same function of the efficiency dependency on the 
power as the suggested by [8].

When considering residues generated by the wood industry, other important 
variables with great impact on the calculation of the electric energy potential 
of wood residues are the properties of the mixture of wood species that are 
processed at the industrial sites and that can be used as fuel in steam cycle power 
plants of those sites. This is especially important in the Amazon region because 
the density and lower heating value (LHV) of the wood from the different tree 
species can vary significantly. It is worth to mention that the appropriate way to 
determine the residues energy content is multiplying the on-site LHV by the mass 
of residues.
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biomass residues from timber production, which are estimated to be between 
58 and 62% of the log volume, become waste [5].

According to the Brazilian Energy Balance [6], in 2019, hydropower in Brazil 
shared 66.6% of the total 535 TWh of electric generation. At the same time, in the 
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the electricity generation mix to the energy security in Brazil.
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in the State of Pará, Padilha et al. [4] estimated the electrical energy potential of 
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Padilha et al. [4] used a constant overall efficiency for the steam turbine power 
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hydropower plant in the State of Pará. In [8], a methodology that takes into 
account the dependency of the electrical efficiency of the power plants with 
their capacity was applied, which improved the assessment of the potential of 
woody biomass wastes for electric energy generation made by Padilha et al. [4]. 
If the methodology of Padilha et al. [4] was applied to the data analyzed by [8], 
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Figure 1. 
Timber production of the top five timber producer states in Brazil from 1997 to 2018.
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a function of the installed power when estimating the electric energy that can be 
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efficiency (dependent on the power) or a constant electrical efficiency is used. That 
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Dornburg and Faaij [17] and Caputo et al. [18]. Therefore, in order to achieve 
a more accurate calculation of the electric energy potential of biomass residues 
combusted in steam cycle power plants located at lumber mills, the efficiency must 
be a function of the power as proposed in [8]. Hence, the methodology proposed 
by the present work applies the same function of the efficiency dependency on the 
power as the suggested by [8].

When considering residues generated by the wood industry, other important 
variables with great impact on the calculation of the electric energy potential 
of wood residues are the properties of the mixture of wood species that are 
processed at the industrial sites and that can be used as fuel in steam cycle power 
plants of those sites. This is especially important in the Amazon region because 
the density and lower heating value (LHV) of the wood from the different tree 
species can vary significantly. It is worth to mention that the appropriate way to 
determine the residues energy content is multiplying the on-site LHV by the mass 
of residues.
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However, for the evaluation of the electric energy potential of residual biomass, 
the power generation can only be determined if the power plant efficiency is 
known, and the efficiency is determined only if the generated power is known; so, 
the proposed methodology aims to address this circular problem.

2.1 Determination of on-site wood residues availability and properties

The first step of the proposed methodology for evaluating the electric energy 
potential of residual biomass from lumber mills is to gather the coordinates of the 
location of each mill operating in a study area, and then to store the locations using 
a geographic information system.

The second step of the methodology is to compute the availability and the 
properties of the residual biomass generated at each industrial facility. For that, 
the lumber mills are contacted and asked to provide relevant data. It is important 
to consider in the methodology what available data are registered and by the wood 
industries. In general, the available data that are essential to gather are the total 
trunk volume for each wood species received by the mill yearly, the total volume 
of processed wood sold yearly, and the total yearly operation hours. The available 
residues are calculated by the difference of the total trunk volume received and the 
volume of processed wood sold. Knowing which wood species are processed in the 
industrial plants, the wood density is determined from a database of wood proper-
ties and then the volume of residue for each species is multiplied by its density to 
obtain the mass. For the Brazilian wood species, the data from [19] and properties 
measured in laboratory published in [8] can be used.

The annual mass of wood residues on a dry basis of each species s generated by 
each lumber mill, ms,i, is calculated by

   m  s,i   =  ρ  s    V  s,i   ,  (1)

where s means the sth species processed in the ith lumber mill that is located in the 
study area, ρs the basic density of each wood species, and Vs,i the volume of wood 
residues of each species generated yearly by the ith mill. The total mass of residues 
generated by each plant in 1 year is the sum of ms,i for all the species and the total 
mass of residues generated in a certain region, the sum of the wood residues gener-
ated in all the lumber mills located in that region.

2.2 Determination of the energy content of residues

For the determination of the energy content of the wood residues, similar to 
what was mentioned above for the wood density, a database is needed to determine 
the lower heating value on a dry basis, LHVdb. Values of LHVdb for Brazilian species 
can be found in [8, 20].

After knowing the LHVdb and the mass of residues for each processed wood 
species, the next step of the methodology is to compute the energy content of the 
residues produced annually in the ith industry located in the study area, Ei, cal-
culated by

   E  i   =  ∑ 
s=1

  
N

     m  s,i    LHV  db,s    (2)

where N is the number of species processed by the ith lumber mill and LHVdb,s is 
the lower heating value on a dry basis of the wood species s processed by the ith mill 
in the study area.
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In Eq. (2), Ei represents the total energy content of the wood residues gener-
ated by the ith lumber mill in 1 year. If the efficiency of conversion could ideally 
be 100%, this value would be the total electric energy potential of the ith lumber 
mill. However, because this is not possible, Ei has to be multiplied by an energy 
conversion coefficient to determine the electric energy potential of residual woody 
biomass generated by the industry.

It is important to restate that the main idea of the present work is to propose 
a methodology focused on the conversion of the energy content of the residues 
generated by the wood industry into electricity by combustion followed by a steam 
turbine. Yet, although other final energy use and conversion technologies could 
be applicable for determining the energy potential of wood residues, the principle 
of multiplying the energy content of the residues by a conversion overall effi-
ciency maintains. However, for other energy use and conversion technologies, the 
dependency of the efficiency with the size of the plant would be different from the 
function observed by [8, 15–18]. This is the case when the end energy use is heat, 
and that dependency would not occur.

In order to calculate the energy that could be generated from the wood residues 
and delivered to the electric grid every year, Eout, the overall efficiency of the energy 
conversion process,   η  e   , is defined in Eq. (3).

   η  e   =    E  out   _  E  i  
    (3)

Typical efficiencies of small power plants with wood combustion and steam 
turbines are in a range of circa 15%, while larger power plants and those with recent 
technologies have efficiencies of 30% [21]. Efficiencies as high as 44% are reported 
by [22], but micro-scale systems operating with steam turbines can have efficiencies 
as low as 6–8% [23]. The work [4] estimated the electric energy potential of wood 
residues and considered a typical and constant efficiency value taken from the lit-
erature and did not account for the dependency of the efficiency with the installed 
power. As another example of this approach, Singh [11] considered two different 
efficiencies of 20 and 25% in converting agricultural residues to electricity, while 
Vukašinović and Gordić [12] considered an efficiency of 35%, and Weldemichael 
and Assefa [13] considered an electrical energy efficiency of 33%.

The present methodology proposes the curve for the overall efficiency as a func-
tion of the installed power suggested by [8].

2.3 Operating time of the power plant

As described in the two previous sections, the amount of wood residues and the 
energy content of these residues are determined yearly, and the efficiency depends on 
the installed electric power plant of a wood industry, the latter being defined by Eq. (4).

   P  out   =    E  out   _ t    (4)

where t is the total yearly operating time of the power plant. Similarly, an ideal 
power can be defined by Eq. (5)

   P  i   =    E  i   _ t    (5)

where Pi is the total energy content of the wood residues generated by the ith 
lumber mill divided by the total yearly operating time of the power plant installed 
in that same plant.
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trunk volume for each wood species received by the mill yearly, the total volume 
of processed wood sold yearly, and the total yearly operation hours. The available 
residues are calculated by the difference of the total trunk volume received and the 
volume of processed wood sold. Knowing which wood species are processed in the 
industrial plants, the wood density is determined from a database of wood proper-
ties and then the volume of residue for each species is multiplied by its density to 
obtain the mass. For the Brazilian wood species, the data from [19] and properties 
measured in laboratory published in [8] can be used.

The annual mass of wood residues on a dry basis of each species s generated by 
each lumber mill, ms,i, is calculated by

   m  s,i   =  ρ  s    V  s,i   ,  (1)

where s means the sth species processed in the ith lumber mill that is located in the 
study area, ρs the basic density of each wood species, and Vs,i the volume of wood 
residues of each species generated yearly by the ith mill. The total mass of residues 
generated by each plant in 1 year is the sum of ms,i for all the species and the total 
mass of residues generated in a certain region, the sum of the wood residues gener-
ated in all the lumber mills located in that region.

2.2 Determination of the energy content of residues

For the determination of the energy content of the wood residues, similar to 
what was mentioned above for the wood density, a database is needed to determine 
the lower heating value on a dry basis, LHVdb. Values of LHVdb for Brazilian species 
can be found in [8, 20].

After knowing the LHVdb and the mass of residues for each processed wood 
species, the next step of the methodology is to compute the energy content of the 
residues produced annually in the ith industry located in the study area, Ei, cal-
culated by

   E  i   =  ∑ 
s=1

  
N

     m  s,i    LHV  db,s    (2)

where N is the number of species processed by the ith lumber mill and LHVdb,s is 
the lower heating value on a dry basis of the wood species s processed by the ith mill 
in the study area.
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In Eq. (2), Ei represents the total energy content of the wood residues gener-
ated by the ith lumber mill in 1 year. If the efficiency of conversion could ideally 
be 100%, this value would be the total electric energy potential of the ith lumber 
mill. However, because this is not possible, Ei has to be multiplied by an energy 
conversion coefficient to determine the electric energy potential of residual woody 
biomass generated by the industry.

It is important to restate that the main idea of the present work is to propose 
a methodology focused on the conversion of the energy content of the residues 
generated by the wood industry into electricity by combustion followed by a steam 
turbine. Yet, although other final energy use and conversion technologies could 
be applicable for determining the energy potential of wood residues, the principle 
of multiplying the energy content of the residues by a conversion overall effi-
ciency maintains. However, for other energy use and conversion technologies, the 
dependency of the efficiency with the size of the plant would be different from the 
function observed by [8, 15–18]. This is the case when the end energy use is heat, 
and that dependency would not occur.

In order to calculate the energy that could be generated from the wood residues 
and delivered to the electric grid every year, Eout, the overall efficiency of the energy 
conversion process,   η  e   , is defined in Eq. (3).

   η  e   =    E  out   _  E  i  
    (3)

Typical efficiencies of small power plants with wood combustion and steam 
turbines are in a range of circa 15%, while larger power plants and those with recent 
technologies have efficiencies of 30% [21]. Efficiencies as high as 44% are reported 
by [22], but micro-scale systems operating with steam turbines can have efficiencies 
as low as 6–8% [23]. The work [4] estimated the electric energy potential of wood 
residues and considered a typical and constant efficiency value taken from the lit-
erature and did not account for the dependency of the efficiency with the installed 
power. As another example of this approach, Singh [11] considered two different 
efficiencies of 20 and 25% in converting agricultural residues to electricity, while 
Vukašinović and Gordić [12] considered an efficiency of 35%, and Weldemichael 
and Assefa [13] considered an electrical energy efficiency of 33%.

The present methodology proposes the curve for the overall efficiency as a func-
tion of the installed power suggested by [8].

2.3 Operating time of the power plant

As described in the two previous sections, the amount of wood residues and the 
energy content of these residues are determined yearly, and the efficiency depends on 
the installed electric power plant of a wood industry, the latter being defined by Eq. (4).

   P  out   =    E  out   _ t    (4)

where t is the total yearly operating time of the power plant. Similarly, an ideal 
power can be defined by Eq. (5)

   P  i   =    E  i   _ t    (5)

where Pi is the total energy content of the wood residues generated by the ith 
lumber mill divided by the total yearly operating time of the power plant installed 
in that same plant.
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Consequently, Eq. (3) can be rewritten as Eq. (6)

   η  e   =    P  out   _  P  i  
    (6)

So, for the methodology proposed, the operating time of the wood industry 
power plants has an important impact on the calculation of the energy potential of 
wood residues.

2.4 Overall efficiency of residual biomass power plants

Instead of applying a constant value for the conversion efficiency, as already men-
tioned above, the present methodology recognizes the fact that the overall efficiency 
of a biomass power plant is expressed as a function of the power plant size, as done 
in [8]. However, the efficiency can only be determined when the generated power is 
known, and vice versa; so, a simple mathematical solution is used to overcome this cir-
cular reference problem. The procedure is illustrated in Figure 2 and explained below.

The energy content of the biomass residues, whose calculation was explained in 
Section 2.2, is determined by Eq. (2). This total energy content of residues divided 
by the operating time explained in Section 2.3 results in an ideal power Pi defined by 
Eq. (5), which is represented by the circle number 1 in Figure 2, as if the efficiency 
of conversion would be ideally 100% (represented by circle number 2 in Figure 2). 
A conversion efficiency equal to 100% is not possible, but the value represented by 
circle number 2 is fundamental for the mathematical solution, establishing the lin-
ear equation crossing the origin and passing through the point of 100% efficiency, 
represented by the dark dashed line in Figure 2.

In the same Figure 2, the function of the overall efficiency with the installed 
power is represented by the solid line. The function represented in this figure is 
expressed in Eq. (7) and was proposed by [8] from a power law best curve fit to real 
data from Brazilian biomass-fired power plants and the published works of [15–18].

Figure 2. 
Procedure used to calculate the efficiency and installed power of biomass-fired power plants—Solid line is 
the function of the overall efficiency with the installed power in Eq. (7) and dashed line is the linear equation 
crossing the origin and passing through the point of 100% efficiency.
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   {   η  e   = 0.0205  P   0.2718  for P < 250 k  W  e       
 η  e   = 0.0363  P   0.1877  for 250 k  W  e   ≤ P < 250 × 1  0   3  k  W  e  

    (7)

where   η  e    is the overall efficiency of the biomass power plant and P the installed 
power in kWe.

In Figure 2, circle number 3 represents the interception of the solid line func-
tion defined by Eq. (7), and the dashed line that passes through the origin and 
the point represented by circle number 2. So, the x-y values of the intersection 
represent, respectively, the real overall electric efficiency and the real installed 
electric power of a biomass power plant with a capacity equal to the value of circle 
number 4.

3. Application of the methodology

A case study was used to demonstrate the application of the proposed methodol-
ogy detailed in the previous sections. For this purpose, the energy potential of the 
residual biomass generated by the wood industry in the State of Pará in Brazil was 
chosen. The present study used the data collected by a massive fieldwork carried out 
by the Brazilian Federal University of Pará, with results published by Padilha et al. 
[4] and Rendeiro et al. [24]. That fieldwork [4] collected data from 707 lumber mills 
in the State of Pará in order to evaluate the quantity of residues available for electric 
energy conversion. The study of Padilha et al. [4] established that the potential to 
install electric power plants in the factories processing timber in the State of Pará 
was 160 MWe.

The present work identified that 32 out of the 707 wood processing plants 
generated virtually zero residues, so wood residues of 675 plants were available for 
electric energy use.

3.1 Location of residual biomass availability

As proposed by the methodology described above, the locations of the 675 
lumber mills in the State of Pará were registered in a geographical information 
system. This location is shown with blue squares on Figure 3. These are all indus-
trial facilities that generate biomass residues that can be valorized for energy. It is 
noticeable that the lumber mills are concentrated near the roads, because of the 
need to transport the products.

3.2 Biomass residues availability and properties

The data collected at all the lumber mills of the State of Pará were organized in 
a database containing the names and addresses of the companies, the geographic 
coordinates of their location, wood species processed, and the volume of residual 
biomass produced yearly for each of the wood species handled. Unfortunately, 108 
plants only reported the total volume of wood processed and did not report the per-
centage of each wood species that was processed in that year. In order to overcome 
that limitation of not knowing the exact amount of wood species processed for 
these 108 plants and to fill the missing data, it was assumed that in these plants the 
composition of the processed species was statistically similar to the average of all 
the other plants in the state. This could be done because of the low variability of the 
species that are processed by all facilities in that region imposed by the commercial 
purposes to attend the market.
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Consequently, Eq. (3) can be rewritten as Eq. (6)

   η  e   =    P  out   _  P  i  
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In Figure 2, circle number 3 represents the interception of the solid line func-
tion defined by Eq. (7), and the dashed line that passes through the origin and 
the point represented by circle number 2. So, the x-y values of the intersection 
represent, respectively, the real overall electric efficiency and the real installed 
electric power of a biomass power plant with a capacity equal to the value of circle 
number 4.

3. Application of the methodology

A case study was used to demonstrate the application of the proposed methodol-
ogy detailed in the previous sections. For this purpose, the energy potential of the 
residual biomass generated by the wood industry in the State of Pará in Brazil was 
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electric energy use.

3.1 Location of residual biomass availability

As proposed by the methodology described above, the locations of the 675 
lumber mills in the State of Pará were registered in a geographical information 
system. This location is shown with blue squares on Figure 3. These are all indus-
trial facilities that generate biomass residues that can be valorized for energy. It is 
noticeable that the lumber mills are concentrated near the roads, because of the 
need to transport the products.

3.2 Biomass residues availability and properties

The data collected at all the lumber mills of the State of Pará were organized in 
a database containing the names and addresses of the companies, the geographic 
coordinates of their location, wood species processed, and the volume of residual 
biomass produced yearly for each of the wood species handled. Unfortunately, 108 
plants only reported the total volume of wood processed and did not report the per-
centage of each wood species that was processed in that year. In order to overcome 
that limitation of not knowing the exact amount of wood species processed for 
these 108 plants and to fill the missing data, it was assumed that in these plants the 
composition of the processed species was statistically similar to the average of all 
the other plants in the state. This could be done because of the low variability of the 
species that are processed by all facilities in that region imposed by the commercial 
purposes to attend the market.
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In accordance to what has been said, the basic density and LHVdb data of all spe-
cies processed by the timber processing plants in the state was statistically analyzed 
in two histograms presented in Figures 4 and 5. The histogram of Figure 4 shows 
the basic density of the species processed by the wood industry in the State of Pará 
and Figure 5 shows the histogram of the LHVdb of the species processed by the 
wood industry in the state.

From the histograms of Figures 4 and 5, the statistical percentage of the basic 
density and LHVdb of species could be extrapolated to the missing data of 108 
timber processing plants.

From the data referred before [4], which was gathered from the wood processing 
plants in the State of Pará in 2004, there were 49 different species processed by the 
industry. In work [4], samples of wood residues were collected onsite, the species 
were identified, and some properties measured in the laboratory of the Federal 
University of Pará. Proximate and elemental analyses were carried out and basic 
density and LHVdb measured. More details of the analyzed properties can be seen in 
[8]. The basic density of species was also confirmed by the values published in [19].

Figure 4. 
Histogram of the basic density on a dry basis of wood species processed by the lumber mills in 2004 in the state 
of Pará.

Figure 3. 
Location of all lumber mills in the state of Pará—in blue squares.
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As seen in Section 2.1, the available residues were calculated by the difference 
of the total trunk volume received in the plants and the volume of processed wood 
sold. The annual mass of residual wood of each species processed in each lumber 
mill was calculated by the sum of all species determined in Eq. (1). As a result, the 
total wood residues generated by the 675 lumber mills in the State of Pará in 2004 
was 2.95 × 106 t in dry basis.

3.3 Determination of the energy content of residues

After knowing the annual mass of residues of each wood species in each lumber 
mill, the energy content, Ei, of the residual biomass in the ith mill was calculated by 
Eq. (2). The total energy content available from the wood residues of the lumber 
mills in the State of Pará in 2004 was 12,557.5 GWh (this result was obtained by 
adding the potential for all the plants in the state).

3.4 Operating hours of the power plant

In Section 2.3, an ideal power was defined by Eq. (5), and for that, a yearly 
operating time needs to be established. In the State of Pará two different possibili-
ties can be considered:

• The electricity is needed when the lumber mills are working. Typical working 
hours of the industry are 1760 h year−1 (10 months year−1, 22 days month−1, 
8 h day−1). The value of 10 months year−1 means a 2 months year−1 period 
when the lumber mills are not operating during the season of no timber cut-
ting. This is a season when the lumber mills are on scheduled maintenance.

• The case of year-long operating biomass-fired power plants, when 2112 h 
of operating hours can be considered (12 months year−1, 22 days month−1, 
8 h day−1). This is the case for the industries analyzed in data collected by [4].

In this work, the ideal power Pi was determined considering 2112 h in Eq. (5) as 
the total yearly operating time of the power plants of the wood industry in the State 

Figure 5. 
Histogram of the lower heating value on a dry basis of wood species processed by the lumber mills in 2004 in the 
state of Pará.
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of Pará. That ideal power defined the value of circle number 1 in Figure 2 for each 
timber processing plant.

3.5 Overall efficiency of power plant from residues to electricity

Following the procedure described in Section 2.4, after knowing the ideal power 
represented by circle number 1 for 100% of efficiency, in Figure 2, and determining 
the point of circle number 2, the next step was to calculate point number 3 in order 
to determine the real overall electric efficiency and the installed electric power 
represented by circle number 4 in the same Figure 2.

The present methodology proposed a correlation function presented in Section 
2.4, Eq. (7) and Figure 2, and compared the results obtained with the ones obtained 
using a constant value of 25% applied for the overall efficiency of the power plants, 
ηe in Eq. (3). In that case, the electrical energy potential would be determined by 
multiplying the energy content, Ei (for the residues of each ith lumber mill) by 25%.  
This value was used by [4] and was chosen to compare the difference of two 
 methodologies, for the same region and industries.

The present study compares the results of applying a constant value for the over-
all efficiency and the proposed methodology. Figure 6 shows the histogram of the 
electric capacities that could potentially be installed in all lumber mills in the State 
of Pará. Light gray bars represent the electric power potential in kilowatt (kWe) 
when a value of 25% is used for the overall efficiency, and dark gray bars, the poten-
tial of the electric installed power (kWe) when the steps of proposed methodology 
are applied, as described in Section 2.4. When an operating time of 2112 h year−1 
is considered, the total energy potential for the residual biomass generated by the 
wood industry in the State of Pará is 3140.4 GWh year−1 for the constant efficiency 
of 25% and 1868.8 GWh year−1 for the proposed methodology.

The results of the electrical energy potential presented above indicate that 
the use of the constant value for the efficiency considered overestimates the total 
predicted available energy, compared to the proposed methodology. Additionally, 
the modes of the two datasets in the histograms in Figure 6 indicate that the highest 

Figure 6. 
Histogram of the electric capacity that can potentially be installed at lumber mills in the State of Pará, 
considering a constant overall electrical efficiency (light gray) and the dependency of efficiency with power 
(dark gray).
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relative frequency is 42.7% at 2000 kWe for a constant efficiency value, and 39.6% 
at 1000 kWe for the proposed methodology. Also in Figure 6, summing the relative 
frequencies of potential capacities less than the mode value resulted in the conclu-
sion that 66.52% of the lumber mills would have installed power up to 2 MWe for a 
constant value of efficiency, while the proposed methodology indicates that 65.93% 
of the industrial units would have installed power below 1 MWe. That conclusion is 
significant because one method indicates that most of the industries would have a 
power plant of 2 MWe in comparison to 1 MWe from the proposed methodology.

As presented in Section 2.4 and Eq. (7), the overall efficiency is a function of 
the installed power. Therefore, Figure 7 shows the results of the efficiencies and 
potential capacities of the 675 wood industries in the State of Pará, indicating that 
an efficiency value of 25% is only applicable for power plants with capacities above 
40 MWe, which is never the case for the scenario in the State of Pará. The results of 
this case study confirm that a constant efficiency overestimates the electric energy 
potential when applying a constant value of 25% in Eq. (3) for all biomass plants 
and based on the total available energy content of residues. Nevertheless, when 
applying the efficiency as a function of the installed power, the resulting average 
efficiency is 12.3%, based on the values of efficiencies of all plants in Figure 7.

4. Conclusions

The present work systematized a step-by-step methodology to determine the 
electrical energy potential of residues generated by the wood industry. The applica-
tion of the proposed methodology was demonstrated through a case study that 
analyzed the energy potential of the residues generated by the wood industry in the 
State of Pará in Brazil. In the past, several different studies considered a constant 
overall efficiency as a conversion factor from residues to electricity. The proposed 
methodology suggests an overall efficiency as a function of the installed power, 
with data correlation obtained from a best curve fit of real data both taken from the 
literature [15–19] and from Brazilian biomass-fired power plants.

Figure 7. 
Calculated overall efficiency as a function of the power for the 675 lumber mills that existed in 2004 in the state 
of Pará.
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The data for the case study was collected in 2004 with results published by 
Padilha et al. [4] and Rendeiro et al. [24]. The work of Padilha et al. [4] collected 
data from 675 timber processing plants in the State of Pará, which generated an 
amount or wood residues equal to 2.95 × 106 t on dry basis in that year. In this work, 
the energy potential of these residues was calculated in two different manners 
for the sake of comparison: (1) similar to what was done in [4], a constant overall 
conversion efficiency of 25% was considered; and (2) the methodology presented in 
this work was used (i.e., the efficiency is a function of the size of the plant).

As a conclusion, the electrical energy potential is overestimated when a constant 
overall efficiency of 25% is used (3140.4 GWh year−1) in comparison to the one 
obtained for the proposed methodology (1868.8 GWh year−1). Concerning the 
power that can potentially be installed to valorize the residual biomass, when a 
constant efficiency was applied; the results indicate that most of the power plants 
would have a 2-MWe capacity, while for the proposed methodology the results 
indicate that most of the power plants would have a capacity of 1 MWe. Moreover, 
in agreement with the function presented in this work for the dependency of the 
efficiency with plant size, a 25% efficiency is only applicable for power plants with 
a power as high as 40 MW, which is never the case for the wood industry in the State 
of Pará. The results of the methodology proposed in this work highlight the impor-
tance of using the overall electrical efficiency as a function of installed power when 
determining the residual biomass potential.
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Abstract

In this chapter, we present the opportunities and general importance of woody 
biomass production (forests and short-rotation coppices) and waste management in 
a common system. Wastewater and different forms of sewage sludge, as energy- and 
nutrient-rich materials, can contribute to reaching resource efficiency, savings in 
energy, and reduction of CO2 emissions. Within certain limits, these woody planta-
tions are suitable options for the environmentally sound disposal of wastewater 
and/or sewage sludge; in addition, they can facilitate the realization of full or partial 
energy self-sufficiency of the wastewater plant through bioenergy production. 
Focusing on circular economy, we introduce the aspects of the treatment process 
and the sizing issues regarding the municipal wastewater treatment and the woody 
biomass in a complex system. Based on a specific case study, approximately 826 ha 
of short-rotation coppices (with a 2-year rotation) are required for the disposal of 
sewage sludge generated by a 250,000 population equivalent wastewater treatment 
plant. If we look at the self-sufficiency of its energy output, 120–150 ha of short-
rotation coppices may be adequate. This complex system can replace the emissions 
of around 5650 t of CO2 through electricity generation alone and another 1490 t of 
CO2 by utilizing the waste heat.

Keywords: circular economy, complex system, sludge management, self-sufficiency, 
short-rotation coppices

1. Introduction

In this chapter, we introduce the possibilities for connecting woody biomass 
production and municipal-level wastewater management. Both topics are usually 
examined on their own, but in our opinion, their application in a common system 
can implement the concept of a circular economy in a very promising way as well 
as facilitate the implementation of environment protection goals and tasks [e.g., 
energy efficiency, reduction of greenhouse gas (GHG) emissions, and waste 
management].

Circular economy is the concept in which products, i.e., materials (or raw mate-
rials and feedstock) participate in the economic cycle for as long as possible, and 
in which waste is used as a secondary raw material that can be recycled and reused. 
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examined on their own, but in our opinion, their application in a common system 
can implement the concept of a circular economy in a very promising way as well 
as facilitate the implementation of environment protection goals and tasks [e.g., 
energy efficiency, reduction of greenhouse gas (GHG) emissions, and waste 
management].

Circular economy is the concept in which products, i.e., materials (or raw mate-
rials and feedstock) participate in the economic cycle for as long as possible, and 
in which waste is used as a secondary raw material that can be recycled and reused. 



Forest Biomass - From Trees to Energy

158

The focus is on minimizing losses, reusing, and recycling [1]. As a key factor, lack of 
resources will primarily result in modern forms of waste management [2]. One of 
the possibilities is to combine wastewater treatment with woody biomass produc-
tion and to utilize (even for multiple purposes) the resulting outputs.

Wastewater and different forms of sewage sludge (especially sewage sludge 
compost), as energy- and nutrient-rich materials, can contribute to reaching 
resource efficiency, energy savings, and CO2 reductions. Within certain limits, 
woody plantations are suitable options for the environmentally sound disposal of 
wastewater and/or sewage sludge; in addition, they can facilitate the realization of 
full or partial energy self-sufficiency of the wastewater plant through bioenergy 
production, or sometimes even extra energy can be generated.

We think there is an observable tendency that, all around the world, more and 
more people are moving to cities and producing an increasing amount of waste, a 
significant (and difficult to handle) part of which is generated in liquid form. In 
contrast to smaller settlements, industrial plants operating in urban environments also 
emit large amounts of organic matter, the treatment of which together with municipal 
wastewater must be solved, preferably in an automated and cost-effective way. During 
this process, renewable energy can also be produced by anaerobic digestion. In addi-
tion, the utilization of digested material (sludge) with high macro- and microelement 
content for nutrient management presents a serious problem to be solved, especially in 
the case of industrial wastewater. In contrast to arable land used for food crops, high 
levels of inorganic matter and, in some cases, relatively high levels of heavy metals do 
not pose a food safety threat in the case of short-rotation coppices (SRCs).

It should be noted that the placement of sewage sludge on agricultural land is 
problematic due to the reluctance of producers, even if the legal environment of 
the given country allows the use of sewage sludge for agricultural purposes, not to 
mention the high cost of placing high moisture sludge.

Nowadays, a wide range of technologies for the purification and treatment of 
generated wastewater are recognized and applied, ranging from extensive drying 
and the traditional, most widely used (activated sludge) process to innovative, 
novel, and environmentally sound wastewater treatment solutions.

Here, we first briefly make plain the most important relevant characteristics of 
SRC and afterward focus on wastewater management issues and the connection 
between wastewater treatment plants (WWTPs) and SRCs. We continue with 
introducing a case study to make the sizing problem clear, and finally, we will 
demonstrate with some international examples that this topic is no longer in the 
distant future but is now active in the present.

2. The significance of forests and short-rotation coppices

Forests represent an irreplaceable national treasure and a form of land use that 
provides financial security and intellectual refreshment. Truth be told, they are also 
fundamental to the protection of our environment. From the cradle to the grave, 
trees accompany us. Many forms of their benefits cannot be expressed in money, yet 
they are irreplaceable. The ideological value of forests is incalculable. Long-rotation 
forests have a wide range of social functions but are no longer able to fully meet the 
increased need of biomass for energy.

The most important economic characteristics of long-rotation forests can be 
summarized by the fact that, due to their long production cycle, the significant 
planting costs are only recovered much later, making market price changes impos-
sible to follow. During their lifetime, only small revenues are expected from clearing 
and thinning. In average, more than 50% of air-dried wood is carbon, since trees 
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are able to capture and store significant amounts of carbon [3]. These forests also 
play an important role in providing protection against winds and floods, in addition 
to producing oxygen, shade, and a humid microclimate. For example, in Hungary, 
the utilization of the floodplains for forestry purposes is complicated by the fact 
that these areas are divided in terms of ownership. Some may be state-owned and 
managed by the authority of water resources and forestry, as well as national parks, 
while some of them are privately owned. Game management and hunting offer new 
land use and income opportunities for foresters and producers leaving agriculture. 
Wild animal parks and public events can also function as an ancillary activity of 
agriculture, but they can also be reasonably connected with tourism (e.g., rural and 
ecotourism) and various rural development programs. However, the role of tradi-
tional logging in rural employment cannot be neglected either.

The functions of forests described in the previous section are essential, but their 
energy role is just as crucial, becoming ever more important. Of the different renew-
able energy sources, mankind has been using biomass for energy purposes for the 
longest time, and even today, firewood is the most important energy source for about 
two billion people [4]. An important aspect of meeting energy needs is that the wood 
should be of uniform quality, produced in as small an area as possible with relatively 
high biomass yields at the lowest possible cost—all of which are typical of short-
rotation coppices. Another important aspect is to be suitable for use under automated 
conditions, that is, in large-scale central heating or cogeneration plants. SRCs are 
probably the best way to relieve the burden on natural forests. SRCs are not suitable 
for the welfare and social functions of long-rotation forest management, but they are 
able to produce large amounts of biomass for energy from a much smaller area at a 
cheaper cost and can be managed in an environmentally friendly way as well [3].

2.1 Forest yields and short-rotation coppice yields

In the European Union (EU), the mean annual gross increment achieved by forest 
tree species is 4.7 m3/ha/year [3]. SRCs have both significantly higher annual rev-
enues and expenditures than long-rotation forests as well as higher carbon sequestra-
tion (in the produced biomass) and emission values per year. SRCs are more sensitive 
to production technology than long-rotation forests. In addition, due to more 
intensive growth at young age and more intensive production technology, their yearly 
output is approximately three times more than that of long-rotation forests [3].

After the first and second harvests (Table 1), no difference is expected regarding 
the yield, but after the third rotation, it is necessary to calculate the loss of wood 
yield, due to the weaker growing ability of the SRC, which can be characterized by an 
estimated practical factor of 0.85–0.90. In the case of the fourth and fifth harvests, 
the value of the practical factor is 0.80–0.85 [5].

The duration of the production cycle and the number of cutting cycles are 
influenced not only by the expected yield data but also by the price of biomass, the 
actual harvesting cost, and the technical feasibility.

Table 1 shows that if we made our decisions based on the increase in yield, then 
harvesting after 4 years would be ideal, as opposed to wastewater and sewage sludge 
disposal, which would be done theoretically every year. All things considered, it 
seems that there is no solution that is suitable for both the SRC and the wastewater 
treatment plant. Due to the aspects of the wastewater treatment plant, it is advisable 
to perform the harvesting earlier, which, in our opinion, may justify harvesting after 
2 years, especially in the case of highly productive clones.

Some forest species can be successfully grown in SRC in areas with groundwater 
inundation, floodplain areas (willow, Salix sp.), and even on sandy soils (black 
locust, Robinia pseudoacacia). Under better natural conditions, (hybrid) poplar 
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are able to capture and store significant amounts of carbon [3]. These forests also 
play an important role in providing protection against winds and floods, in addition 
to producing oxygen, shade, and a humid microclimate. For example, in Hungary, 
the utilization of the floodplains for forestry purposes is complicated by the fact 
that these areas are divided in terms of ownership. Some may be state-owned and 
managed by the authority of water resources and forestry, as well as national parks, 
while some of them are privately owned. Game management and hunting offer new 
land use and income opportunities for foresters and producers leaving agriculture. 
Wild animal parks and public events can also function as an ancillary activity of 
agriculture, but they can also be reasonably connected with tourism (e.g., rural and 
ecotourism) and various rural development programs. However, the role of tradi-
tional logging in rural employment cannot be neglected either.

The functions of forests described in the previous section are essential, but their 
energy role is just as crucial, becoming ever more important. Of the different renew-
able energy sources, mankind has been using biomass for energy purposes for the 
longest time, and even today, firewood is the most important energy source for about 
two billion people [4]. An important aspect of meeting energy needs is that the wood 
should be of uniform quality, produced in as small an area as possible with relatively 
high biomass yields at the lowest possible cost—all of which are typical of short-
rotation coppices. Another important aspect is to be suitable for use under automated 
conditions, that is, in large-scale central heating or cogeneration plants. SRCs are 
probably the best way to relieve the burden on natural forests. SRCs are not suitable 
for the welfare and social functions of long-rotation forest management, but they are 
able to produce large amounts of biomass for energy from a much smaller area at a 
cheaper cost and can be managed in an environmentally friendly way as well [3].

2.1 Forest yields and short-rotation coppice yields

In the European Union (EU), the mean annual gross increment achieved by forest 
tree species is 4.7 m3/ha/year [3]. SRCs have both significantly higher annual rev-
enues and expenditures than long-rotation forests as well as higher carbon sequestra-
tion (in the produced biomass) and emission values per year. SRCs are more sensitive 
to production technology than long-rotation forests. In addition, due to more 
intensive growth at young age and more intensive production technology, their yearly 
output is approximately three times more than that of long-rotation forests [3].

After the first and second harvests (Table 1), no difference is expected regarding 
the yield, but after the third rotation, it is necessary to calculate the loss of wood 
yield, due to the weaker growing ability of the SRC, which can be characterized by an 
estimated practical factor of 0.85–0.90. In the case of the fourth and fifth harvests, 
the value of the practical factor is 0.80–0.85 [5].

The duration of the production cycle and the number of cutting cycles are 
influenced not only by the expected yield data but also by the price of biomass, the 
actual harvesting cost, and the technical feasibility.

Table 1 shows that if we made our decisions based on the increase in yield, then 
harvesting after 4 years would be ideal, as opposed to wastewater and sewage sludge 
disposal, which would be done theoretically every year. All things considered, it 
seems that there is no solution that is suitable for both the SRC and the wastewater 
treatment plant. Due to the aspects of the wastewater treatment plant, it is advisable 
to perform the harvesting earlier, which, in our opinion, may justify harvesting after 
2 years, especially in the case of highly productive clones.

Some forest species can be successfully grown in SRC in areas with groundwater 
inundation, floodplain areas (willow, Salix sp.), and even on sandy soils (black 
locust, Robinia pseudoacacia). Under better natural conditions, (hybrid) poplar 
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(Populus sp.) species are most recommended. By planting SRCs in areas prone to 
erosion or deflation, an excellent soil protection effect can be achieved due to the 
almost year-round soil cover, and thus their establishment can be a profitable forest 
alternative for farmers in addition to preserving the rural population. Based on 
technical literature data on international SRC, the following yield intervals were 
reported (Table 2) [6–20].

As it can be seen in Table 2, the yield of SRC shows an enormous variation, 
depending on the place of production, climate, tree species, and production tech-
nology. Furthermore, the yields could be significantly increased, depending on the 
intensity and management of fertilization.

2.2 The role of woody plants in environmental protection

We consider that biomass has a special place among energy sources in terms of 
sustainability. It is clearly a renewable resource. However, the balance of GHG emis-
sions moves on a very wide scale compared to the clearly positive balance of other 
renewable energy sources. This range is mainly influenced by the following factors:

• The amount and nature of the inputs used in the production technology. In this 
respect, long-rotation forests have lower emissions.

• The biomass yield, which is much higher in SRC than in forests.

• The technology used for energy production: furnaces with medium or large 
performance (due to the recent legal regulations) have much more favorable 
environmental characteristics compared to furnaces with smaller performance 
(e.g., used in family houses, which often have very low-tech combustion units).

• The emission parameters of the substituted energy source; in this respect, the 
replacements of coal and heating oil are the most favorable.

According to Hungarian regulations, the CO2 sequestration of 1 ha of average 
forest area (in the case of natural gas substitution) exceeds the emitted amount of 

Tree species Willow Poplar Black locust

Yield (t ha−1 year−1) 8.4–25.0 7.8–24.0 5.0–15.0

Source: [5–19].

Table 2. 
Yield intervals of short rotation energy plantations (different species).

Age (years) Wood mass (t ha−1) Average wood yield (t ha−1 yr.−1) Yearly increment (t ha−1)

1 12.8 12.8 12.8

2 28.7 14.4 15.9

3 46.9 15.6 18.2

4 69.3 17.3 22.4

5 85.7 17.1 16.4

6 92.0 15.3 6.3

Source: [4].

Table 1. 
Yield data of the “Koltay” poplar clone.
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CO2 by 3.78 times, and the CO2 sequestration balance may be 5.3 t/ha/year, based on 
the authors’ previous calculations [3].

CO2 sequestration in SRC varies widely, depending on tree species, soil quality, 
and technology intensity [21]. Taking into account these differences and the rel-
evant technical coefficients, the possible amount of CO2 emissions that can be saved 
by the different SRCs when replacing natural gas are as follows (t/ha/lifetime): 
black locust: 23–150, poplar: 35–237, and willow: 35–248 [21, 22].

In accordance with the legal regulations of the given country or production area, 
we think that the utilization of wastewater and sewage sludge for soil management 
purposes is possible in the case of both long-rotation forests and SRC. In the case 
of the latter category, a technology with shorter cutting cycle is preferable than the 
longer cutting cycle. The harvest is done approximately in every 2–5 years, but some 
are harvested after 1 year. Accordingly, biomass production and utilization can 
be realized with this SRC technology in a much shorter and more predictable way 
compared to long-rotation forests. This fact is compounded by the juvenile growth 
phase in SRCs, which allows a significant biomass yield to be achieved due to the 
increased growth rate in the first few years.

Therefore, if not only the waste/by-product utilization function could be 
achieved, but in addition, the nutrient content of wastewater or sewage sludge 
could be also utilized for energy production, then the use on SRCs could definitely 
be recommended.

2.3 Sewage sludge as a nutrient source

Considering our experience, biomass production and the related bioenergy 
production account for a significant share of the growing energy demand, which is 
a concomitant phenomenon of economic development and population growth. Due 
to the—often significant amount of—biomass removed from the soil, in order to 
preserve the proper condition and productivity of the soils, it is absolutely necessary 
to perform nutrient replenishment. As a matter of course, the yield of SRC using 
the wastewater or sewage sludge has a fundamental effect on the amount of energy 
that can be produced from the biomass removed from SRC. Use of large amounts 
of wastewater, digested sewage sludge, or sewage sludge compost may result in 
higher yields, so one can minimize the necessary SRC area to produce enough heat or 
electricity for the sewage plants’ energy self-sufficiency.

Sewage sludge and sewage sludge compost can also be seen as a kind of alterna-
tive to chemical fertilizers, especially in areas of nonfood crops [23]. By applying 
sewage sludge and choosing the suitable SRC, it is also possible to cultivate areas 
that can be used only to a limited extent or cannot be used at all otherwise [24]. 
Numerous international examples are known for the use of products containing 
sewage sludge as raw material in SRC. According to Labrecque-Teodorescu [25], 
if an adequate amount of sewage sludge is applied on the soil, it has a beneficial 
effect on the SRC yields. Forest trees are able to absorb significant amounts of 
nitrogen from the sewage sludge, which helps to achieve higher yields. One of the 
most critical points in the field use of sewage sludge compost may be the presence 
of certain heavy metals, which is why the direct application in the case of food and 
feed production purposes should be avoided. At the same time, in the case of SRC, 
in addition to the beneficial effects of compost, sewage sludge can also play a direct 
role in soil remediation: SRC absorbs particularly high concentrations of heavy 
metals [26]. Moreover, it could be a suitable solution to apply high heavy metal 
content sewage sludge on the SRC, as it can even significantly reduce the heavy 
metal content in addition to other nutrients. In this way, it is possible to combine 
two advantages: on the one hand, the forest trees reduce the harmful heavy metal 
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(Populus sp.) species are most recommended. By planting SRCs in areas prone to 
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nology. Furthermore, the yields could be significantly increased, depending on the 
intensity and management of fertilization.
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We consider that biomass has a special place among energy sources in terms of 
sustainability. It is clearly a renewable resource. However, the balance of GHG emis-
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Tree species Willow Poplar Black locust

Yield (t ha−1 year−1) 8.4–25.0 7.8–24.0 5.0–15.0

Source: [5–19].

Table 2. 
Yield intervals of short rotation energy plantations (different species).

Age (years) Wood mass (t ha−1) Average wood yield (t ha−1 yr.−1) Yearly increment (t ha−1)

1 12.8 12.8 12.8

2 28.7 14.4 15.9

3 46.9 15.6 18.2

4 69.3 17.3 22.4

5 85.7 17.1 16.4

6 92.0 15.3 6.3

Source: [4].

Table 1. 
Yield data of the “Koltay” poplar clone.
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CO2 by 3.78 times, and the CO2 sequestration balance may be 5.3 t/ha/year, based on 
the authors’ previous calculations [3].

CO2 sequestration in SRC varies widely, depending on tree species, soil quality, 
and technology intensity [21]. Taking into account these differences and the rel-
evant technical coefficients, the possible amount of CO2 emissions that can be saved 
by the different SRCs when replacing natural gas are as follows (t/ha/lifetime): 
black locust: 23–150, poplar: 35–237, and willow: 35–248 [21, 22].

In accordance with the legal regulations of the given country or production area, 
we think that the utilization of wastewater and sewage sludge for soil management 
purposes is possible in the case of both long-rotation forests and SRC. In the case 
of the latter category, a technology with shorter cutting cycle is preferable than the 
longer cutting cycle. The harvest is done approximately in every 2–5 years, but some 
are harvested after 1 year. Accordingly, biomass production and utilization can 
be realized with this SRC technology in a much shorter and more predictable way 
compared to long-rotation forests. This fact is compounded by the juvenile growth 
phase in SRCs, which allows a significant biomass yield to be achieved due to the 
increased growth rate in the first few years.

Therefore, if not only the waste/by-product utilization function could be 
achieved, but in addition, the nutrient content of wastewater or sewage sludge 
could be also utilized for energy production, then the use on SRCs could definitely 
be recommended.

2.3 Sewage sludge as a nutrient source

Considering our experience, biomass production and the related bioenergy 
production account for a significant share of the growing energy demand, which is 
a concomitant phenomenon of economic development and population growth. Due 
to the—often significant amount of—biomass removed from the soil, in order to 
preserve the proper condition and productivity of the soils, it is absolutely necessary 
to perform nutrient replenishment. As a matter of course, the yield of SRC using 
the wastewater or sewage sludge has a fundamental effect on the amount of energy 
that can be produced from the biomass removed from SRC. Use of large amounts 
of wastewater, digested sewage sludge, or sewage sludge compost may result in 
higher yields, so one can minimize the necessary SRC area to produce enough heat or 
electricity for the sewage plants’ energy self-sufficiency.

Sewage sludge and sewage sludge compost can also be seen as a kind of alterna-
tive to chemical fertilizers, especially in areas of nonfood crops [23]. By applying 
sewage sludge and choosing the suitable SRC, it is also possible to cultivate areas 
that can be used only to a limited extent or cannot be used at all otherwise [24]. 
Numerous international examples are known for the use of products containing 
sewage sludge as raw material in SRC. According to Labrecque-Teodorescu [25], 
if an adequate amount of sewage sludge is applied on the soil, it has a beneficial 
effect on the SRC yields. Forest trees are able to absorb significant amounts of 
nitrogen from the sewage sludge, which helps to achieve higher yields. One of the 
most critical points in the field use of sewage sludge compost may be the presence 
of certain heavy metals, which is why the direct application in the case of food and 
feed production purposes should be avoided. At the same time, in the case of SRC, 
in addition to the beneficial effects of compost, sewage sludge can also play a direct 
role in soil remediation: SRC absorbs particularly high concentrations of heavy 
metals [26]. Moreover, it could be a suitable solution to apply high heavy metal 
content sewage sludge on the SRC, as it can even significantly reduce the heavy 
metal content in addition to other nutrients. In this way, it is possible to combine 
two advantages: on the one hand, the forest trees reduce the harmful heavy metal 
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content, and on the other hand, the resulting biomass becomes usable for energy 
purposes, improving the economics of the treatment activity [27].

In the case of long-rotation forests, we consider that flooding technology can 
be used to dispose of a relatively large amount of treated wastewater in one turn 
(which, in this case, is not hindered even by the unpleasant odor) or to dispose of 
sewage sludge or compost between rows. However, in both cases, it is a problem 
that the total yield and, for this reason, the nutrient requirements of long-rotation 
forests are much lower than those of intensive SRCs, which allows for the treatment 
of significantly less organic matter in the case of forests. Altogether, compost is less 
economical than sewage sludge, but its content parameters are more favorable and 
the health risk of its use is also lower.

In SRC, chemical or organic fertilizer is best applied after harvest. As a result, 
the application is both technically and economically more advantageous and allows 
the placement of large amounts of wastewater or sewage sludge compost on a 
regular basis at short intervals. For all these reasons, we clearly recommend SRC for 
sewage sludge disposal, although both methods are technically feasible.

By the end of the treatment process, only some of the macronutrients remain 
in the sewage sludge that can be used for nutrient management. Treated sludge 
generally contains about 1–6% nitrogen and 0.8–6.1% phosphorus on a dry weight 
basis [28]. However, an appropriate aerobic or anaerobic treatment is particularly 
important for sludge utilization.

The nitrogen content of the sewage sludge compost made from digested sludge 
is approximately 2.1% of the dry matter content [29], while its phosphorus content 
is half. Consequently, the composition of treated sludge and the sewage sludge 
compost is significantly lower in comparison with the N and P content of good 
quality animal manure (8.5 kg/t and 5.5 kg/t, respectively [30]), which, in addition, 
is not problematic in terms of its heavy metal content either.

The digested sludge yield is approximately 0.3–0.4 kg sludge dry matter/m3 
wastewater [28, 31–33]. In the calculations of the composting technology, a volume 
ratio of 1:2 was calculated for the sludge and structural material.

The disposal of sewage sludge as compost is also justified by its beneficial effects 
in terms of forest tree nutrition, soil improvement, and environmental protection. 
Compared to liquid and dewatered sewage sludge, the use of compost (1) increases 
the cation exchange capacity of the soil, (2) forms soil granules that improve soil 
structure and organic matter content, (3) reduces soil erosion, (4) improves soil 
water management, (5) slows down the release of nutrients, (6) slows nutrient 
leaching by buffering, and (7) prevents rapid pH change. From the aspect of forest 
tree nutrition, the use of sewage sludge has the following advantages: (1) it provides 
more balanced nutrient uptake (less risk of leaching) and (2) it increases the nutri-
ent storage capacity of the soil due to its high adsorption capacity [34, 35].

Wood chips’ properties are quite advantageous when applying as a structural 
material used in composting [31]. In the developed concept, wood chips from SRC 
serve as a structural material during composting, a significant part of which can be 
reused after screening.

3. Main characteristics of wastewater management

Approximately, 330 billion m3 of wastewater is generated on earth in 1 year [36]. 
However, the proportion of treated water is favorable (70% on average) in devel-
oped, economically prosperous countries, while it is only one third or a quarter of 
all wastewater generated in average in, developing, as well as underdeveloped, poor 
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countries [37]. Accordingly, it can be stated that a significant share of the wastewater 
produced worldwide is released into the environment without proper treatment and 
purification.

As for the number of wastewater treatment plants in each continent, Europe is 
the leader with its 60,000 plants [38], while North America is ranked second (with 
approximately 16,000 plants). In the ranking of countries, the United States has the 
largest number (14,600) of wastewater treatment plants.

3.1 Review on sewage plants and wastewater

3.1.1 Energy demand and self-sufficiency

WWTPs are among the largest individual consumers of electricity in municipal-
ities: in some cases, they are responsible for up to 20% of the city’s total electricity 
consumption [39]. For this reason, the treatment of municipal wastewater requires 
a significant amount of energy, mainly due to the aeration of activated sludge 
microorganisms—and the operation of the necessary pumps. Its proportion may 
reach up to 60–70% of the total amount of electricity used [40].

There may be very large differences between different wastewater treatment 
plants with regard to the electricity used for treatment activities, as this cost group 
affects operating costs the most. Based on a survey of 369 sewage plants with dif-
ferent technologies examined in the framework of the ENERWATER project [41], 
it can be concluded that treatment is less efficient in relatively smaller plants (up to 
5.50 kWh/m3) and very efficient in larger plants (up to 0.13 kWh/m3).

Wett et al. [42] say that wastewater contains more energy than what is sufficient 
for the treatment plant to use electricity, and with the right technology, the purifi-
cation activity of the plant can even be self-sustaining.

The energy self-sufficiency rate of plants performing state-of-the-art, efficient 
treatment, digestion sludge treatment, biogas production, and utilization is 60–100% 
of their electricity need, depending on their size, and more than 100% of the neces-
sary thermal energy [31]. Consequently, if we use wood chips to improve the self-
sufficiency in electricity, we need to find the heat utilization capacity for the extra 
heat, especially in the summer period. Examples include the following:

• fulfilling the on-site cooling demand,

• using the heat not for only heating of buildings on the site, but for other 
technological purposes, and

• utilization in a district heating system.

As a matter of course, we think that the level of energy demand of a plant can 
also be influenced by outdated technology or other modifying factors and condi-
tions (e.g., geographical and site-specific conditions, forest area, or industrial 
plants nearby) related to the given treatment plant.

3.1.2 Energy and nutrient content of wastewater

From a different viewpoint, nowadays, the approach of wastewater treatment 
plants is becoming increasingly important, according to which WWTPs can be con-
sidered not only as a place of purification activity but also as a source of energy and 
raw materials. Regarding energy-related characteristics of wastewater, according 
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the leader with its 60,000 plants [38], while North America is ranked second (with 
approximately 16,000 plants). In the ranking of countries, the United States has the 
largest number (14,600) of wastewater treatment plants.
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consumption [39]. For this reason, the treatment of municipal wastewater requires 
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microorganisms—and the operation of the necessary pumps. Its proportion may 
reach up to 60–70% of the total amount of electricity used [40].

There may be very large differences between different wastewater treatment 
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affects operating costs the most. Based on a survey of 369 sewage plants with dif-
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it can be concluded that treatment is less efficient in relatively smaller plants (up to 
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Wett et al. [42] say that wastewater contains more energy than what is sufficient 
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of their electricity need, depending on their size, and more than 100% of the neces-
sary thermal energy [31]. Consequently, if we use wood chips to improve the self-
sufficiency in electricity, we need to find the heat utilization capacity for the extra 
heat, especially in the summer period. Examples include the following:

• fulfilling the on-site cooling demand,
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As a matter of course, we think that the level of energy demand of a plant can 
also be influenced by outdated technology or other modifying factors and condi-
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to McCarty et al. [43] and Gude [44], three forms of energy may be associated to 
wastewater. For wastewater with an average composition, in the United States, the 
specific theoretical energy associated to wastewater can be estimated as follows [43]:

1. Energy of organic pollutants: ~1.79–1.93 kWh/m3

2. Energy to produce fertilizing elements (N and P): ~0.70–0.79 kWh/m3

3. Available thermal energy: ~7.00 kWh/m3

The above values were calculated by McCarty et al. [43] based on the chemical 
oxygen demand (COD) value for the organic constituents present in the waste-
water (500 mg/l), assuming a COD theoretical energy production potential of 
3.86 kWh/kg.

Similar to the specific energy content of different types of wastewater, their 
macronutrient contents could also show differences. Municipal wastewater contains 
mainly water (99.9%) and relatively low concentrations of suspended and dissolved 
organic and inorganic solids. Organic substances in wastewater include carbohydrates, 
lignin, fats, soap, synthetic detergents, proteins, and their degradation products as 
well as various natural and synthetic organic chemicals from the manufacturing 
industry. Table 3 shows the levels of the main components of municipal wastewater 
with high, medium, and low strength, with minor contributions of industrial waste-
water. In arid and semiarid countries, water use is often quite low and wastewater has 
significant nitrogen and phosphorus content. The concentration of raw wastewater 
also depends on the economic situation of the country and the region as well as its 
special production activities and consumer habits. Daily wastewater production in 
developed countries ranges between about 150–300 liters per capita [45].

3.2 Aspects of circular economy

In connection with the wastewater treatment activity and in relation to the 
concept of circular economy, it is a requirement of recycling to strive for the 

Parameter Concentration, mg/l

High Medium Low

COD total 1200 750 500

COD soluble 480 300 200

COD suspended 720 450 300

BOD 560 350 230

N total 100 60 30

Ammonia-N 75 45 20

P total 25 15 6

Ortho-P 15 10 4

COD: chemical oxygen demand. The COD analysis measures through chemical oxidation by dichromate the majority 
of the organic matter present in the sample.
BOD: biological oxygen demand. The BOD analysis measures the oxygen used for oxidation of part of the organic 
matter.
Source: [46].

Table 3. 
Typical composition of raw municipal wastewater with minor contributions of industrial wastewater.
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rational use of usable micro- and macroelements in wastewater and composting in 
order to reduce the volume of wastewater (Figure 1).

The utilization of sludge should be considered an integral part of wastewater 
treatment in order to both reduce the amount of unused wastes and generate 
valuable products or by-products. Sludge can be used depending on the specific 
characteristics, circumstances, and regulations of the given country or area. A wide 
range of solutions and technologies are known, such as landfilling, composting, 
biogas production, direct utilization on forests, and use in thermal processes [47] 
(e.g., incineration, pyrolysis, and gasification). Other possible alternatives can be, 
for example, the utilization in the production of cement [48] or hydrogen [49–51]. 
In the case of sewage sludge, drying with the help of waste heat and subsequent 
pelleting is also an option. According to our own previous calculations, primarily, 
the selling of pellets for heating justify pelleting; the farmer’s own use and use 
for nutrient-related purposes can only be justified in exceptional cases (e.g., if 
energy and fertilizer prices are very high, or if we cannot utilize the produced heat 
energy [52]).

In the case of the system established by the sewage plants and the additional 
technologies organized around them, in order to perform sustainable water man-
agement and to preserve and maintain the condition of the natural environment, 
they must comply with serious international and national regulations, provisions, 
and directives. The examples presented in Section 5 also illustrate that there are very 
large differences in the position of each country on the agricultural use of nutrients 
originating from wastewater.

The topic presented here is primarily influenced by two legal provisions:

1. Regulations on the current emission limit values for plants of different sizes.

2. Legislation governing the disposal of wastewater and sewage sludge compost.

The regulatory environment may differ significantly in each country, but it is 
important to mention the example of the European Union: the Water Framework 

Figure 1. 
The waste management hierarchy. Source: [53].
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Directive (Directive 2000/60/EC) has a uniform water and aquatic environment 
policy, which was enforced on December 22, 2000. It is a unique goal in this 
global respect to bring all surface water and groundwater into good condition 
throughout the European Union. One of the points of this effort is to improve 
water quality by reducing pollutant emissions, which also includes emission 
limits for nitrogen (170 kg N active substance/ha). The importance of this 
EU-related legislation in our case study is to determine the minimum required 
size of forest or SRC.

According to the latest EUROSTAT register (as shown in Figure 2), there are 
large differences in the methods of disposal in each EU country, and this usu-
ally depends on the prevailing environmental and legal regulations in the given 
country [54].

The most widely used sludge disposal and sludge utilization/treatment alter-
natives in the European Union include agricultural utilization (directly or as 
compost), landfill, soil improvement and soil remediation, and incineration.

4. Case study

Below, we present an estimate of the size of an SRC required to utilize the sew-
age sludge produced by a 250,000 population equivalent (PE)-sized wastewater 
treatment plant applying the most commonly used technology (activated sludge 
technology).

Taking into account the average specific amount of digested sludge (0.35 kg 
sludge dry matter/m3) [28, 31–33], the resulting total amount of digested sludge is 
slightly more than 13 t sludge dry matter per day (~4790 t sludge dry matter/year). 
At the end of a 25–30-day composting process, 3346 t of screened compost dry mat-
ter per year can be produced. Calculating with a total nitrogen (TN) content of 2.1% 
and a 2:1 volume ratio of structural material/sewage sludge, the nitrogen-active 

Figure 2. 
Sewage sludge disposal from urban wastewater treatment, by treatment method. Source: [54].
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ingredient content of the compost is approximately 70 t. According to the relevant 
EU environmental regulations, the maximum amount that can be disposed of as 
sewage sludge compost per year is 170 kg/ha of N-active substance. As it is worthwhile 
or necessary to use sludge in SRC after harvesting, this amount can be applied to 
413 ha, calculated with the maximum amount of active nitrogen ingredient that can 
be applied. This also means that considering SRC with rotation length of 2 years, 
approximately 826 ha of SRC (twice more) need to be established, as close as 
possible to the wastewater treatment plant in order to minimize transport costs and 
alleviate logistical difficulties. One of the reasons for choosing a rotation length of 
2 years is that it is a common harvest frequency nowadays in the case of plantations 
with similar characteristics and purposes, and the amount of both sewage sludge 
disposal and biomass harvesting is more balanced compared to using a longer rota-
tion length.

According to Gabnai [31], the inclusion of sewage sludge compost utilization—
which also results in fertilizer replacement—can reduce the specific cost of wood 
chips by approximately 10–40%. It is worth mentioning that this value depends on 
the transport distance, current fertilizer prices, and the market price of wood chips 
as follows:

• The larger the compost utilization, the price of the substituted fertilizer, and 
the yield surplus, the lesser the unit cost of wood chip.

• The larger the transport distance and the transport cost, the higher the unit 
cost of wood chip.

• In case of higher prices of the wood chip or substituted fossil fuel source, the 
unit cost remains the same, but profit/extra revenue will come in.

In order to ensure the energy self-sufficiency of the wastewater treatment 
plant, as the amount of electricity from biogas can cover about 70–80% of the 
plant’s energy demand [31], this may be a good opportunity to utilize wood 
chips produced on SRC for electricity and heat production purposes. In order to 
achieve full energy self-sufficiency, our calculations were performed on the basis 
of Patel et al. [55] and Uchman [56] in relation to a gasification plant connected 
to a cogeneration power plant, taking into account self-produced wood chips at 
market price.

To determine the required performance of the wood gasifier and the connected 
combined heat and power technology (CHP) equipment, calculations were per-
formed for the following two approaches:

• Construction and operation of a system with the capacity required to achieve 
full electricity self-sufficiency.

• Construction and operation of a system with the capacity required to use the 
total amount of wood chips produced in the areas treated with compost.
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Directive (Directive 2000/60/EC) has a uniform water and aquatic environment 
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Figure 2. 
Sewage sludge disposal from urban wastewater treatment, by treatment method. Source: [54].
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 ○ Gas engine heat generation efficiency: 57%

• Overall system efficiency: 75%

• Electricity self-consumption: 10%

4.1  Construction and operation of a system with the capacity required to 
achieve full electrical self-sufficiency

The 2.053 million kWh of electricity needed for self-sufficiency, assuming 8000 
operating h per year, can be achieved with a system with a capacity of approxi-
mately 260 kWel. In the wood gasification unit, taking into account the parameters 
and efficiency indicated in the study of Uchman [56], this would require 1500 tons 
of wood chips with 0% water content (atrotons) per year. This quantity, calculated 
on the basis of the average yield over the entire lifetime of SRC (as detailed in 
Section 2.1), can be produced on around 120–150 ha of SRC.

When performing system analyses, in addition to the operating parameters, it 
is important to take into account that, in the initial period, wood chips should be 
acquired from an external source, as long as the heating energy demand can be 
covered with self-produced biomass.

4.2  Construction and operation of a power system in order to use all the wood 
chips produced in compost-treated areas

Alternatively, the required capacity was determined based on the amount 
of wood chips produced in all compost-treated areas. In doing so, we took 
into account the operating parameters of the wood gasification + CHP system, 
assuming a maximum yearly operating time of 8000 operating h, as well as the 
varying amounts of wood chips produced each year. Based on our calculations, 
a nearly 1000 kWel system is capable of using up the amount of biomass boasted 
each year. In our view, sizing based on these considerations can adequately ensure 
continuous operation.

As Fogarassy and Nábrádi [57] pointed out, in addition to the material and 
energy saving objectives, significant emissions can be avoided through the above 
written findings, that is, by eliminating the production and transportation costs 
of natural gas-based nitrogen fertilizers and by the use of replaced fossil fuel 
sources (heat energy and electric energy or propellant) by means of avoiding CO2 
emissions.

4.3 Estimated CO2 emission reductions

Linking wastewater treatment activities to SRC biomass production at the 
system level allows for emission reductions in the following areas:

• Fertilizer savings and associated CO2 emission reduction on the SRC

 ○ Specific CO2 emissions from fertilizer production

i. Production of N-active substance: 3.47 kg CO2/kg active substance [58]

ii. Production of P2O5-active substance: 0.54 kg CO2/kg active substance [58]
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• CO2 emissions of fossil fuels replaced by the use of the biomass produced 
(either through energy self-sufficiency or the sale of surplus energy)

 ○ Electric energy production output: 0.706 kg/kWh [59]

 ○ Heat energy production output: 0.273 kg/kWh [59]

These specific units can be used to estimate the CO2 emission savings if we use 
sewage sludge instead of N- or P-fertilizers as well as if we use renewable electricity 
instead of fossil-based ones. Each of them includes uncertainties. Since there are many 
differential N- and P-fertilizers, with differential N- and P-content and with differen-
tial production technologies, we did not make any calculations for estimating their CO2 
savings. Considering the substituted energy sources, we considered the renewable heat 
instead of natural gas (which is the typical fossil fuel in wastewater treatment plants) 
and renewable electricity instead of the typical electricity mix in Hungary. Taking 
into consideration the abovementioned assumptions, the use of an SRC connected to a 
wastewater treatment plant with 250,000 population equivalents using cogeneration 
technology, the following amount of yearly CO2 savings can be estimated:

1. Construction and operation of a system with the capacity required to achieve 
full electricity self-sufficiency

• 1450 t of CO2 connected to eliciting of electricity

• 380 t of CO2, if the surplus heat energy can be utilized

2. Construction and operation of a power system for the use of the total amount 
of wood chips produced in the areas treated with compost

• 5650 t of CO2 connected to the electricity savings

• 1490 t of CO2 connected to the heat energy savings

The achievable environmental impacts are also significantly influenced by the 
country’s energy mix and the specific CO2 emissions of the energy sources used to 
ensure the operation of the system.

5. International examples

Irrigation with wastewater dates back thousands of years and can be traced 
back to water scarcity and the need to utilize the valuable nutrients it contains. As 
technological efficiency improves, so does the rate and quality of treatment, which 
creates even more favorable conditions for wastewater irrigation, reducing environ-
mental and social risks. Examples are known for the disposal of both wastewater 
and sewage sludge as well as for the implementation of nutrient replenishment in 
field crop production, in the different horticultural sectors and forestry as well as 
in biomass production for energy purposes. According to Zhang and Shen [60], 
while complying with relevant regulations, the rate of direct recycling of treated 
wastewater increases by approximately 10–29% every year in the EU, the United 
States, and China, while in Australia it is 41%. The situation is significantly worse in 
developing and lagging countries.
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Although in many parts of the world, the disposal of wastewater or sewage 
sludge on arable crops is only minimally or not at all restricted, it may be favorable 
to apply it in long-rotation forests or SRC in order to avoid social risks.

In the next section, examples of use of wastewater, sewage sludge, and sewage 
sludge compost in forests in different countries are presented.

5.1 Egypt

Due to the dry climate and minimal water resources, 95% of Egypt consists of 
deserts and marginal areas unsuitable for crop production. Accordingly, most of 
the arable land is located in and around the Nile Valley. The River Nile has been 
the main source of water for agriculture and households since ancient times, but 
recycled wastewater has also emerged as another significant source. Due to the 
relatively low nutrient content, high treatment costs, as well as environmental and 
health problems, wastewater appears unsuitable for irrigating food-producing 
areas. At the same time, there is great potential for irrigating high-value industrial 
forests in desert areas. To this end, afforestation projects were started around the 
turn of the millennium based on raw and primarily treated wastewater. In this 
way, it is possible to contribute to the rehabilitation of dry, desert areas using 
wastewater. Successful attempts have been made to implement both short- and 
long-rotation coppices with trees of different species such as Sesbania (Sesbania 
bispinosa), Casuarina (Casuarina equisetifolia), Eucalypt (Eucalyptus regnans), 
Khaya (Khaya anthotheca), and Jatropha (Jatropha curcas). In addition to the 
involvement of land in production, this activity can also be of great importance 
for the implementation of a sustainable supply of feedstock as well as the pro-
duction of industrial or energy wood and other high value-added downstream 
products [61].

5.2 South Africa

As a result of gradual economic development and population growth, the 
amount of wastewater generated is also increasing significantly, especially in 
developing countries and regions. In Durban, fecal sludge from pit latrines was 
buried using deep row entrenchment. Then forest trees were planted over the area, 
leaving about a meter of soil between the sludge and the surface. In the first small 
plot experiments, trees were planted on the buried sludge. As a result of the experi-
ment, the sludge also had a beneficial effect on the growth and health of the trees. 
In addition, monitoring in the area showed that 3–4 years later the groundwater was 
not polluted and pathogenic organisms were not present either. As a result of this 
research, it can be concluded that, although there is a risk of soil contamination, 
the above example can be mentioned as a promising, simple, cost-effective, and 
safe sludge management option with controlled application, which also results in 
significant fertilizer replacement [62].

5.3 Estonia and Latvia

In both countries, sewage sludge from wastewater treatment plants and sewage 
sludge compost were delivered to SRC established with willow species. In addition 
to increasing biomass yields, the goal was to properly dispose of sewage sludge 
and replenish soil nutrients. In addition to complying with environmental and soil 
protection regulations, a significant increase in biomass yield was observed in each 
experiment, starting from the second harvest [63, 64].
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5.4 Sweden

An example of the use of treated wastewater and sewage sludge in an SRC is 
Enköping (Sweden), where a phytoremediation-bioenergy project involves the 
application of 200,000 m3 treated wastewater and sludge on a 75-ha SRC willow 
(Salix sp.) plantation. As a result, by utilizing the N and P content of wastewater, 
fertilizer costs can be significantly reduced and an increase in biomass yield of more 
than 50% can be observed.

An excellent example of the link between circular economy and wastewater 
management is the Swedish Hammarby Sjöstad project (Stockholm), which 
implemented an integrated closed wastewater energy system based on municipal 
wastewater. Until 1998, the site was an industrial area where significant amounts 
of oil, heavy metals, and other contaminants had accumulated earlier. Accordingly, 
the development of the area had to begin with purification. The aim of the design-
ers was to reduce the environmental impact by half by environmentally conscious 
and modern planning of land use, public transport, construction, energy, as well as 
water and waste management, and by maximizing circular processes, thus moving 
toward environmental and economic sustainability [65].

5.5 Poland

Fijałkowska et al. [66] carried out a field experiment with three willow (Salix 
viminalis) clones, applying compost from the municipal sewage sludge, where dif-
ferent treatments with fertilizer were used in order to assess the remaining amounts 
of alkaline elements and heavy metals in the soil up to 90 cm of depth. The compost 
from the municipal sewage sludge proved to be a useful amendment in the produc-
tion of willow biomass due to a considerable content of biogenous substances and 
alkaline metals, together with a low content of heavy metals, as well as little odorous 
noxiousness for the environment.

5.6 China

China produces an enormous amount (more than 30 million t) of municipal sew-
age sludge annually, with a yearly increase of 10% [67], thus sewage sludge disposal 
has become a significant challenge in China as well. Chu et al. [68] applied sewage 
sludge compost as a fertilizer and conducted an experiment to investigate the effects 
of compost on Mangifera persiciforma growth and quantified its uptake of heavy 
metals. As a conclusion, consistent with other studies (with species such as Larix 
decidua [69] and Pinus radiata [70]) focusing on sewage sludge compost’s effect on 
different species, Chu et al.’s experiment clearly indicated that the application of 
sludge compost is an effective way for improvement of M. persiciforma growth. As a 
result, plant height, ground diameter, and biomass yield have significantly increased 
by the application of sludge compost. Their findings suggest that sewage sludge 
compost at reasonably low application rates can promote the growth of the land-
scape tree with minimal risk of contaminating landscaping soil with heavy metals 
[68]. It can be added that health risks can be minimized if the material generated at 
the sewage plant is disposed on the areas planted with only forestry tree species.

6. Conclusion

Wastewater and sewage sludge, as energy- and nutrient-rich materials, can 
contribute to increasing the yield of woody biomass (forests, SRCs). This woody 
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biomass is suitable for the environmentally sound disposal of sewage sludge or 
treated wastewater, and it can contribute to increasing the energy self-subsistence 
of the wastewater plant or even extra energy generation.

The utilization of sewage sludge for nutrient management is a serious problem to 
be solved, especially in the case of industrial wastewater. In contrast to arable land 
used for food crops, high levels of inorganic matter and, in some cases, relatively 
high levels of heavy metals do not pose a food safety threat in the case of forest 
biomass.

Using large amounts of wastewater, sewage sludge, or sludge compost—complying 
with environmental regulations of the specific area or region—may result in higher 
yields, so one can minimize the necessary SRC area to produce enough heat or electric-
ity for sewage plants’ energy self-sufficiency. In this way, it is possible to combine two 
advantages: on the one hand, the tree reduces the harmful heavy metal content of soil, 
and on the other hand, the produced biomass becomes usable for energy purposes, 
improving the economic characteristics of the wastewater treatment activity. Due to 
the aspects of the operation and sludge production of the wastewater treatment plant, 
it is advisable to perform the harvesting earlier, which, in our opinion, may justify 
harvesting after 2 years, especially in the case of intensive management.

Based on our case study, approximately 826 ha of SRC (with a 2-year rotation) 
are required for the disposal of sewage sludge generated by a 250,000 population 
equivalent wastewater treatment plant. Considering the wastewater treatment 
plant’s electricity self-sufficiency, 120–150 ha of short-rotation coppice would be 
well enough. This complex system can avoid the emissions of 5650 t of CO2 via 
electricity generation and another 1490 t of CO2 through utilization of waste heat.

It should be highlighted that the achievable environmental impacts are also sig-
nificantly influenced by the country’s energy mix and by the specific CO2 emissions 
of the energy sources used to ensure the operation of the system.

It can be concluded that the bottleneck of this two-sided sizing technique is the 
waste disposal. Thus, there is a need for much higher SRC area compared to the area 
demand of electricity self-sufficiency in the WWTP. Joint design of WWTP and 
SRC may be a potential reserve in economic and environmental operation.
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electricity generation and another 1490 t of CO2 through utilization of waste heat.
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nificantly influenced by the country’s energy mix and by the specific CO2 emissions 
of the energy sources used to ensure the operation of the system.

It can be concluded that the bottleneck of this two-sided sizing technique is the 
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