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Preface

This book is dedicated to the reuse of waste and residues from the agricultural sector. Plant
residues, as well as animal manure and residues from animal breeding, contain useful ele‐
ments that can be processed for production of fertilizers, compost for soil recultivation and
biofuels. The emerging energy and resources crisis calls for development of sustainable use
of resources, namely reuse of waste and residues. The reuse of waste is an important part of
the cycle or green economy, which is the subject of present development. This book contains
eight chapters and is divided into four sections. The first section contains the introductory
chapter from the editor. The second section is related to the preparation of fertilizers and
compost for soil amelioration from agricultural residues and waste water. The third section
considers the use of agricultural waste for biofuels ‑ solid and biogas. The fourth section
contains chapters discussing sustainability and risk assessment related to the use of agricul‐
tural waste and residues. Some of the chapters are with high scientific value and hence are
oriented to more narrow auditory; some are popular and can be applied for dissemination
of useful practices.

With the publication of this book, the editor (as well as the authors) hopes to increase the inter‐
est and information about the development of recycle economy especially in the rural regions.

Anna Aladjadjiyan
National Biomass Association (BGBiom)

Plovdiv, Bulgaria
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1. Introduction

The intensive development of industrial technologies in the last century led to considerable
exhaustion of natural resources. The growing human population needs more and more food
and energy and creates higher and deeper pollution of the environment. Without taking
measures for prevention of these harmful tendencies, the planet soon would face an ecological
catastrophe. To avoid the problem, politicians and scientists from all over the world are
looking for different solutions. Considerable importance has the reuse of waste and residues
because it offers new resources of raw materials and decreasing of pollution. Most attractive
possibilities at the moment represent the processing of waste and residues for bioenergy, and
for soil additives and bio-fertilizers as well.

The reuse of waste and residues from the agricultural sector is an actual task in our time. Plant
residues and animal residues (manure and bedding) contain useful elements and can be
processed for production of bio-fertilizers, compost for soil re-cultivation and biofuels.

Unfortunately, six authors of the chapters included in this book represent non-European
societies. Only one chapter is authored by representatives of EU countries. This fact creates
the impression for less interest to the reuse of waste and residues in the EU countries. Our
experience in this field shows the opposite.

2. Use of agricultural waste and residues as a source for biofuels
production

In recent years, Bulgarian National Biomass Association took part in different projects, related
to the reuse of agricultural waste and residues. In the frames of the project Improved Nutrient
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and Energy Management through Anaerobic Digestion (INEMAD), new flows of energy and
materials within the agricultural sector (or linked to the agricultural sector) have been ana-
lyzed for creating opportunities for rethinking the relation between crop and livestock produc-
tion. The possibilities for biogas production from animal manure and plant residues in partner
countries have been studied [1, 2]. Composting of waste residues and using the compost for
soil re-cultivation [3] have been explored as well. A comparison of nutrient content in
composted solid residues from anaerobic digestion and bio-fertilizers has been performed [4].
The economic efficiency of different installations for bioenergy production and composting has
been compared, too [5].

The new EU programme H2020 also gives possibilities for developing bioenergy investiga-
tions. The project B4B (Bioenergy for Business “Uptake of Solid Bioenergy in European Com-
mercial Sectors”, Horizon 2020, Coordination and Support Action [6]) explores the possibilities
to increase the usage of bioenergy. This task should be realized through a fuel-switch from
coal, oil or natural gas, used in “in-house” boilers in commercial sectors for heat purposes or in
district heating, to solid biomass sources—wood pellets and chips.

The project BioRES (Sustainable Regional Supply Chains for Woody Bioenergy, Horizon 2020
[7]) aimed to increase the local production and consumption of wood biomass via the devel-
opment of Biomass Logistics and Trade Centres (BLTCs). The project gave a thorough and

Agricultural Waste and Residues4

useful insight into all important aspects of the BLTC concept—from the wood logging process
to the delivery of quality solid biofuels to the end users, through presentation of practical
guidance and best practices from European technology leaders.

As a result of both projects, B4B and BioRES, the interest to wood pellet production from wood
and plant residues and its use for heating in Bulgaria raised. The use of pellets for heating is
expected to decrease air pollution.

3. Agricultural waste and residues as a source for BioBased products

The last project, ENABLING (Enhance New Approaches in BioBased Local Innovation Net-
works for Growth [8]) is related to cycle economy. It intends to respond to the need, felt by
practitioners across Europe, of improving and systematizing collaboration among the differ-
ent stakeholders, and in particular between the source of biomass streams, and the proce-
ssing and transformation industry, or Bio-Based Industry (BBI). The main goal of the project
is to support the spreading of best practices and innovation in the provision, production, and
pre-processing of biomass for the BBI. In particular, ENABLING aims at creating appropri-
ate conditions for the development of efficient biomass to Bio-Based Products and Processes
(BBPs) value chains. The agricultural waste and residues are considered as important source
of biomass for BBPs as well.

4. Conclusion

Development of technologies for reuse of agricultural waste and residues makes significant
contribution to sustainable society by decreasing the depletion of natural resources and the
pollution of the planet. Additionally, in social aspect it creates new jobs and provides cleaner
living environment.

Author details

Anna Aladjadjiyan

Address all correspondence to: anna.garo@gmail.com

National Biomass Association (BGBiom), Plovdiv, Bulgaria

Introductory Chapter: Agricultural Waste as a Source of Raw Materials
http://dx.doi.org/10.5772/intechopen.79621

5



and Energy Management through Anaerobic Digestion (INEMAD), new flows of energy and
materials within the agricultural sector (or linked to the agricultural sector) have been ana-
lyzed for creating opportunities for rethinking the relation between crop and livestock produc-
tion. The possibilities for biogas production from animal manure and plant residues in partner
countries have been studied [1, 2]. Composting of waste residues and using the compost for
soil re-cultivation [3] have been explored as well. A comparison of nutrient content in
composted solid residues from anaerobic digestion and bio-fertilizers has been performed [4].
The economic efficiency of different installations for bioenergy production and composting has
been compared, too [5].

The new EU programme H2020 also gives possibilities for developing bioenergy investiga-
tions. The project B4B (Bioenergy for Business “Uptake of Solid Bioenergy in European Com-
mercial Sectors”, Horizon 2020, Coordination and Support Action [6]) explores the possibilities
to increase the usage of bioenergy. This task should be realized through a fuel-switch from
coal, oil or natural gas, used in “in-house” boilers in commercial sectors for heat purposes or in
district heating, to solid biomass sources—wood pellets and chips.

The project BioRES (Sustainable Regional Supply Chains for Woody Bioenergy, Horizon 2020
[7]) aimed to increase the local production and consumption of wood biomass via the devel-
opment of Biomass Logistics and Trade Centres (BLTCs). The project gave a thorough and

Agricultural Waste and Residues4

useful insight into all important aspects of the BLTC concept—from the wood logging process
to the delivery of quality solid biofuels to the end users, through presentation of practical
guidance and best practices from European technology leaders.

As a result of both projects, B4B and BioRES, the interest to wood pellet production from wood
and plant residues and its use for heating in Bulgaria raised. The use of pellets for heating is
expected to decrease air pollution.

3. Agricultural waste and residues as a source for BioBased products

The last project, ENABLING (Enhance New Approaches in BioBased Local Innovation Net-
works for Growth [8]) is related to cycle economy. It intends to respond to the need, felt by
practitioners across Europe, of improving and systematizing collaboration among the differ-
ent stakeholders, and in particular between the source of biomass streams, and the proce-
ssing and transformation industry, or Bio-Based Industry (BBI). The main goal of the project
is to support the spreading of best practices and innovation in the provision, production, and
pre-processing of biomass for the BBI. In particular, ENABLING aims at creating appropri-
ate conditions for the development of efficient biomass to Bio-Based Products and Processes
(BBPs) value chains. The agricultural waste and residues are considered as important source
of biomass for BBPs as well.

4. Conclusion

Development of technologies for reuse of agricultural waste and residues makes significant
contribution to sustainable society by decreasing the depletion of natural resources and the
pollution of the planet. Additionally, in social aspect it creates new jobs and provides cleaner
living environment.

Author details

Anna Aladjadjiyan

Address all correspondence to: anna.garo@gmail.com

National Biomass Association (BGBiom), Plovdiv, Bulgaria

Introductory Chapter: Agricultural Waste as a Source of Raw Materials
http://dx.doi.org/10.5772/intechopen.79621

5



References

[1] Zahariev A, Penkov D, Aladjadjiyan A. Biogas from animal manure—Perspectives and
barriers in Bulgaria. Annual Research & Review in Biology. 2014;4(5):709-719

[2] Aladjadjiyan A, Kakanakov N, Zahariev A. Improvement of agricultural waste and resi-
dues use through biogas production. Forestry Ideas. 2014;20(2):151-155

[3] ZaharievA,Kostadinova S,AladjadjiyanA.Compostingmunicipalwaste for soil recultivation
in Bulgaria. International Journal of Plant & Soil Science. 2014;3(2):178-185

[4] Aladjadjiyan A, Penkov D, Verspecht A, Zahariev A, Kakanakov N. Biobased fertilizers—
Comparison of nutrient content of digestate/compost. Journal of Agriculture and Ecology
Research International. 2016;8(1):1-7

[5] Atanasov D, Aladjadjiyan A, Penkov D. Economic efficiency comparison of different instal-
lations for bio-energy and compost production. BAOJ Nutrition. 2017;3(3):045

[6] www.bioenergy4business.eu/

[7] http://bioresproject.eu/

[8] www.enabling-project.com

Agricultural Waste and Residues6

Section 2

Fertilisers from Agricultural Waste



References

[1] Zahariev A, Penkov D, Aladjadjiyan A. Biogas from animal manure—Perspectives and
barriers in Bulgaria. Annual Research & Review in Biology. 2014;4(5):709-719

[2] Aladjadjiyan A, Kakanakov N, Zahariev A. Improvement of agricultural waste and resi-
dues use through biogas production. Forestry Ideas. 2014;20(2):151-155

[3] ZaharievA,Kostadinova S,AladjadjiyanA.Compostingmunicipalwaste for soil recultivation
in Bulgaria. International Journal of Plant & Soil Science. 2014;3(2):178-185

[4] Aladjadjiyan A, Penkov D, Verspecht A, Zahariev A, Kakanakov N. Biobased fertilizers—
Comparison of nutrient content of digestate/compost. Journal of Agriculture and Ecology
Research International. 2016;8(1):1-7

[5] Atanasov D, Aladjadjiyan A, Penkov D. Economic efficiency comparison of different instal-
lations for bio-energy and compost production. BAOJ Nutrition. 2017;3(3):045

[6] www.bioenergy4business.eu/

[7] http://bioresproject.eu/

[8] www.enabling-project.com

Agricultural Waste and Residues6

Section 2

Fertilisers from Agricultural Waste



Chapter 2

Physical Properties of Soils Affected by the Use of
Agricultural Waste

María Belén Almendro-Candel,
Ignacio Gómez Lucas, Jose Navarro-Pedreño and
Antonis A. Zorpas

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.77993

Provisional chapter

Physical Properties of Soils Affected by the Use of
Agricultural Waste

María Belén Almendro-Candel,
Ignacio Gómez Lucas, Jose Navarro-Pedreño and
Antonis A. Zorpas

Additional information is available at the end of the chapter

Abstract

This chapter provided an overview of the physical properties of soils and their importance
on the mobility of water and nutrients and the development of a vegetation cover. It also
gives some examples of why the use of agricultural residues can affect positively soil
physical properties. The incorporation of agricultural wastes can be a sustainable practice
to improve soil characteristics, favoring a model of zero waste in agricultural production
and allowing better management of soils. We review and analyze the effect of the use as
amendments of different agricultural residues, on physical properties of the soil (e.g., bulk
density, porosity, and saturated hydraulic conductivity), especially related to the move-
ment of water in the soil.

Keywords: saturated hydraulic conductivity, bulk density, porosity, agricultural wastes

1. Introduction

The major environmental problems all over the world are the production and accumulation of
wastes. Many considerations should be taken into account but, especially, those from the
targets given by the European Union (EU). These problems related to wastes, together with
the exhaustion of many resources, direct the European Union (EU) toward a strategy of zero
waste through the circular economy. The transition to a more circular economy, where the
value of products, materials, and resources is maintained in the economy for as long as
possible, and the generation of waste minimized is an essential contribution to the EU’s efforts
to develop a sustainable, low-carbon, resource-efficient, and competitive economy [1].
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In the EU plan action for the circular economy, we can find targeted actions for various types of
waste. Agricultural wastes can be reflected in two aspects of this plan: recycling of nutrients
and biomaterials.

Recycled nutrients are a distinct and important category of secondary raw materials, for which
the development of quality standards is necessary. They are present in organic waste and can
be returned to soils as fertilizers. Their sustainable use in agriculture reduces the need for
mineral-based fertilizers, the production of which has negative environmental impacts, and
depends on imports, e.g., phosphate rock, a limited resource [1].

Bio-based materials, e.g., those based on biological resources (such as wood, crops, or fibers), can
be used for a wide range of products (construction, furniture, paper, food, textile, chemicals, etc.)
and energy uses (e.g., biofuels). The bioeconomy hence provides alternatives to fossil-based
products and energy and can contribute to the circular economy. Bio-based materials can also
present advantages linked to their renewability, biodegradability, or compostability. On the other
hand, using biological resources requires attention to their life cycle environmental impacts and
sustainable sourcing. The multiple possibilities for their use can also generate competition for
them and create pressure on land use [1].

Agriculture is one of the major activities that produces wastes and consumes space, the
agricultural soils. It is important to find a synergy between this activity and the soil. In this
sense and following the considerations of the EU, crop residues are an important source of
plant nutrients and organic matter [2]. Reuse of organic materials is desirable in order to
reduce waste streams and to take advantage of the soil benefits associated with added organic
matter and associated plant nutrients [3].

Nowadays, it is well known that the application to the soil of organic amendments derived
from urban, agricultural, industrial, or municipal activity has several agronomic and environ-
mental effects [4]. This addition can be a good strategy to maintain or even increase the levels
of organic carbon in the soil [5]; to improve physical properties such as stability of aggregates
and soil porosity [6–8]; to incorporate nutrients such as N, P, and K, thus avoiding the high
fossil energy costs and therefore the impact on global warming due to the production and the
use of synthetic fertilizers [9]; and to help cushion climate change through the sequestration of
atmospheric CO2 by the organic compounds of the soil [10].

Considering the physical properties and the soil organic carbon (SOC), organic matter amend-
ments can increase water holding capacity, soil porosity, water infiltration, and percolation
while decreasing soil crusting and bulk density [11–13]. One of the main measurable effects of
the repeated application in the soil of organic wastes is the increase of soil porosity and,
therefore, the decrease in the bulk density of the soil [8, 14]. It is also expected to be beneficial
for the work of tilling the soil, thus reducing the draft force and, consequently, a possible
decrease in tractor fuel [15]. The energy saved due to the lower resistance that the soil offers
when being worked if we apply waste is being ignored from the waste treatments that imply
the application to the soil of this in the environmental evaluations. However, reducing green-
house gas emissions can be important [15].
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This chapter pays attention to the physical properties of the soil due to their importance in
plant growth and soil stability and the possibilities associated to the use of agricultural wastes.
Moreover, it is centered in applying the circular economy concept and zero waste in agricul-
tural systems that can be able to reuse their own wastes.

Agricultural wastes can be used as a source of organic matter and nutrients for soils and
influence the physical properties of soils. They can also be easily applied as mulching, provid-
ing numerous advantages [16]. So, this chapter gives an overview of the positive effects of
recycling vegetable wastes and soil physical properties.

2. Importance of the physical properties of the soil

The physical properties of the soil are very important for agricultural production and the
sustainable use of soil. The amount and rate of water, oxygen, and nutrient absorption by
plants depend on the ability of the roots to absorb the soil solution as well as the ability of the
soil to supply it to the roots. Some soil properties, such as low hydraulic conductivity, can limit
the free supply of water and oxygen to the roots and affect negatively to the agricultural yield.

2.1. Soil structure

Soil structure is one of the most important soil’s physical factors controlling or modulating the flow
and retention of water, solutes, gases, and biota in agricultural and natural ecosystems [17, 18]. Soil
structure is very important in soil productivity and is a limiting factor of crop yield [19, 20]. Soil
structure controls many processes in soils. It regulates water retention and infiltration, gaseous
exchanges, soil organic matter (SOM) and nutrient dynamics, root penetration, and susceptibility
to erosion [21]. For these reasons, soil structure stands out among the physical properties of the
soil, since it exerts an important influence on the edaphic conditions and the environment.

The term “structure” of a granular medium refers to the spatial arrangement of solid particles
(texture) and void spaces. Most soils tend to exhibit a hierarchical structure. That is, primary
mineral particles, usually in association with organic materials, form small clusters or “first-
order aggregates.” These form larger clusters or “second-order aggregates” [22]. Aggregate
hierarchy in soils is reflected in increasing aggregate size with each successive level. However,
the term “structure” in soil cience generally carries a connotation of bonding mechanisms in
addition to geometrical configuration of particles [22]. Organic matter acts as a cement that can
help the formation of aggregates and, therefore, the soil structure.

Without hierarchical structure, medium- and fine-textured soils such as loams and clays would
be nearly impermeable to fluids and gases [22]. Moreover, the soil organic carbon has a greater
effect on aggregation especially in coarse-textured soils [23]. Thus, structure plays a crucial role
in the transport of water, gases, and solutes in the environment and in transforming soil into a
suitable growth medium for plants and other biological organisms [22].
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Aggregation is an indicator of soil structure and results from the rearrangement of particles,
flocculation, and cementation [24–26]. Organic matter has been clearly identified as one of the
key components of soil structural stability. However, in agricultural soils, it is progressively
being depleted by intensive cultivation, without adequate yield of plant biomass. The loss of
soil structure is increasingly seen as a form of soil degradation [27] and is related to the
activities that are carried out in the soil and by the crop. Maintenance of optimum soil physical
conditions is important for sustaining plant growth and other living organisms in soils. Poor
soil structure results in poor water and aeration conditions that restrict root growth, thus
limiting efficient utilization of nutrients and water by plants [28]. Soil structure also determines
the depth that roots can penetrate into the soil [29].

2.2. Aggregate stability

Soils with high organic matter content tend to have larger, stronger, and more stable aggre-
gates that resist compaction, whereas the opposite is true for soils with less organic matter. An
improvement in soil aggregate stability has several consequences for an agroecosystem,
including reduced risk of soil compaction and erosion [30]. The quality of soil structure greatly
depends on the soil organic carbon (SOC) content [31], especially on the fraction of labile SOC
(also called the “particulate organic matter” because of this fraction cycles relatively quickly in
the soil). Labile organic matter also plays an important role in maintaining soil structure and
providing soil nutrients [32].

Aggregate stability is a keystone factor in questions of soil physical fertility and can be enhanced
by means of an appropriate management of organic amendments, which can maintain an
appropriate soil structure. This agronomic procedure could improve pore space suitable for gas
exchange, water retention, root growth, and microbial activity [9]. Aggregate stability at the soil
surface is affectedmainly by exposure to rainfall (drop impact and runoff). A bare soil (e.g., a soil
from which crop residues have been exported or incorporated into the soil by plowing) is in
direct contact with raindrops, which facilitates a breakdown of soil aggregates, increasing soil
erodibility. Aggregate degradation can lead to surface sealing and crust formation, which
reduces the water infiltration rate and increases the risk of soil erosion and the loss of valuable
topsoil [33]. High silt content, together with low organic matter content, results in soils that are
more prone to aggregate breakdown and surface crusting [29, 34]. Organic matter applied on the
topsoil protects to the erosion and favors the aggregation of mineral particles.

2.3. Soil compaction

Soil compaction is a form of physical degradation in which soil biological activity and soil
productivity for agricultural and forest cropping are reduced, resulting in environmental
consequences. Compaction is a process of densification and distortion in which total and air-
filled porosity and permeability are reduced, strength is increased, soil structure are partly
destroyed, and many changes are induced in the soil fabric and in various characteristics [35].

Generally, four indicators quantify soil compaction: total porosity, pore size distribution, bulk
density, and penetration resistance. Given that root growth is impeded by soil compaction,
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these indicators are probably negatively correlated with root growth and rooting depth [29].
Even more, these properties are closely related to water movement, water availability for
plants, and soil gas exchange.

2.4. Porosity

Porosity is a main indicator of soil structural quality. Therefore, its characterization is essential
for assessing the impact of adding organic matter to a soil system. Reduced porosity results
from the loss of larger pores and the increase of finer pores [36].

A soil’s porosity and pore size distribution characterize the pore space of the portion of the
soil’s volume that is not occupied by solid material. The basic character of the pore space
governs critical aspects of almost everything that occurs in the soil: the movement of water,
air, and other fluids; the transport and the reaction of chemicals; and the residence of roots and
other biotas. By convention, the definition of pore space excludes fluid pockets that are totally
enclosed within solid material. Thus, porous space is considered a single and a continuous
space within the body of soil. In general, it has fluid pathways that are tortuous, variably
constricted, and usually highly connected among themselves [37].

The relationship between the storage capacity and the movement of water in soils with
porosity is evident and fundamental. However, not only the total number of pores defines the
water behavior of the soil but also and in many cases predominantly the shape, size, and
distribution of the pores. From the agronomic point of view, the size distribution not only
affects the amount of water that can hold the soil but also regulates the energy with which it is
retained, the movement toward the plant, toward the atmosphere, and toward other zones of
soil.

The use of agricultural wastes as soil amendments facilitates the maintenance of the porosity in
two forms: directly, if the agricultural wastes are ligneous matters with high resistance to
biodegradation and, indirectly, after the transformation of the initial organic matter into humic
substances and forming aggregates and enhancing the soil structure.

2.5. Bulk density

One of the most prominent indicators of soil structure is soil bulk density (dry bulk density
(BD)), its determination does not require any specific expertise or expensive equipment, and it
is based on sampling undisturbed soil. Bulk density (BD) is calculated as the ratio of the dry
mass of solids to soil volume. The values of both bulk and particle density are necessary to
calculate soil porosity [38]. Porosity can then be derived from BD, knowing or approximating
the particle density value [21].

This physical property is dynamic and varies depending on the edaphic structural conditions.
It can also be modified by soil biota, vegetation, and mechanical practices, trampling by
livestock, agricultural machinery, weather and season of the year, etc. [39, 40].

Bulk density is an important indicator of soil quality, productivity, compaction, and porosity.
BD is mainly considered to be useful to estimate soil compaction. Root length density, root
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these indicators are probably negatively correlated with root growth and rooting depth [29].
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other biotas. By convention, the definition of pore space excludes fluid pockets that are totally
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substances and forming aggregates and enhancing the soil structure.
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(BD)), its determination does not require any specific expertise or expensive equipment, and it
is based on sampling undisturbed soil. Bulk density (BD) is calculated as the ratio of the dry
mass of solids to soil volume. The values of both bulk and particle density are necessary to
calculate soil porosity [38]. Porosity can then be derived from BD, knowing or approximating
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diameter, and root mass were observed to decrease after an increase in BD [41]. However, the
interpretation of BD with respect to soil functions depends on soil type, especially soil texture
and soil organic matter (SOM) content [21].

2.6. Hydraulic conductivity

One of the properties most directly related to the structure and movement of water in the soil is
hydraulic conductivity. It is known that water movement in soils occurs both vertically and
horizontally, depending on the humidity conditions. In saturated conditions, which occur
below the groundwater level, the movement is predominantly horizontal and in a lesser
proportion in a vertical direction. In conditions of non-saturation, when the large pores are
filled with air, the flow is preferably vertical. The ability of soil to transmit water depends on
the presence of interlinked pores and their size and geometry [42].

The saturated hydraulic conductivity (Ksat) of soil is a function of soil texture, soil particle
packing, clay content, organic matter content, soil aggregation, bioturbation, shrink-swelling,
and overall soil structure [43–46]. The Ksat is one of the main physical properties that aids in
predicting complex water movement and retention pathways through the soil profile [47, 48],
and it is also widely used as a metric of soil physical quality [49].

2.7. Water holding capacity

Water holding capacity is the ability of a soil to storage water. Thus, the importance of this
storage is that water can be available for plants. Environmental conditions such rain, temper-
ature, and isolation join to the soil properties of soil organic matter, texture, and structure and
determine the capacity of a soil to retain water.

In rainfed agriculture of arid and semiarid environments, the capacity of the soil to store water
plays an important role in the success of crops. Infiltration and evaporation are the most
important processes that determine the storage of water in the soil. Surface conditions play an
important role in determining the infiltration and evaporation rates of water in the soil. Tillage
is the most effective way to modify the characteristics of the soil surface due to its effect on the
porous space (shape, volume, and continuity of the pores).

The roughness of the soil surface is another property of the soil that influences the balance of
water, since it increases the storage capacity in soil depressions [50, 51]. In agricultural soils, the
roughness of the surface is influenced by tillage, vegetation, soil type, and rainfall intensity [51].

The use of waste as surface cover has been shown to be effective in reducing the evaporation of
water from bare soil, which translates into a greater potential availability of water for plants [16].
This reduction is due to the isolation of the soil from the sun’s rays and the temperature of the air
and the increase in the resistance to the flow of water vapor by reducing the wind speed [52, 53].

However, it is also necessary to determine the influence on the movement of water in the soil
profile. In the arable layer, it is determinant for the proper functioning of agricultural soils.
Therefore, the determination of hydraulic conductivity becomes very relevant information to
predict the proper behavior of water against infiltration and storage capacity or loss by the soil.
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3. The use of agricultural wastes in soils

Agricultural residues used as soil amendments or fertilizers may represent an excellent
recycling strategy [54]. They are important to improve soil physical (e.g., structure, infiltration
rate, plant available water capacity), chemical (e.g., nutrient cycling, cation exchange capacity,
soil reaction), and biological (e.g., SOC sequestration, microbial biomass C, activity, and spe-
cies diversity of soil biota) properties as organic soil conditioners [55–58]. Cultivating crops
that produce substantial amounts of residues can increase SOC in the soil profile, depending
on the tillage practices used [29]. Incorporated residue can beneficially influence soil chemical
and physical properties, especially in non-flooded soils [57].

Organic residues can contribute to the development of soil structure with a binding agent in
the formation of aggregates. The application of organic wastes to soils reduces bulk density;
increases total pore space, mineralization, available nutrient elements, and electrical conduc-
tivity of soils; and increase microbial activity [26, 59, 60].

Crop residue application offers several environmental and ecological benefits for the soil-
water-plant system, including improved soil structural quality, which ensures optimum soil
functions. Generally, the incorporation of crop residues increases soil porosity (especially the
large pores) and reduces soil bulk density, regardless of tillage operations. Large pores are
particularly favored because organic matter is much less dense than mineral particles. The
application rate can affect the extent of compaction. The effect of crop residues in a given
tillage practice also depends on soil type and depth. When they are mechanically incorporated,
crop residues can reduce the bulk density at depth. Conservation tillage with the incorporation
of crop residues increases SOC content near the soil surface, whereas in conventional tillage,
soil C is distributed throughout the plowed area. Soils with higher organic matter content tend
to have higher aggregate stability and therefore less risk of compaction and soil erosion [29].

With regard to soil hydraulic properties, the presence of crop residues on the soil surface tends
to increase hydraulic conductivity at the surface, whereas tillage affects soil hydraulic proper-
ties both at the soil surface and below it because of the destabilization of soil aggregates [61].
The influence of residue management on crop production is complex and variable and results
from direct and indirect effects and interactions. A direct effect is, for example, the presence of
residues on the soil surface, which constitutes a direct obstacle to crop emergence. Indirect
effects include residue mineralization, which leads to more nutrients available for the plants or
the presence of organic matter from residues modifying the soil structure and therefore mod-
ifying the root system development [29].

Incorporation of vegetable crop residues affects soil quality not only in terms of nutrient supply
but also by influencing soil food web organisms and improving soil physicochemical properties,
resulting in a better environment for crop growth and improved productivity [62–69]. The
application of organic residues on carbon and nitrogen mineralization and biochemical properties
in an agricultural soil led to a significant increase in soil microbial biomass size and activity [54].

Poppy waste, a suitable seed-free, inexpensive source of non-animal-based organic carbon,
was used to evaluate its effect on soil organic carbon content and production of Bocane spinach
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diameter, and root mass were observed to decrease after an increase in BD [41]. However, the
interpretation of BD with respect to soil functions depends on soil type, especially soil texture
and soil organic matter (SOM) content [21].

2.6. Hydraulic conductivity

One of the properties most directly related to the structure and movement of water in the soil is
hydraulic conductivity. It is known that water movement in soils occurs both vertically and
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and overall soil structure [43–46]. The Ksat is one of the main physical properties that aids in
predicting complex water movement and retention pathways through the soil profile [47, 48],
and it is also widely used as a metric of soil physical quality [49].
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Water holding capacity is the ability of a soil to storage water. Thus, the importance of this
storage is that water can be available for plants. Environmental conditions such rain, temper-
ature, and isolation join to the soil properties of soil organic matter, texture, and structure and
determine the capacity of a soil to retain water.

In rainfed agriculture of arid and semiarid environments, the capacity of the soil to store water
plays an important role in the success of crops. Infiltration and evaporation are the most
important processes that determine the storage of water in the soil. Surface conditions play an
important role in determining the infiltration and evaporation rates of water in the soil. Tillage
is the most effective way to modify the characteristics of the soil surface due to its effect on the
porous space (shape, volume, and continuity of the pores).

The roughness of the soil surface is another property of the soil that influences the balance of
water, since it increases the storage capacity in soil depressions [50, 51]. In agricultural soils, the
roughness of the surface is influenced by tillage, vegetation, soil type, and rainfall intensity [51].

The use of waste as surface cover has been shown to be effective in reducing the evaporation of
water from bare soil, which translates into a greater potential availability of water for plants [16].
This reduction is due to the isolation of the soil from the sun’s rays and the temperature of the air
and the increase in the resistance to the flow of water vapor by reducing the wind speed [52, 53].

However, it is also necessary to determine the influence on the movement of water in the soil
profile. In the arable layer, it is determinant for the proper functioning of agricultural soils.
Therefore, the determination of hydraulic conductivity becomes very relevant information to
predict the proper behavior of water against infiltration and storage capacity or loss by the soil.
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the formation of aggregates. The application of organic wastes to soils reduces bulk density;
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(Spinacia oleracea) [70]. Application of poppy waste at 200 m3/ha increased soil organic carbon
content, soil pH, and soil salinity.

Wheat stalk, cotton stalk, millet stalk, and soybean stalk were used as the main material, and
oven-dried lentil straw was used as an additive material in 100:10, 100:15, and 100:20 w:w
ratios for 100 g of main material (70% moisture content) to cultivate Pleurotus ostreatus and try
to improve the total harvest amount [71].

3.1. Composted agricultural wastes

Agricultural wastes can be composted before their application to soil. The composting process,
with other residues or alone, facilitates the transformation into a stable organic matter, more
complex and more resistant to the biodegradation. However, the control of the process should
be undertaken in order to obtain a mature compost [72]. Green tea waste and rice bran were
composted, while various parameters such as compost pile temperature, pH, electrical con-
ductivity, nitrate content, and carbon to nitrogen ratio were measured regularly. There was no
further change in the state of the compost pile after 90 days indicating that it could be used for
agricultural applications [73]. The possible bioconversion of wet olive cake by low-cost
biostabilization (vermicomposting process) has been evaluated [74]. Wet olive cake fresh
(WOC), pre-composted (WOCP), or mixed with biosolids (WOCB) were vermicomposted for
6 months to obtain organic amendments for agricultural and remediation purposes.

The application of composted organic amendments derived from different crop residues, gener-
ally, has a positive impact on the physical, chemical, and biological properties of soils [75].

Crop residues are composed of lignin, cellulose, hemicellulose, micro-, and macronutrients.
The degradation of these residues varies depending not only on their lignin and cellulose
content and their C/N ratio, which is crop dependent, but also on the environment and soil
conditions. Residues with a high C/N level (e.g., wheat straw) decompose slowly, sometimes
resulting in the immobilization of soil N. This can be positive in no-tillage systems, creating a
mulch that protects the soil from erosion and evaporation, but it also means that there are
fewer nutrients available for the next crop. Residues with a low C/N level mineralize quickly,
releasing more N and nutrients for the next crop. Only specialized fungi and some microor-
ganisms can degrade lignin. Residues with high lignin content will take longer to decompose
than those with low lignin content [29, 76].

4. Examples of the use of agricultural wastes and the effects on some
physical properties

The physical properties of soils condition their quality and, in particular, the porosity which
affects different processes related to the transformations of organic matter, gas exchange, the
growth of plant roots, and movement of water in the soil, as before it was indicated.

Agricultural Waste and Residues16

Soil porosity is the property that, due to the effect of compaction, is being altered largely in the
European Union (and developing countries), together with the loss of organic matter from
soils [77], and, for this reason, our management of the soils should allow maintaining this
property at adequate levels.

The use of plant residues as soil amendments is a sustainable alternative to improve the
physical properties [28], although we must take into account the characteristics of the waste
to ensure its efficiency. Once incorporated into the soil, the waste can be mineralized more or
less rapidly, depending on characteristics such as its degree of lignification, its C/N ratio, and
environmental conditions [78]. Fresh vegetable residues, such as tomato (C/N = 12) and onion
(C/N = 15) residues [79], with high water content, decompose quickly [80] modifying the
composition of soil organic matter [9]. However, there are residues with high C/N ratios, such
as wheat or rice wastes (C/N = 105), more lignified, which degrade more slowly [81], lasting for
more time the modifications they produce on certain physical properties of the soil.

In this second type of waste, we can consider the cereal straw and the palm tree leaves (Figure 1).
Both, with high lignin composition and after a conditioning process (drying and crushing), can
be used to modify the physical properties of the soil such as bulk density, porosity, and hydraulic
conductivity.

These agricultural wastes have a similar total organic matter (determined by loss on ignition)
content but a different density, bulk, and particle density (Table 1).

Figure 1. Palm tree leaves.

Palm tree leaves Hay straw

Bulk density (kg/m3) 84 29

Particle density (kg/m3) 870 405

Organic matter (%) 93.2 94.8

Table 1. Density and total organic matter in the wastes.
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Laboratory experiments were performed on cylinders similar to those used for the determina-
tion of densities of organic materials, according to UNE-EN13040:2008 and the methods of soil
analysis of SSSA-ASA [82–84]. These experiments showed that the agricultural residues
applied (hay straw and palm tree leaves, air dry and cut with a size of approximately 4 cm in
length) modified the density of soils and improved their porosity.

Figures 2 and 3 show the changes of the particle (PD) and bulk (BD) densities in two soils (soil
1: sandy clay loam; soil 2: clay loam), when these wastes were added in a proportion (waste/
dry soil): 0, 3, and 6% (w/w).

The agricultural residues reduced the densities of the two soils, depending on the dose applied.
The apparent densities were clearly affected, which indicates that the addition of the amend-
ments favors that the soils were less compacted. Depending on the physical characteristics of

Figure 2. Evolution of particle density (PD) and bulk density (BD) (in kg/m3) in soils amended with hay straw.

Figure 3. Particle density (PD) and bulk density (BD) (in kg/m3) in soils amended with palm tree leaves.

Agricultural Waste and Residues18

the agricultural waste, it will be more or less efficient. In this sense, straw residues reduce the
bulk density more than that of palm tree leaves.

Bulk density decreases in the soils, which means that the porosity, spaces that can be filled with
air and water, increases. This is observed in Figure 4, where the changes in the porosity of the
two soils were showed. Porosity increased when the amount of agricultural wastes applied
was greater. Hay straw residue increased the porosity more than palm tree residue.

Obviously, the types of waste that improve the porosity of soils also favor the movement of
water. This fact is very important because it allows a better root growth.

One of the parameters that gives information on the movement of water in soils is the satu-
rated hydraulic conductivity (Khs), based on Darcy’s law, and calculated by using a constant-
head permeameter. The texture of the soils determines the quantity and size of the pore, and,
therefore, we should expect that more clay soils have lower Khs values than those with a sandy
texture.

Figure 4. Porosity (%) in soils amended with vegetable wastes.

Figure 5. Saturated hydraulic conductivity (in cm/h) in soils amended with hay straw and palm tree leaves.
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Figure 5 shows how the addition of agricultural wastes affected the saturated hydraulic
conductivity of soils. It is observed that, without the addition of residues, the clay loam soil
(soil 2) has a lower value of Khs than the sandy clay loam soil (soil 1). The positive effect of the
incorporation of the amendments on the hydraulic conductivity of the two soils used was clear.
Hay straw produced a greater increment than palm tree residues in both soils.

This example of addition of vegetable wastes to the soil demonstrates the positive influence on
some physical properties, and the importance of recycling of agricultural wastes in origin can help
the strategy of zero waste of the European Union and, moreover, improve the quality of our soils.

5. Conclusions

It is important to consider which type of soil characteristics should be improved when apply-
ing agricultural wastes. For the physical properties, vegetable wastes with a high content of
lignified organic matter can be used successfully, influencing soil density, porosity, and
hydraulic conductivity. However, if the objective is to increment the nutrient availability, less
lignified and more labile residues may be added to the soil, although in this case a possible
imbalance of nutrients in soil may be found.

The main objective in the EU and, in fact, in the planet, is to reduce the production and increase
the recycling of agricultural wastes, participating on the valorization of the residues and
introducing them in the strategies of the circular economy and zero wastes. Joining soil and
organic matter amendments allows us to get better soils and the best agricultural management,
favoring the carbon sequestration under the present climate change scenery.
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1. Introduction

Wastewater reuse in farming Mexican represents a valuable resource in agricultural pro-
duction due to the irrigation supply and considerable nutrients input to the soil. Negative 
environmental effects may result from long-term wastewater application due to heavy metal 
accumulation in soils, increasing amounts of highly mobile, and easily mobilizable metal frac-
tions, as well as crops uptake [1, 2]. Among the solid reactive components present in the soil, 
organic matter (OM), which has a high sorption capacity for metal ions [2–5], plays a very 
important role in soil fertility. The positive effects of organic matter are due to the fact that 
it benefits the aggregation of soil particles, improving aeration, permeability, resistance to 
erosion, and water retention. Regarding the chemical function of organic matter, it is based 
on its high cation retention capacity, which contributes greatly to the control of soil acidity, 
nutrient recycling and the detoxification of dangerous compounds such as heavy metals that 
are incorporated into soils by industrial wastewater [6]. Chromium is among the metals that 
may be present in wastewater.

Chromium is a trace component in the Earth’s crust (0.02%) that is essential for animal and 
human life, but not for plants. It is a natural element present in water, sediments, rocks, 
soils, plants, biota, animals, and volcanic emissions. The main oxidation forms of chro-
mium are trivalent chromium and hexavalent chromium, each with opposite properties 
[7]. The total concentration of chromium in the lithosphere is between 69 and 100 mg/kg 
[7, 8]. The two forms of chromium have different effects on living organisms: Chromium 
(III) is apparently useful and harmless at reasonable concentrations, while Chromium (VI) 
is extremely toxic. Moreover, Chromium (III) is not mobile in soil; therefore, the risks of 
leaching are negligible.

In solution, Cr (VI) can exist in three different ionic forms: HCrO4−, CrO4
2−, and Cr2O7

2−. It 
can also exist in the form of complex anions that are soluble in water and may persist in it. In 
surface water rich in organic content, Cr (VI) has a much shorter shelf life [9]. The presence of 
each ionic form of chromium in solution depends on the pH [10]. Chromium is present in soils 
as water-insoluble Cr2O3¨H2O [11]; only a small part of it can be leached from soil. Chromium 
(VI), mainly present as chromate ions (CrO4

2−) and dichromate (Cr2O7
2−), is generally mobile 

and is sometimes part of crystalline minerals [7, 12]. In soil, Cr (VI) tends to be reduced to 
Cr (III) by organic matter. The chromium present in the environment is mainly derived from 
human activities.

Chromium (III) converts to Chromium (VI) only in some soils, particularly those that are rich 
in manganese oxides, poor in organic matter and with high oxidation–reduction potential. In 
contrast, the conversion of Chromium (VI) to Chromium (III) is very common and easy, and 
is thus very difficult to find hexavalent chromium forms in the soil solution or in leaching 
waters [7, 13]. The mobility of chromium in the lithosphere can only be evaluated by consider-
ing the adsorption and reduction capacity of soils [4, 13].

Accordingly, the aim of this study was to identify the chromium species present in soil and 
the saturated solution during irrigation with wastewater and characterize the dissolved 
organic matter, through the 3D fluorescence spectroscopy analysis, and its evolution in the 
soil profile.
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2. Materials and methods

2.1. Soil sampling and irrigation

Three soil samples were taken in an agricultural area, previously conditioned with the addi-
tion of organic matter in order to ensure a high content of organic matter in the soil. Sampling 
was performed vertically by inserting a PVC tube 10 cm in diameter at a depth of 50 cm at a 
random point in the area, so that three complete soil columns were obtained. The sampling 
and transfer was carried out hermetically to guarantee the inviolability of the sample until the 
arrival at the laboratory. The first profile was used to determine the physicochemical charac-
teristics of the soil: pH, Ce, CEC, MOS, moisture, and texture.

The other two profiles were irrigated with wastewater from an electroplating industry 
(559.5 mg/L Cr VI and 20.1 mg/L de Cr III); the irrigation was carried out on a single occa-
sion in order to saturate the soil with Cr. About 10-cm deep holes were successively drilled 
in the soil profiles until reaching a depth of 50 cm. A sample of the saturated solution was 
obtained from each of these holes to observe the decrease of the concentration of chromium in 
the saturated solution after crossing 10 cm of soil. The ORP, Cr VI concentration [14], and 3D 
fluorescence spectrum were determined in the collected solution samples.

2.2. Sampling and characterization of wastewater

The water sampling was carried out in the discharge of wastewater from an electroplating 
industry, located in the City of Toluca, State of Mexico. A sample composed of 5 L of residual 
water was collected, which was integrated with five individual samples of 1 L each, taken 
from the wastewater discharge every 15 min. The parameters, determined according to stan-
dard methods [14], were pH, electrical conductivity (EC), nitrates (NO3−), sulfates (SO4

2), 
chlorides (Cl−), total chromium (by atomic absorption spectrometry) and chromium VI (by 
diphenylcarbazide spectrophotometry) [14].

2.3. Fluorescence spectroscopy and X-ray diffraction

The 3D fluorescence analysis was performed [15–17]. A Perkin Elmer fluorescence spectropho-
tometer LS55 was used, with 150 watts xenon lamp as excitation source. In the characterization 
of the samples, 45 individual emission spectra were obtained at emission wavelengths (λem) 
between 250 and 600 nm with intervals of 5 nm and, collected at excitation wavelengths (λexc) 
between 200 and 450 nm. The samples were analyzed at a concentration < 2 mg/L COD [15, 
17]. A 290 nm filter was used in all analyses to eliminate Raleigh peak light interference. The 
excitation-emission matrix (EEM) of distilled water was subtracted from the EEM of the indus-
trial wastewater samples to eliminate interference caused by Raman peaks. In order to verify 
the presence of chromium retained in the soil, the X-ray diffraction analysis was performed.

2.4. Chromium retention capacity of soil

Batch tests were carried out to determine the Cr accumulation capacity of soil; 1 g of dry soil, 
sieved to a particle size of 0.002 mm, was placed in a glass tube together with 10 ml of a chromium 
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(Cr VI) solution at standard concentrations of 5, 10, 15, 20, and 25 mg/L, in continuous stirring 
and constant temperature of 25°C. Five tests were performed for each depth of the soil column, 
with a contact time of half an hour. Subsequently, the tubes were centrifuged at 2500 rpm, and the 
supernatant was filtered, collected, and acidified for Uv–visible spectroscopy [14].

3. Results and discussion

3.1. Physicochemical characteristics of the soil

Figure 1 shows the physico-chemical characteristics of the soil profile. The data obtained show 
a slight increase of pH as depth increases, with a value of 7.3 in the most superficial area and 
7.5 at a depth of 50 cm. These pH values show that the soil is moderately alkaline, suggest-
ing a medium availability of nutrients. The results of the electrical conductivity tests show a 
remarkable decrease along the soil column; the surface area has a value of 255.09 μS/cm and 
the deepest layer of 112.95 μS/cm. The lowest conductivity value (105.13 μS/cm) was observed 
at a depth of 30–40 cm (Figure 1). The cation exchange capacity remained constant through-
out the soil column, with values of 30.20 Cmol/kg at a soil depth of 40–50 cm, and up to 38.21 
Cmol/kg at 10–20 cm depth.

The content of organic carbon (OC) gradually decreased as the depth of the soil column 
increased: from 9.96 g/kg in the surface layer to 2.29 g/kg a depth of 40–50 cm. The percentage 
of organic matter (OM) also decreased with increasing depth; the highest value (17.17%) was 
observed in the surface layer, and the lowest value (3.95%) in the deepest layer. The percent-
age of humidity, like the OC content, decreased along the soil column by up to 29%, from 
22.83% in the surface layer to 16.27% at a depth of 30–40 cm.

Regarding the texture of the different layers of the soil column, we obtained the following 
results: the most superficial layer (0–10 cm) had sandy loam soil; at depths of 10–20 and 
30–40 cm, the soil had a loamy texture, and in the intermediate layers of the column (20–
30 cm) and in the lowest layer 40–50 cm, the soil had a loamy-clay texture (Table 1).

In general, all layers of the soil column had a loam texture. The literature on the subject states 
that a soil with medium alkaline pH is a sandy soil; this agrees with the texture data obtained 
in the present study, which showed a high sand content in all soil samples (Table 2). The 
results of this study also agree with the low amount of natural organic matter reported for 
these types of soils, as well as with deficiencies of B, Cu, Fe, Mn, Zn, and P [18].

3.2. Physicochemical characterization of industrial wastewater

Table 3 shows the physicochemical characteristics of the wastewater used for irrigation of 
the soil columns. The concentration of total Chromium and Cr VI in the wastewater was 
high: 679.6 mg/L for total chromium and 559.5 mg/L for Cr VI. The concentration of copper 
was 18.5 mg/L; 0.64 mg/L for nitrates; 360.3 mg/L for sulfates; and 272.3 mg/L for chlorides. 
Electrical conductivity was 1576 μS/cm due to the presence of metals such as chromium, 
copper, chlorides, and sulfates. The pH of the water (3.4) is congruent with the presence of 
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chromium VI, since the species distribution diagram for chromium indicates that the chro-
mium species present in waters with pH values ranging from 1 to 5 is chromium VI. The 
wastewater studied here came from an electroplating plant in the city of Toluca.

3.3. Concentration of chromium VI in the soil solution throughout the soil column

The concentration of chromium in samples of the soil-saturated solution collected from the 
soil profile at depth intervals of 10 cm (Table 4); it also shows the amount of chromium accu-
mulated in each section of the soil column. The initial concentration of Cr VI in the water used 

Figure 1. Physical and chemical characteristics of the soil sample as a function of depth. EC = electric conductivity, 
OC = organic carbon, CEC = cation exchange capacity.
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3.1. Physicochemical characteristics of the soil

Figure 1 shows the physico-chemical characteristics of the soil profile. The data obtained show 
a slight increase of pH as depth increases, with a value of 7.3 in the most superficial area and 
7.5 at a depth of 50 cm. These pH values show that the soil is moderately alkaline, suggest-
ing a medium availability of nutrients. The results of the electrical conductivity tests show a 
remarkable decrease along the soil column; the surface area has a value of 255.09 μS/cm and 
the deepest layer of 112.95 μS/cm. The lowest conductivity value (105.13 μS/cm) was observed 
at a depth of 30–40 cm (Figure 1). The cation exchange capacity remained constant through-
out the soil column, with values of 30.20 Cmol/kg at a soil depth of 40–50 cm, and up to 38.21 
Cmol/kg at 10–20 cm depth.

The content of organic carbon (OC) gradually decreased as the depth of the soil column 
increased: from 9.96 g/kg in the surface layer to 2.29 g/kg a depth of 40–50 cm. The percentage 
of organic matter (OM) also decreased with increasing depth; the highest value (17.17%) was 
observed in the surface layer, and the lowest value (3.95%) in the deepest layer. The percent-
age of humidity, like the OC content, decreased along the soil column by up to 29%, from 
22.83% in the surface layer to 16.27% at a depth of 30–40 cm.

Regarding the texture of the different layers of the soil column, we obtained the following 
results: the most superficial layer (0–10 cm) had sandy loam soil; at depths of 10–20 and 
30–40 cm, the soil had a loamy texture, and in the intermediate layers of the column (20–
30 cm) and in the lowest layer 40–50 cm, the soil had a loamy-clay texture (Table 1).

In general, all layers of the soil column had a loam texture. The literature on the subject states 
that a soil with medium alkaline pH is a sandy soil; this agrees with the texture data obtained 
in the present study, which showed a high sand content in all soil samples (Table 2). The 
results of this study also agree with the low amount of natural organic matter reported for 
these types of soils, as well as with deficiencies of B, Cu, Fe, Mn, Zn, and P [18].

3.2. Physicochemical characterization of industrial wastewater

Table 3 shows the physicochemical characteristics of the wastewater used for irrigation of 
the soil columns. The concentration of total Chromium and Cr VI in the wastewater was 
high: 679.6 mg/L for total chromium and 559.5 mg/L for Cr VI. The concentration of copper 
was 18.5 mg/L; 0.64 mg/L for nitrates; 360.3 mg/L for sulfates; and 272.3 mg/L for chlorides. 
Electrical conductivity was 1576 μS/cm due to the presence of metals such as chromium, 
copper, chlorides, and sulfates. The pH of the water (3.4) is congruent with the presence of 
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chromium VI, since the species distribution diagram for chromium indicates that the chro-
mium species present in waters with pH values ranging from 1 to 5 is chromium VI. The 
wastewater studied here came from an electroplating plant in the city of Toluca.

3.3. Concentration of chromium VI in the soil solution throughout the soil column

The concentration of chromium in samples of the soil-saturated solution collected from the 
soil profile at depth intervals of 10 cm (Table 4); it also shows the amount of chromium accu-
mulated in each section of the soil column. The initial concentration of Cr VI in the water used 

Figure 1. Physical and chemical characteristics of the soil sample as a function of depth. EC = electric conductivity, 
OC = organic carbon, CEC = cation exchange capacity.
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for irrigation was 559.5 mg/L. The results show that the greatest accumulation of Cr occurred 
between 0 and 10 cm depth (299 mg/L), followed by the layer at 30–40 cm, with 160 mg/L Cr, 
a 50% decrease in the concentration of chromium VI present in soil solution.

The data on soil texture showed that the percentage of clay is low at 10–20 cm depths (10%), 
while at 20–30 cm is four times greater (41%). The percentage of organic matter is 17.17 and 
8.45%. The CEC, however, is 35.22 and 35.29%, similar to the rest of the soil column. The highest  

Sample Depth (cm) Clay (%) Loam (%) Sand (%)

M1 0–10 10.0 30.0 60.0

M2 10–20 18.0 42.0 40.0

M3 20–30 41.0 46.0 13.0

M4 30–40 11.0 45.0 44.0

M5 40–50 34.0 54.0 12.0

M sample.

Table 2. Textural characteristics of the soil column under study.

Soil Depth (cm) pH EC (μS/cm) CEC (Cmol/Kg) OC (g/Kg) OM % Humidity %

M1 0–10 7.30 255.09 35.22 9.96 17.17 22.83

M2 10–20 7.20 187.93 38.21 7.57 13.05 20.02

M3 20–30 7.40 124.74 35.29 4.90 8.45 16.63

M4 30–40 7.40 105.13 38.66 4.13 7.12 16.27

M5 40–50 7.50 112.91 30.20 2.29 3.95 19.08

M sample.

Table 1. Physicochemical characteristics of the soil column under study.

Characteristic Value

pH 3.4

Electrical conductivity (μS/cm) 1576

Cr VI (mg/L) 559.5

Cu (mg/L) 18.5

Nitrates (mg/L) 0.64

Sulfates (mg/L) 360.3

Chlorides (mg/L) 272.3

Total Chromium (mg/L) 679.6

Table 3. Physicochemical characteristics of the wastewater used for irrigation.
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amount of accumulated chromium was found in the surface layer, which had the lowest per-
centage of clay. This demonstrates the participation of organic matter in the accumulation of 
chromium (Table 4).

Additional to the irrigation with wastewater, one irrigation was done with a compost solution 
(100 g of compost/1 L water) in order to observe the effect of dissolved organic matter on the 
accumulation of chromium in the soil column. The results showed that chromium was absent 
from the soil-saturated solution at any depth of the soil profile, indicating that the chromium 
was being immobilized or retained. After this irrigation, one more irrigation was carried out, 
maintaining the concentration of chromium in the water entering the soil profile at 559.5 mg/L 
(Table 5). In these irrigations, the concentration of Cr VI in the saturated water collected at the 
outlet of the soil column was lower than in the first irrigation, suggesting a higher accumula-
tion of chromium.

The theoretical amount of chromium that precipitated and accumulated in the soil during 
the first irrigation was 299 mg; when dissolved organic matter was added to the irrigation 
water, that amount increased to 326 mg. Using the solution containing dissolved organic mat-
ter improved the soil reduction conditions, causing the reduction of Cr (VI) to Cr (III), which 
produced a precipitate of chromium, either an oxide or hydroxide, that accumulated in the 

Depth (cm) Irrigation Kd T (°C) pH ORP (mV)

Ces A

0–10 260.0 299.0 11.5 23.0 5.7 102.1

10–20 240.0 20.0 0.8 22.0 5.7 103.3

20–30 80.0 160.0 2.0 22.0 5.8 96.5

30–40 40.0 40.0 40.0 22.0 5.9 92.4

40–50 40.0 0.0 0.0 21.0 5.9 91.2

Ce: concentration of Cr in the saturated solution at every 10 cm of depth (mg/L) A: amount of chromium retained (mg).

Table 4. Concentration of Cr VI in the soil-saturated solution (Ce). Retention capacity of Cr. Distribution coefficient of 
Kd, pH, and ORP along the soil column (q).

Samples Intensity of fluorescence (Excitation/Emission (nm))

Peak A Peak B Peaks C and D Peak F

0–10 158 (340/412) 313 (210/407) ND 121 (280/414)

10–20 255 (340/412) 540 (210/409) ND 177 (280/412)

20–30 33 (320/438) ND ND

30–40 67 (335/442) 200 (210/420) ND

40–50 93 (330/440) 206 (225/435) ND

ND Undefined.

Table 5. 3D-fluorescence characterization of the soil solution.
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soil matrix [18, 19]. Of the 559.5 mg/L of chromium that were added to the soil column with 
the first irrigation, 53% was retained; after adding dissolved organic matter to the irrigation 
water, the retention percentage reached 58%.

3.4. Irrigation with wastewater

It was observed that the concentration of chromium (VI) in the wastewater decreased along 
the soil column. Table 4 shows the concentration of chromium (VI), the oxidation–reduction 
potential and pH along the soil column. The samples show a direct effect of dissolved organic 
matter on the soil conditions that facilitate the accumulation of chromium. The irrigation 
results show that dissolved organic matter improved the soil reduction conditions, which pro-
moted the accumulation by precipitation of chromium species. The soil reduction conditions 
are represented by the ORP values in the soil-saturated solution at the outlet of the soil column 
during direct irrigation.

The initial ORP value of the irrigation water was 274.9 mV; it decreased by up to 66% with 
each additional 10 cm of depth. The pH of the irrigation water changed from 3.4 to 5.6. It 
should be mentioned that the wastewater used for irrigation stayed in the soil column for 
15 min, which shows that the soil had good drainage.

3.5. Chromium species in wastewater and soil solution along the soil profile

The species distribution diagram of Cr VI and Cr III were built based on the ORP and pH data, 
using the Hydra and Medusa programs [19]. Figure 2 shows the Eh-pH diagram of chromium 
in the wastewater; it shows that the HCrO4− ion is the Cr VI species that predominated in both 
oxidized and reduced environments at pH values of 0–6.6. The CrO4

2− ion predominated at 
values of pH > 6.0. According to the diagram, the Cr III species that predominated in the solu-
tion, depending on the pH of the water, was Cr3+. Thus, Cr VI species such as HCrO4−, and Cr 
III species such as Cr3+, entered the soil with the irrigation water, the latter in smaller quantities.

Figure 2. Stability diagram of chromium species (Eh-pH) in wastewater with high chromium content. Cr VI concentration: 
10.78 mM; Cr III concentration: 2.31 mM; pH 3.4. (a) Cr VI species and (b) Cr III species.
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Figure 3 shows the stability diagrams of chromium (Eh-pH) along the soil column during irriga-
tion with wastewater with high chromium content. As observed in Figure 4, and based on the pH 
values of each soil solution, the predominant Cr III species was Cr2O3, and there was no presence 
of Cr VI species, confirming that chromium III species precipitate and accumulate in soil as chro-
mium oxide combined with natural organic matter [18, 19]. The redox potential measured in the 
soil solution during the irrigation was between 91.2 and 103.3 mV, with pH values between 5.67 
and 5.90. In the species distribution diagram of chromium, these intervals correspond to the area of 
predominance of Cr2O3. The amount of chromium in the solution decreased along the soil profile.

3.6. 3D-fluorescence of dissolved organic matter in the soil solution

The 3D fluorescence spectra of the soil-saturated solution, based on the fluorescence data 
obtained (Table 5), show two peaks: A and B (Figure 4). These peaks are located within a 

Figure 3. Stability diagram of chromium (Eh-pH) in the soil solution: (a) depth (0–10 cm), ionic strength 0.005 M, [Cr VI] 
5.01 mM, [Cr III] 1.07 mM; (b) (10–20 cm), ionic strength 0.004 M [Cr VI] 4.62 mM and [Cr III] 0.99 mM; (c) (20–30 cm), 
ionic strength 0.001 M [Cr VI] 0.77 mM and [Cr III] 0.17 MM; (d) (30–50 cm), ionic strength 0.001 M [Cr VI] 0.77 mM 
and [Cr III] 0.17 mM for the entire pH range and for the range of pH measurements and redox potential of the samples.
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Figure 4. 3D fluorescence spectra of the soil-saturated solution along the soil profile.
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range of excitation/emission wavelengths of 320–340 ex/412–440em and 210–225ex/407–
435em, with intensities of 33–255 and 200–540, respectively. The A and B peaks are within the 
regions corresponding to humic and fulvic acids [16]. The spectra did not show peaks of type 
C and D, which are associated with the presence of organic material of anthropogenic origin. 
However, a peak (F) between the peaks A and B could be considered a humic acid, given the 
region in which it is located, although it could also be associated with some organic synthetic 
material or a complex of Cr and humic acids.

The highest fluorescence intensity was recorded at a depth of 0–20 cm, in agreement with the 
fact that the surface layer had the greater presence of natural organic matter (Figure 4). As 
mentioned before, the chromium accumulated in the soil profile may combine with two types 
of natural organic matter, humic and fulvic acids. The fluorescence spectra showed the evolu-
tion of humic substances [15, 17]. In the first 20 cm of the soil profile, the fluorescence intensity 
of humic acids is high (158 at 10 cm and 255 at 20 cm), but decreases with increasing depth 
by up to 87%. The fluorescence intensity of fulvic acids is higher than that of humic acids (313 
and 540) and decreases less with depth (62%).

Because fulvic acids are more mobile than humic acids, it is logical to find them through-
out the soil profile (Figure 4). These acids can predominate in natural waters and have a 
high degree of anionic charge, which favors the formation of stable complexes with cat-
ions such as chromium [15, 20, 21]. It is worth noting the amount of chromium accumu-
lated in the soil profile (Table 6); the greatest accumulation of chromium was observed in 
the first 10 cm of the column, where there was a greater presence of organic matter and 
where peak F was observed. At a depth 30–40 cm, the accumulated chromium was only 
63% of the level found in the surface layer; however, at this depth, the organic matter 
content was 60% lower than on the surface layer, while the percentage of clay was the 
same in both layers.

The fluorescence spectra indicated that most of the dissolved organic matter present in the 
surface layer and at a depth of 30–40 cm were fulvic acids. As mentioned earlier, fulvic acids 
are more mobile and tend to form complexes with Cr (III) cations, which suggests that, given 
the low amount of Cr (III) present in the wastewater used for irrigation, it precipitated mostly 
in the first 20 cm of the soil profile, which explains its absence from the soil-saturated solution. 
The Cr (VI) species present in the solution collected at the outlet of the soil column may not 
have passed enough time in the soil column to convert to Cr (III).

3.7. Chromium retention capacity of the soil

Table 6 shows the chromium retention results of the soil, based on the retention capacity (q) 
and equilibrium concentrations (Ce) determined by Bach tests at different concentrations of 
chromium. The table shows that the retention capacity of the soil increased as the equilibrium 
concentration of chromium increased. However, a constant value was not reached, which is 
usually observed when the soil reaches a saturation point; this can be explained by the low 
concentration of chromium in the standard solutions. The results of the Bach tests showed 
that the dispersion coefficient of chromium in the soil was higher (Kd 8.36) in the surface layer 
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of the soil column (0–10 cm depth), which had the largest concentration of organic matter and 
the lowest concentration of chromium (5 mg/L). This behavior shows the affinity of chromium 
for organic matter. At a depth of 20–30 cm, where the percentage of clay was the largest (41%) 
and the dispersion coefficient of chromium was Kd 0.85.

Starting at a depth of 20 cm, the dispersion coefficient increased while the concentration of 
chromium in the solution increased, except for interval of 20–30 cm depth, which showed 
an opposite behavior. Bach tests have been designed to study adsorption equilibria in a con-
tinuously stirred soil suspension. These tests are based on a physical model of a completely 
dispersed soil particle system where the entire surface of the soil is exposed and available 
to interact with chromium. These tests do not represent real natural conditions, since they 
assume a closed system in which soil particles have the highest adsorption capacity, and a 
practically null flow rate [21–23]. However, they are a good tool to try to represent and under-
stand the behavior of contaminants. The Bach tests performed in this study were carried out 
with a contact time of 30 min, twice the residence time of the water in the soil column, in order 
to represent real conditions.

A linear isotherm was used to describe the adsorption processes that took place in the soil; 
this allowed us to describe the distribution of chromium between the soil and the solution 
[22, 23]. The isotherms generated by the Bach tests (Figure 5) show the retention capacity of 
chromium in the soil (q) versus the equilibrium concentration of chromium (Ce).

At low concentrations of chromium, the adsorption isotherm for the soil is linear. Figure 5  
shows that with a low concentration of chromium and a contact time range of 0–25 min, 
45% of chromium is removed from the solution in the first 10 cm of the soil column, 20% at 
10–20 cm, 7.8% at 20–30 cm, 13% at 30–40 cm, and 17% at 40–50 cm.

The removal percentage of chromium from the solution decreased as the concentration of chro-
mium in the solution increased. The removal percentage of chromium also decreased through-
out the soil column, with the highest percentage at 20–30 cm depth. Under nonequilibrium 
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conditions, the highest accumulation of chromium occurred in the first 10 cm of the soil col-
umn, in agreement with the results of the Bach tests, which showed that chromium has a high 
affinity for organic matter, as evidenced by the Kd value (Table 6). As mentioned before, the 
dispersion coefficients determined by the Bach tests decreases with depth in the soil column 
from 8.38 to 2.13. The fluorescence intensity of humic acids also decreased with depth; the 
highest fluorescence intensity of these humic substances was recorded in the first 10 cm of the 
soil column, where the dispersion coefficient was higher.

The dispersion coefficient of humic acids was similar to that of chromium, so it is possible to 
assume that Cr (VI) species complexed with humic acids or were reduced to Cr (III) in the 
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presence of these humic substances. Moreover, the R2 values found along the soil column 
showed that the isotherm can describe the sorption or complexation behavior of chromium 
with humic acids.

An X-ray diffraction analysis was performed to verify the precipitation of chromium in the 
soil. The results showed the presence of the species Cr2O5, Cr5O12, CrO2, and Cr7C3 in the soil 
layer with the greatest amount of organic matter, confirming the removal of chromium by 
precipitation. Considering that most of the reducers used here and reported in the literature 
are less effective at alkaline pH values [5], natural organic matter (humic acid) could be used 
for the remediation of soils and waters contaminated with Cr (VI).

4. Conclusions

The use of a dissolved organic matter solution had a direct effect on the soil reduction condi-
tions, improving the reduction of Cr (VI) to Cr (III) and producing a precipitate of chromium 
that accumulated in the soil matrix.

In the species distribution diagram of chromium, the oxidation–reduction potential and pH 
values found in the soil-saturated solutions correspond to the area of predominance of Cr2O3, 
which is not water soluble and is thus difficult to leach.

The chromium accumulated in the soil profile may have combined with natural organic mat-
ter such as humic and fulvic acids.

The 3D fluorescence analysis of the soil-saturated solutions showed the presence of natural 
organic matter (humic and fulvic acids) throughout the soil profile.

The highest accumulation of chromium occurred in the first 10 cm of the soil column, suggest-
ing, like the Bach tests, that chromium has a high affinity for organic matter, as evidenced by 
the Kd values.

The dispersion coefficient of humic acids was similarly to that of chromium, so it is possible 
to assume that Cr (VI) species may have complexed with humic acids.
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Abstract

Four low-cost organic soil amendments (chicken manure, CM; horse manure, HM; yard
water, YW; and sewage sludge, SS) that are generated daily in large amounts, and native
bare soil were planted with tomato (Solanum lycopersicum var. Mountain spring) seedlings of
52 days old in raised black plastic-mulch. Each of the 5 treatments was also mixed with
biochar to make a total of 10 treatments in a randomized complete block design (RCBD).
Results revealed that total fresh weight of tomato fruits collected after three harvests from
CM and CM mixed with biochar significantly (P < 0.05) increased, whereas yield obtained
from HM was the lowest indicating a positive effect of CM on the growth and yield of
tomato. HM increased soil urease activity, while CM and SS increased soil invertase activity.
Total marketable tomato yield of biochar amended soils was increased by 63 and 20% inHM
andYWtreatments, respectively compared to other soil treatments. Ascorbic acid (vitaminC)
was greatest in fruits of plants grown in CM amended soil. Results of this investigation may
help limited-resource farmers in selecting an affordable soil management practice to enhance
crop yield, crop nutritional composition, and soil microbial activity.

Keywords: low cost fertilizer, soil amendments, sewage sludge, chicken manure, horse
manure, total phenols, vitamin C, soluble sugars

1. Introduction

Recycling animal manure for use as a low-cost organic fertilizer has resulted a positive effect
on the growth and yield of a wide variety of crops and promoted the restoration of ecologic
and economic functions of soil. The organic matter (OM) content of composted animal manure
is high and its addition to agricultural soils often improves soil physical, chemical, and biolog-
ical properties [1]. Soil organic amendments alleviate OM that improves the properties of soils
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through increasing nutrient availability and water holding capacity, total pore space, aggregate
stability, erosion resistance, temperature insulation, and decreasing soil density. Antonious [1]
reported that sewage sludge (SS) and chicken manure (CM), that must be disposed, are
excellent fertilizers.

Tomatoes (Solanum lycopersicum, formerly Lycopersicon esculentum Mill) belong to the Solanaceae
family. Tomato has achieved a remarkable status among other vegetables because of its rich
nutritional composition and widespread consumption. It is one of the major vegetable crops
grown in almost every country of the world. Fresh tomato fruits contain several nutritional
compounds including vitamin C (ascorbic acid) and minerals [2] and have been shown to reduce
the risks of cardiovascular diseases and certain types of cancer, such as prostate, lung, and
stomach cancers [3]. Accordingly, enhancing the nutritional value of fresh tomatoes and tomato
products require frequent investigations to evaluate the influences of agricultural practices, such
as the use of fertilizers, organic soil amendments, and the environmental conditions on tomato
yield and fruit quality. It was demonstrated that increasing N fertilization under field conditions
reduced the fruit vitamin C concentration [4]. This is due to the fact that the high N concentration
in the fertilizers favors plant leaf area development, thereby lessening light penetration in the
canopy and fruit vitamin C development. Similarly, the negative effects of N application on
vitamin C contents occur in other vegetables such as potatoes [5]. The typical taste of tomato is
mainly attributed to soluble sugars, organic acids and volatile compounds. Sugars are important
macronutrients of the human diet and plants. During tomato ripening total soluble solids (TSS),
such as sugars (fructose and glucose) are found to be predominant in domesticated tomato fruits.
Tomato possesses a wide range of bioactive compounds as a pool of antioxidants that have
positive effects on health, associated with their anti-carcinogenic and antiatherogenic potential
[6]. These bioactive compounds include carotenoids (vitamin A), ascorbic acid (vitamin C),
phenolic compounds, and tocopherols (Vitamin E), which are at higher concentrations in the
skin followed by seed and pulp fractions [7]. In addition, concentrations of bioactive compounds
in tomato fruit are significantly influenced by tomato genotype [8, 9], environmental factors and
agricultural techniques [10]. Regarding tomato phenolic compounds content, chlorogenic acid
and rutin have been found to be the most important flavonoids in tomato. Butta and Spaulding
[11] found high concentrations of total phenols in tomato fruits at the early stages of fruit
development, then phenols concentration declined rapidly during fruit ripening, although other
authors have shown that the content of total phenols remained stable during ripening [12].

The literature review verified the potential of biochar, a product of wood pyrolysis, applications
for improving N input in agricultural systems, while indicating the needs for long-term field
studies to better understand the effect of biochar on biological N2 fixation. When biomass, such
as wood, manure, or leaves, is heated in a closed container with little or no available air, this
process is known as pyrolysis. Research results indicated that the conversion of biomass into
biochar can not only result in renewable energy (synthetic gas and bio oil), but also decrease the
content of CO2 in the atmosphere [13]. When biochar was used in column leaching experiments
to assess its ability to hold nutrients, results indicated that biochar effectively reduced the total
amount of nitrate (NO3), ammonium (NH4), and phosphate in leachates by 34, 35, and 21%,
respectively, relative to native soil alone [14]. The adsorption of N by biochar particles decreases
NH4 and NO3 loss during composting and after manure applications, providing a mechanism
for releasing nitrogen fertilizers in a slow release process [15]. Biochar is a porous and
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hygroscopic material in nature. These properties make biochar very effective at retaining water-
soluble nutrients and make it an environment for many beneficial soil microorganisms. Studies
have shown that foliar N concentrations of crops decreased when biochar was added to soil [16].
Rondon et al. [17] showed the potential of biochar applications for managing N input in agricul-
tural systems, while indicating the requirements for more field studies to provide more explana-
tions and understanding of biochar effects on soil biological N2 fixation.

Regarding the need for healthy food, the demand for low cholesterol meat products and high
protein sources, as well as agricultural production and economic incentive have led to a tremen-
dous expansion in the worldwide poultry industry [18]. Due to the rapid growth in the poultry
industry. Chicken manure (CM) generation is currently accessible in increasing quantities,
resulting in unplanned disposal to soil with potential negative environmental consequences
[19]. Manures, especially poultry litter and feedlot manure, may raise or maintain pH in acidic
and near neutral soils via a liming effect because they contain some CaCO3, which originates in
the animal diet [20]. Animal manures are not just a waste material requiring disposal, but a
crucial raw material needed to enhance plant production. If animal manure applied properly, it
can replace significant amounts of mineral fertilizers and save energy. Over a billion tons of
animal manure is produced annually in the US [21]. Organic animal manure is a rich source of
plant nutrients and soil amendment when used at the adequate rate of application. Organic
waste is a source of plant macro- and micronutrients, organic matter (OM), recovers soil quality,
and increases soil pH in acid soils. However, nutrients, such as P and N build up in the soil if
application rates are higher than the nutrient requirements of the intended crops. An increase of
organic waste originated from different humans and productive activities is a continuous con-
cern. Waste application to soil is proposed as a solution to disposal problem. This practice is
popular in the agricultural fields because of the value of this waste as organic fertilizer.

2. Sewage sludge, horse manure, chicken manure, and vermicompost: an
overview

2.1. Municipal sewage sludge

Municipal sewage sludge (SS), also known as biosolids (Figure 1) is derived from wastewater
treatment plants in which wastewater, primarily derived from domestic sources or discharges
from commercial and industrial enterprises. Most of these enterprises carry out pretreatments
prior to discharging wastes into the conventional community sewer system. As a result of
pretreatment, total fertilizer nutrient concentration rarely exceeds 10% in most manure sources
and frequently is a fraction of that. Commercial fertilizers usually contain about 30% nutrients
by weight. Low nutrient concentration increases the time and cost of transportation and land
application [22]. Nutrients in most commercial fertilizers are designed to be rapidly available
to crops when applied to the soil. Whereas, the organic nitrogen fraction of manure reduces the
availability and predictability of the manure as a nitrogen source because the availability of
organic nutrients is dependent on soil microbial activity. In addition, the chemistry of manure
makes inorganic nitrogen in manure prone to volatilization losses when it is surface applied.
Successful use of organic manure fertilizer requires adjusting application rates to account for
reduced nutrient availability.
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through increasing nutrient availability and water holding capacity, total pore space, aggregate
stability, erosion resistance, temperature insulation, and decreasing soil density. Antonious [1]
reported that sewage sludge (SS) and chicken manure (CM), that must be disposed, are
excellent fertilizers.
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studies to better understand the effect of biochar on biological N2 fixation. When biomass, such
as wood, manure, or leaves, is heated in a closed container with little or no available air, this
process is known as pyrolysis. Research results indicated that the conversion of biomass into
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for releasing nitrogen fertilizers in a slow release process [15]. Biochar is a porous and
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hygroscopic material in nature. These properties make biochar very effective at retaining water-
soluble nutrients and make it an environment for many beneficial soil microorganisms. Studies
have shown that foliar N concentrations of crops decreased when biochar was added to soil [16].
Rondon et al. [17] showed the potential of biochar applications for managing N input in agricul-
tural systems, while indicating the requirements for more field studies to provide more explana-
tions and understanding of biochar effects on soil biological N2 fixation.

Regarding the need for healthy food, the demand for low cholesterol meat products and high
protein sources, as well as agricultural production and economic incentive have led to a tremen-
dous expansion in the worldwide poultry industry [18]. Due to the rapid growth in the poultry
industry. Chicken manure (CM) generation is currently accessible in increasing quantities,
resulting in unplanned disposal to soil with potential negative environmental consequences
[19]. Manures, especially poultry litter and feedlot manure, may raise or maintain pH in acidic
and near neutral soils via a liming effect because they contain some CaCO3, which originates in
the animal diet [20]. Animal manures are not just a waste material requiring disposal, but a
crucial raw material needed to enhance plant production. If animal manure applied properly, it
can replace significant amounts of mineral fertilizers and save energy. Over a billion tons of
animal manure is produced annually in the US [21]. Organic animal manure is a rich source of
plant nutrients and soil amendment when used at the adequate rate of application. Organic
waste is a source of plant macro- and micronutrients, organic matter (OM), recovers soil quality,
and increases soil pH in acid soils. However, nutrients, such as P and N build up in the soil if
application rates are higher than the nutrient requirements of the intended crops. An increase of
organic waste originated from different humans and productive activities is a continuous con-
cern. Waste application to soil is proposed as a solution to disposal problem. This practice is
popular in the agricultural fields because of the value of this waste as organic fertilizer.

2. Sewage sludge, horse manure, chicken manure, and vermicompost: an
overview

2.1. Municipal sewage sludge

Municipal sewage sludge (SS), also known as biosolids (Figure 1) is derived from wastewater
treatment plants in which wastewater, primarily derived from domestic sources or discharges
from commercial and industrial enterprises. Most of these enterprises carry out pretreatments
prior to discharging wastes into the conventional community sewer system. As a result of
pretreatment, total fertilizer nutrient concentration rarely exceeds 10% in most manure sources
and frequently is a fraction of that. Commercial fertilizers usually contain about 30% nutrients
by weight. Low nutrient concentration increases the time and cost of transportation and land
application [22]. Nutrients in most commercial fertilizers are designed to be rapidly available
to crops when applied to the soil. Whereas, the organic nitrogen fraction of manure reduces the
availability and predictability of the manure as a nitrogen source because the availability of
organic nutrients is dependent on soil microbial activity. In addition, the chemistry of manure
makes inorganic nitrogen in manure prone to volatilization losses when it is surface applied.
Successful use of organic manure fertilizer requires adjusting application rates to account for
reduced nutrient availability.
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Organic manure products sold as commercial crop fertilizers have nutrients concentrations
typically vary spatially and over time within the manure storage facilities making it hard to meet
fertilizer needs. Accordingly, calculating the recommended rate of organic fertilizer application is
a challenge when farmers follow the label instructions. Should farmers apply a rate that on
average supplies the target nutrients rate or use a rate of application that insures the entire field
gets at least the needed fertilizer rate? The first strategy insures portions of the field will have
nutrient deficits, an economic liability to the farmer; the second strategy maximizes yield but also
insures that part of the field will have nutrient excess and a water quality liability [22]. Biosolids
have become less contaminated with trace metals and organic compounds [23]. In wastewater
treatments plants solids are removed during primary and secondary treatment. SS product is
usually incinerated, landfilled or further treated. Further treatment may consist of digestion,
composting or alkaline stabilization. After treatment, this material is called biosolids. Biosolids
contain inorganic materials, plant nutrients, trace elements, and organic compounds.

2.2. Chicken manure

Tremendous expansion in the poultry industry occurs worldwide [18]. Due to the fast expansion
in the poultry industry, production of poultry manure (Figure 2) has increased significantly.
Chicken manure (CM), which is the most abundant poultry manure, is a mixture of feces, waste
feed, feathers and bedding material, and contains essential plant nutrients making it an organic
source of nutrients. For example, N, P, and potash (K) are approximately 8.5% of the weight of
poultry litter. Though beneficial as an organic amendment, the huge quantities being produced
in poultry farms have resulted in unplanned disposal of this manure to the soil in some cases,
where it poses environmental challenges like eutrophication, air pollution, emission of green-
house gasses and production of phytotoxic substances [19, 24, 25]. On the other hand, animal
manure like poultry manure have been found to contain potentially harmful trace elements like
arsenic, copper and zinc, which originate from the chemicals used to treat diseases in commercial
chicken production [25]. Broiler chicken litter is a source of trace elements that can potentially
accumulate in the soil after repeated applications and this is why it is important to test for
poultry manure composition before direct application to farm lands. In addition, arsenic (As)
which is a severe carcinogenic compound [26] is a feed additive in conventional raised broilers

Figure 1. Metropolitan wastewater treatment plants in Louisville, Kentucky turned municipal sewage sludge into pack-
age of organic fertilizer “Louisville green” available in stores.
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used to control protozoan parasites and to enhance poultry weight gain. Despite this, CM can be
effective sources of essential plant nutrients such as N and P, and as a source of soil organic
carbon. The phytotoxicity in some plants grown in CM amended soils indicated the need for
further trials to reduce its toxic impact through composting and/or vermicomposting to improve
nutrient content and reduce the phytotoxicity to growing plants [19].

2.3. Yard waste compost, vermicompost, and horse manure

2.3.1. Yard waste compost

Recycling agricultural waste for use in crop production has become a vital component of
organic agriculture. In the US, about 95% of food scraps and 42% of yard waste (Figure 3A)
are currently used in landfill [27]. There are some concerns about the varying composition of
yard waste by region and by season. The Department of Environmental Protection in Penn-
sylvania [28] estimated that, during the summer, grass clippings constitute up to 50% of
municipal waste. In the fall, leaves make up 60–80% of the material in this category. Many
communities ban dumping and outdoor burning of plant materials such as leaves and tree
branches. Accordingly, composting and mulching have become a management way to recy-
cle yard waste as economical soil amendment to improve garden soils and growing plants.

2.3.2. Vermicomposting or worm castings

The interaction of earthworms with microorganisms and other fauna within a decomposer,
especially designed for this incubation process, produces a product known as vermico-
mposting (Figure 3B). Vermicomposting accelerates the stabilization of organic matter (OM)
and its physical and biochemical properties. Physical participation in degrading organic sub-
strates results in fragmentation, thereby increasing the surface area of action, turnover and soil
aeration. The degradation of OM is carried out by enzymatic secretions by microorganisms.
This process is enriched by transport of inorganic and organic materials. The benefit of
vermicomposting is the recycling of organic wastes, like animal wastes [29, 30], crop residues
[31], and industrial wastes [32–35] for use as N fertilizer. Anoop et al. [35] concluded that cow

Figure 2. Chicken manure waste turned into package of organic fertilizer available in stores.
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source of nutrients. For example, N, P, and potash (K) are approximately 8.5% of the weight of
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where it poses environmental challenges like eutrophication, air pollution, emission of green-
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manure like poultry manure have been found to contain potentially harmful trace elements like
arsenic, copper and zinc, which originate from the chemicals used to treat diseases in commercial
chicken production [25]. Broiler chicken litter is a source of trace elements that can potentially
accumulate in the soil after repeated applications and this is why it is important to test for
poultry manure composition before direct application to farm lands. In addition, arsenic (As)
which is a severe carcinogenic compound [26] is a feed additive in conventional raised broilers
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used to control protozoan parasites and to enhance poultry weight gain. Despite this, CM can be
effective sources of essential plant nutrients such as N and P, and as a source of soil organic
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further trials to reduce its toxic impact through composting and/or vermicomposting to improve
nutrient content and reduce the phytotoxicity to growing plants [19].
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Recycling agricultural waste for use in crop production has become a vital component of
organic agriculture. In the US, about 95% of food scraps and 42% of yard waste (Figure 3A)
are currently used in landfill [27]. There are some concerns about the varying composition of
yard waste by region and by season. The Department of Environmental Protection in Penn-
sylvania [28] estimated that, during the summer, grass clippings constitute up to 50% of
municipal waste. In the fall, leaves make up 60–80% of the material in this category. Many
communities ban dumping and outdoor burning of plant materials such as leaves and tree
branches. Accordingly, composting and mulching have become a management way to recy-
cle yard waste as economical soil amendment to improve garden soils and growing plants.

2.3.2. Vermicomposting or worm castings

The interaction of earthworms with microorganisms and other fauna within a decomposer,
especially designed for this incubation process, produces a product known as vermico-
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and its physical and biochemical properties. Physical participation in degrading organic sub-
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dung and biogas plant slurry can be used as a raw material in vermicomposting. The NPK
elements and C/N ratio of vermicompost revealed its agronomic value as organic soil condi-
tioner. Accordingly, many investigators reported that vermicompost has important properties
that can be explored as a new technology for converting organic wastes into a product rich in
plant nutrients [35].

2.3.3. Horse manure

Approximately 75% of horse farms utilize or store horse manure (HM) on-site as grasslands
and this is the primary means of disposal [36]. Equine waste produces odors and could
contaminate water natural sources via runoff during storage or after land application [37, 38].
Due to the importance of storing waste for potential use in agricultural production systems, an
increasing cost is tolerated by the farmer to handle this material for potential use [39]. The
disposal of HM (Figure 3C) in some Germany regions became increasingly difficult for the
owners during the last years due to the lack of arable land and its low fertilizer quality.
Additionally, equitation becomes more and more popular in urban areas. This leads to an
increase in horse barns and an excess of HM in these regions, which causes a sharp rise in
manure removal costs. The composition of HM is dependent on the bedding material and the
frequency of stall cleaning. HM is a good source of nitrogen because of its suitable C/N ration
that can be also explored for the digestion of nitrogen rich organic waste such as liquid pig
manure and poultry manure [40].

Figure 4 shows some of the crops grown with organic fertilizers. Peppers grown in sewage
sludge amended soil (Figure 4A), peppers grown in chicken manure amended soil
(Figure 4B), eggplants grown in horse manure amended soil (Figure 4C), kale and collards
grown in yard waste amended soil (Figure 4D). The increase in crop yield due to incorpora-
tion of organic amendments in agricultural production systems reduces the need of synthetic
inorganic fertilizers.

Figure 3. Yard waste compost (A), vermicompost (B), and horse manure (C) organic fertilizers.
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2.4. Antibiotics in animal manure

The American Association of Concerned Scientists reported that 11.2–12.8 million kg of antiba-
cterial compounds were used for on-farm animals for medicinal purposes [41] in 1 year alone.
Because pharmaceuticals (Figure 5) do not metabolize completely in the animal body, they excrete
with urine and feces either in their native form or in the form of metabolites [42]. Increased
fertilization of farmland with organic fertilizers such as municipal SS, CM, HM and cowmanures
contribute to the introductionof antibiotics into soil used forgrowingplants, surfacewater (through
runoff), groundwater (through leaching), and into edible plants or other living organisms through
bioaccumulation. These pharmaceuticals can generate a number of negative consequences. Phar-
maceuticals in agricultural production systems are one of the emerging contaminants [43]. Among
all groups of veterinary pharmaceuticals, antibiotics exert significant influence on soil microorgan-
isms that recycle waste. Once introduced to the soil, theymight affect the structure and function of
bacterial communities and the development and spread of antibiotic resistance. Numerous studies
have documented changes of soil microbial community structure due to exposure to antibiotics in
the environment [44]. According toMasse et al. [45], themost persistent groups of pharmaceuticals
are tetracyclines (TCS, T1/2 > 100 days). The presence and persistence of chlortetracycline, tetracy-
cline, oxytetracycline, and other members of the TCs in animal manures used as organic soil
amendment might remain in soils for many years [45, 46], due to their strong sorption to the soil
particles. There is a lack of information on the behavior of pharmaceuticals andveterinarymedicine
in soils and fertilizers used in agricultural production and their potential risk to human health [47].

Figure 4. Crops grown with animal manure: (peppers (A) grown with sewage sludge; peppers grown with chicken
manure (B); eggplants grown with horse manure (C); kale and collards grown in yard waste compost (D) under field
condition at Kentucky State University HR Benson Research and Demonstration Farm (Franklin County, Kentucky, USA).
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2.5. Trace metals in animal manure

Animal manure is a source of valuable plant nutrients, but also a source of air and soil
pollution and a threat to aquifers and surface waters unless managed carefully to minimize
nutrient loss [48]. In addition, animal manures such as municipal SS is a source of trace
metals [49] that might accumulate in edible plants when SS is used as an organic fertilizer
and might also contaminate our natural water resources with trace metals. To avoid direct
leakage to water abstraction plants or groundwater, manure must not be applied 50 feet
(15 m) from potable water wells and 200 feet (60 m) uphill of conduits to groundwater.
Furthermore, special care must be taken when applying manure to fields with high leaching
potential or within 1000 feet (305 m) of municipal wells [50].

Studies carried out by Gondek et al. [51] revealed that composting of organic materials has a
significant effect on changes in mobile forms of heavy metals. The authors found that biochar
and municipal SS added to maize straw immobilized Cd and Pb soluble forms due to addition
of biochar, whereas maize straw and SS alone did not impact cd and Pb mobility.

Figure 5. Pharmaceuticals used in animal feeding operations to protect against bacterial and disease infection.
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2.6. Application of biochar in agricultural production

Currently little information exists in the literature if biochar addition to soil as organic amend-
ment can reduce the plant uptake of trace-elements and reduce toxic metals bioavailability to
edible plants. Such practice, if found effective, can assist in management of contaminated
agricultural and urban soils from current and past use of municipal SS and might be also
useful in mining reclamation. Acidification can affect both the soil biota and biogeochemical
processes, thus decreasing agricultural production [52, 53]. Biochar has been reported to
modify soil quality characteristics, thereby increasing crop yields [54]. Because it is usually
alkaline in nature, biochar can increase the pH of acidic soils [55, 56]. Furthermore, biochar
application has also been promoted as a means of contributing to the mitigation of climate
change by reducing soil N2O emissions [53, 57, 58]. Biochar addition changed soil chemical
properties, including increasing soil pH, total nitrogen (TN), total carbon (TC), C/N ratio, and
cation-exchange capacity (CEC), and shifted the bacterial community composition. As biochar
has been considered unlikely to be used by soil microbes [59], and it cannot directly impact soil
microbial community. Therefore, biochar may affect soil microbial community via improving
soil chemical properties [53].

When used in acidified soil amelioration, biochar can increase crop yield through improving
soil chemical conditions and changing the availability of nutrients. It can also impact soil
microbial community by increasing diversity of soil microbes and changing relative abun-
dances of their taxa) via changing soil chemical properties, thus influencing soil nutrient (e.g.,
C, N) cycling and controlling greenhouse gas emissions. By contrast, biochar can also enhance
soil N losses to the atmosphere by stimulating both nitrification and denitrification, thus
decreasing the efficiency of N-fertilizer utilization. Therefore, the effect of biochar on the
efficiency of N fertilizer should be considered when it is widely recommended as soil amend-
ment [53].

2.7. Animal manure and agricultural waste application: An overview

Gómez-Muñoz et al. [60] reported that, when diverse types of urban waste (human urine,
sewage sludge, composted household waste) and agricultural wastes (cattle slurry, farmyard
manure and deep litter) applied annually for 11 years (at normal and accelerated rates), soil
water retention and total carbon improved. Cattle manure, sewage sludge and composted
household waste increased soil total N by 13–131% compared to the mineral fertilizer (NPK).
The interaction of biochar and compost used in agricultural practices affect each other’s
properties. Biochar could change the physicochemical properties, microorganisms, degrada-
tion, mummification and gas emission of composting, such as the increase of nutrients, cation
exchange capacity (CEC), organic matter and microbial activities. Composting and addition of
animal manure to biochar could change the characteristic properties of biochar such as its
surface polar and non-polar attractions sites, ion-exchange sites, and electrostatic attraction
functional groups (Figure 6), such as the improvement of nutrients availability, CEC, func-
tional groups on biochar surface and soil organic matter (OM). These changes would poten-
tially improve the efficiency of the biochar and remediation of pollution [61].

Biochar and Animal Manure Impact on Soil, Crop Yield and Quality
http://dx.doi.org/10.5772/intechopen.77008

53



2.5. Trace metals in animal manure

Animal manure is a source of valuable plant nutrients, but also a source of air and soil
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Figure 5. Pharmaceuticals used in animal feeding operations to protect against bacterial and disease infection.
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2.6. Application of biochar in agricultural production

Currently little information exists in the literature if biochar addition to soil as organic amend-
ment can reduce the plant uptake of trace-elements and reduce toxic metals bioavailability to
edible plants. Such practice, if found effective, can assist in management of contaminated
agricultural and urban soils from current and past use of municipal SS and might be also
useful in mining reclamation. Acidification can affect both the soil biota and biogeochemical
processes, thus decreasing agricultural production [52, 53]. Biochar has been reported to
modify soil quality characteristics, thereby increasing crop yields [54]. Because it is usually
alkaline in nature, biochar can increase the pH of acidic soils [55, 56]. Furthermore, biochar
application has also been promoted as a means of contributing to the mitigation of climate
change by reducing soil N2O emissions [53, 57, 58]. Biochar addition changed soil chemical
properties, including increasing soil pH, total nitrogen (TN), total carbon (TC), C/N ratio, and
cation-exchange capacity (CEC), and shifted the bacterial community composition. As biochar
has been considered unlikely to be used by soil microbes [59], and it cannot directly impact soil
microbial community. Therefore, biochar may affect soil microbial community via improving
soil chemical properties [53].

When used in acidified soil amelioration, biochar can increase crop yield through improving
soil chemical conditions and changing the availability of nutrients. It can also impact soil
microbial community by increasing diversity of soil microbes and changing relative abun-
dances of their taxa) via changing soil chemical properties, thus influencing soil nutrient (e.g.,
C, N) cycling and controlling greenhouse gas emissions. By contrast, biochar can also enhance
soil N losses to the atmosphere by stimulating both nitrification and denitrification, thus
decreasing the efficiency of N-fertilizer utilization. Therefore, the effect of biochar on the
efficiency of N fertilizer should be considered when it is widely recommended as soil amend-
ment [53].

2.7. Animal manure and agricultural waste application: An overview

Gómez-Muñoz et al. [60] reported that, when diverse types of urban waste (human urine,
sewage sludge, composted household waste) and agricultural wastes (cattle slurry, farmyard
manure and deep litter) applied annually for 11 years (at normal and accelerated rates), soil
water retention and total carbon improved. Cattle manure, sewage sludge and composted
household waste increased soil total N by 13–131% compared to the mineral fertilizer (NPK).
The interaction of biochar and compost used in agricultural practices affect each other’s
properties. Biochar could change the physicochemical properties, microorganisms, degrada-
tion, mummification and gas emission of composting, such as the increase of nutrients, cation
exchange capacity (CEC), organic matter and microbial activities. Composting and addition of
animal manure to biochar could change the characteristic properties of biochar such as its
surface polar and non-polar attractions sites, ion-exchange sites, and electrostatic attraction
functional groups (Figure 6), such as the improvement of nutrients availability, CEC, func-
tional groups on biochar surface and soil organic matter (OM). These changes would poten-
tially improve the efficiency of the biochar and remediation of pollution [61].
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3. Experimental studies conducted at the University of Kentucky
South Farm (Fayette County, Kentucky)

3.1. Impact of animal manure on tomato yield

Tomato (Solanum lycopersicum var. Mountain Spring) seedlings of 52 days old were planted in
raised, plastic-mulched, freshly tilled soil at 18 inch in-row spacing. The entire study area
contained 30 plots (3 replicates � 10 treatments). Each treatment was replicated three times in
a randomized complete block design (RCBD) with the following treatments: (1) control (NM
no-mulch untreated soil); (2) sewage sludge (SS); (3) horse manure (HM); (4) chicken manure
(CM); and (5) yard waste compost (YWC). Each of the five treatments was also mixed with 1%
(w/w) biochar obtained from Wakefield Agricultural Carbon (Columbia, MO) to make a total
of 10 treatments. The soil in six plots was mixed with SS obtained from the Metropolitan Sewer
District, Louisville, KY at 5% N on dry weight basis [62, 63]. Six plots were mixed with CM
obtained from the Department of Animal and Food Sciences, University of Kentucky, Lexing-
ton, Kentucky at 5% N on dry weight basis. The soil in six plots was mixed with HM obtained
from the Kentucky horse park, College of Agriculture, University of Kentucky, Lexington,
Kentucky at 5% N. The soil in six plots was mixed with YWC at 5% N and the native soils in
six plots was used as a no-mulch (NM) control treatment (roto-tilled bare soil) for comparison
purposes. Biochar was mixed in three plots in each of the soil amendments, while other three
plots in each soil amendment were left without biochar for comparison purposes. Soil amend-
ments were added to native topsoil, mixed, and rototilled to a depth of 15 cm of top soil. The
plots were hand transplanted with tomato and irrigated by a uniform drip irrigation system.
Fruits were harvested three times during the growing season on August 3, August 19, and
September 8, 2016. At each harvest, fruits were collected, weighed and counted. Data were
statistically analyzed using ANOVA and the means were compared using Duncan’s multiple
range test [64].

Figure 6. Schematic diagram of biochar showing its electrostatic attraction sites, ion-exchange sites, polar and non-polar
attraction sites collectively known as surface functional groups.
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3.1.1. Research findings

Plants grown in soil fertilized with CM had 8.2, 15.8, and 1.3 kg fruits/3 plants in harvest 1,
harvest 2, and harvest 3, respectively (Table 1). Whereas, biochar added to CM, HM, and NM
native soil did not alter tomato yield in harvest 1 (P > 0.05). Accordingly, the synergistic effects
of biochar mixed with soil amendments used in this study was not observed after biochar
addition in harvest 1. This could be due to the low amount of biochar (1% w/w) used in each
treatment. Results of harvest 1 also revealed that the addition of biochar to SS and YW
treatments significantly increased fruit yield from 5.2 kg and 3.9 to 6.3 and 5.7 kg/3 plants,
respectively, indicating a positive effect of biochar on the growth and yield of tomato grown in
SS and YW treatments. In harvest 2, plots fertilized with HM mixed with biochar revealed a
significant increase (P < 0.05) in tomato yield. Whereas, biochar added to other soil treatments
did not promote tomato yield (Table 1). In harvest 3, the synergistic effect of biochar was
observed in HM and NM native soil (Table 1). However, total weight of tomato fruits collected
after three harvests presented in Figure 7 revealed that HM and YW amended with biochar
significantly (P < 0.05) increased tomato yield compared to other treatments indicating a
positive effect on the growth and yield of tomato.

Overall tomato three harvests, the synergistic effects of biochar was only observed in HM
and YW amended soils (Figure 7). Total marketable tomato yield of biochar amended
soils was increased by 63 and 20% in HM and YW treatments, respectively compared to
other soil treatments. Regardless of soil treatments, it could be concluded that harvest 2
had the greatest yield and greatest number of fruits compared to the other two harvests
(Figure 8).

Soil Weight of fruits, g Plants�3

Treatment Harvest �1 Harvest �2 Harvest �3

CM 8145.3 � 413 15806.2 � 1227 1326.1 � 354

CM-Biochar 8261.5 � 218 14761.4 � 937 1218.6 � 158

HM 4932.7 � 356 8423.8 � 1154 839.7 � 360

HM-Biochar 4901.9 � 556 15623.2 � 1644 2618.7 � 466

NM 744.7 � 555 14555.7 � 597 534.7 � 353

NM-Biochar 4077.4 � 94.3 12782.2 � 939 2913.6 � 278

SS 5139.1 � 187 16094.9 � 566 1505.9 � 347

SS-Biochar 6287.7 � 432 13858.8 � 274 625.2 � 166

YW 3925.7 � 96 13636.5 � 1285 690.4 � 503

YW-Biochar 5711.9 � 380 14788.6 � 1244 1466.6 � 503

Statistical comparisons were carried out among soil management practices using SAS procedure. Each value is an average
of three replicates � std. error.

Table 1. Average weights of tomato fruits collected at three harvests from plants grown under 10 soil management
practices at the University of Kentucky South Farm (Fayette County, Kentucky, USA).
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The use of organic wastes is also being encouraged for by different environmental organiza-
tions world-wide to preserve the sustainability of agricultural systems [65]. These two authors
conducted a greenhouse experiment to assess the effect of CM on soil chemical properties and
yield of spinach. They concluded that CM is a potential source of plant nutrients. Their study
provided insights to critical threshold values in response to the optimum yield in spinach and
uptake of N and P on leaves particularly at high CM application rate. The results indicated an
increase in spinach yield as measured in dry matter content. In addition, the use of 15 different
amendment combinations that contain equal amounts of carbon (C), were applied through CM
compost, charcoal, and forest litter during four cropping cycles with rice and sorghum. The
authors reported that CM amendments resulted in the highest (P < 0.05) cumulative crop yield

Figure 7. Total weights of tomato fruits collected from three harvests of tomato plants grown under 10 soil management
practices. Statistical comparisons were carried out among soil treatments using SAS procedure. Values accompanied by
the same letter(s) are not significantly (P > 0.05) different. Each value is an average of three replicates � std. error.

Figure 8. Overall tomato fruit harvests of three plants grown at the university of Kentucky south farm, regardless of soil
treatments. Statistical comparisons were carried out among three harvests using SAS procedure. Values accompanied by
the same letter(s) are not significantly (P > 0.05) different. Each value is an average of 10 treatments � std. error.
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(12.4 Mg ha�1) over four seasons. Most importantly, surface soil pH, P, Ca, and Mg were
significantly enhanced by CM addition. Antonious et al. [63] also reported that CM enhanced
yield and quality of field-grown kale and collard greens. CM is preferred among other animal
wastes because of its high concentration of macro-nutrients [66]. Poultry litter is poultry
manure mixed with the bedding (wood shavings, rice hulls, etc.) that is scooped up when the
houses are cleaned. Chicken litter nutrient composition depends on the technique used for
clean-out the house, methods of litter storage, and many other factors, such as storage house
air conditions. An average nutrient percentage content of 3-3-2 means that an average ton of
poultry litter contains 60 pounds of nitrogen, 60 pounds of phosphate (P2O5) and 40 pounds of
potash (K2O) per ton of litter. Poultry litter may contain nearly small amounts of essential
elements needed for plant growth and composition. Such as sulfur, but the amounts are
usually small. Due to the increased prices of inorganic fertilizers, farmers interest in using
poultry litter as organic fertilizer has also risen sharply.

Due to the consumer demand of chicken meat, chicken manure from chicken condensed
feeding operations has become available in increasing quantities for utilization in agricul-
tural production systems as organic fertilizer. While the use of organic wastes has been in
practice for centuries world-wide and in the recent times, there still exists a need to assess the
potential impacts of CM on soil chemical properties and crop yield and in particular evalu-
ating the critical application levels. Moreover, the need and utilization of CM has overtaken
the use of other animal manure (e.g., pig manure, horse manure, and cow manure) because
of its high content of N, P, and K [67]. Escalating prices of inorganic fertilizers due to the
increase in the fuel prices has also prompted the use of CM and other animal manure.
Accordingly, knowledge about the environmental problems and adoption of appropriate
solutions and practices to enhance and protect soil quality require timely delivery of research
and educational technology.

3.2. Impact of animal manure on tomato fruit nutritional composition

Fruits and vegetables contain various vitamins and nutrients important for human health.
Discovery of phytochemicals with antioxidant properties and their health promoting benefit
have paved the way to a food revolution and promising for an age of food with nutritional
composition and good health [68]. Tomato (Solanum lycopersicum), among antioxidant-rich
commodities, has achieved a spectacular status because of its rich composition and wide-
spread consumption. It is one of the major vegetable crops, grown in almost every country of
the world. Studies indicated that regular intake of cooked tomato as a part of the vegetable
regime appears to be the major nutritional factor accounting for lower risk of prostate cancer,
digestive tract cancer and coronary heart diseases in the Mediterranean region. In tomato fruits
and most vegetables, ascorbic acid (vitamin C) and phenols that have antioxidant properties
protect animals and humans from various diseases. Lycopene, constituting 80–90% of the total
carotenoid content present in tomatoes and tomato products, has been believed to contribute
to the reduced risks of some types of cancers. Vitamin C (ascorbic acid) in tomato fruits
provides about 40% of the required dietary allowance for human health. As a result, enhancing
the levels of these healthy chemicals in tomato fruits may form an efficient way to improve
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human health conditions. In response to this opportunity, numerous investigations have been
conducted to identify the factors influencing the contents of lycopene and vitamin C in toma-
toes. The results demonstrated consistent differences in lycopene and vitamin C content
between tomato cultivars, which can be magnified by agricultural management. A relationship
has been established associating electrical conductivity (EC) and light intensity with lycopene
and vitamin C content in tomato fruits. Generally, moderate EC growing conditions enhance
tomato health quality; solar radiation is favorable to lycopene and vitamin C accumulation,
whereas strongly intense light exposure inhibits lycopene synthesis. Temperatures beyond the
optimum temperature range may inhibit lycopene biosynthesis. However, the effects of tem-
perature on vitamin C content are not always conclusive. The effects of nutrients (N, P, K, and
Ca) and water availability have also been reviewed, but results are sometimes contradictory.
Up-to-date studies dealing with soil amendments and vitamin C, phenols, and sugars contents
in tomato fruits are reviewed in this chapter. Previous studies indicated that increasing both P
and N application (up to 140 kg P ha–1 and 150 kg N ha–1, respectively) significantly increased
the vitamin C content of tomato fruits [10]. Concentrations of vitamin C varied significantly
among plant species and among plants grown under different animal manures. Ascorbic acid
in tomato fruits (Figure 9) was greatest in plants grown in CM amended soils compared to NM
un-amended soil.

Tomatoes also contain moderate amounts of water-soluble phenolic, flavonoids (quercetin,
kaempferol and naringenin) and the hydrocinnamic acids (caffeic, chlorogenic, ferulic and p-
coumaric acids), mainly concentrated in skin [69, 70]. Polyphenols are secondary metabolites
of plants that contain in their structure the aromatic ring with one or more phenolic groups.
Such molecules have great antioxidant potential. The phenolics of tomatoes are found to occur
in the skin. Total phenols in tomato fruits of plants grown in amended soils were significantly

Figure 9. Concentrations of ascorbic acid (vitamin C) in tomato fruits of plants grown under different soil management
practices. Statistical comparisons were carried out among soil treatments using SAS procedure. Values accompanied by
the same letter(s) are not significantly (P > 0.05) different. Each value is an average of three replicates � std. error.
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(P < 0.05) greater compared to NM un-amended soil (Figure 10). Concentration levels of
soluble sugars in tomato fruits (Figure 11) revealed also that YW compost provided the
highest concentrations of total phenols among the other amendments tested.

However, one can ask whether the higher content of vitamin C, phenols, and soluble sugars in
plants grown in animal manure treatments is due to higher synthesis of these water soluble
compounds by plants grown in organic manure, or due to increased absorption from soil by
the plants roots, or these compounds were found in the plants due to their presence in native

Figure 10. Concentrations of total phenols in tomato fruits of plants grown under different soil management practices.
Statistical comparisons were carried out among soil treatments using SAS procedure. Values accompanied by the same
letter(s) are not significantly (P > 0.05) different. Each value is an average of three replicates � std. error.

Figure 11. Concentrations of soluble sugars in tomato fruits of plants grown under different soil management practices.
Statistical comparisons were carried out among soil treatments using SAS procedure. Values accompanied by the same
letter(s) are not significantly (P > 0.05) different. Each value is an average of three replicates � std. error.
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soil (soil origin)? Or this increase might be due to increased soil organic matter and microbial
activity. Based on the results in Figures 9 and 10, plants grown in NM bare soil (control plants)
contained the lowest concentrations of the two phytochemicals (vitamin C and phenols)
compared to the plants grown in animal manure amended soils. Therefore, the native soil used
in this study is not the source of these three compounds. SS, CM, and HM contain many
enzyme substrates such as urea, sucrose, and phosphates compounds that activate soil
enzymes, such as urease, invertase, and phosphatase, respectively. Accordingly, the pro-
nounced differences in vitamin C and phenols concentrations found among tomato fruits of
plants grown under the different soil amendments tested could be attributed to increased
microbial activity and the enzymes they produce. Many reasons have been suggested for this
variability, but none of them have been extensively investigated. In either way, the use of
animal manure such as municipal waste compost is an economic way to recover nutrients,
reduce dependence on inorganic fertilizers, reduce dunghill areas of disposal, and eliminate
unpleasant smell [71].

3.3. Impact of agricultural waste on soil enzymes (urease and invertase) activity

Animal manures used as organic soil amendments protect soil microorganisms, soil biological
processes, improve soil quality, and increase agricultural productivity [72]. There are three
enzymes in soil play a significant role in the N, C, and P cycles. These three enzymes are,
urease (urea amidohydrolase, EC 3.5.1.5) is the enzyme that catalyzes the hydrolysis of urea to
carbon dioxide (CO2) and ammonium (NH4

+) ions. Urease breaks-down and converts N from
its organic form into inorganic N by hydrolysis of urea or organic forms of N into ammonia.
Invertase (β-D-fructofuranosidase) is ubiquitous enzyme in soils. The activity of these two soil
enzymes (urease and invertase) in soil is responsible for the release of C and N needed for the
growth and proliferation of soil microorganisms and the enzymes they produce. Phosphatases,
a group of enzymes that catalyze the hydrolysis of esters and anhydrides of phosphoric acid

Figure 12. Urease activity expressed as μg NH4–N released g�1 dry soil. Statistical comparisons were carried out among
soil management practices using SAS procedure. Values accompanied by the same letter are not significantly (P > 0.05)
different. Each value is an average of three replicates � std. error.
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(H3PO4), catalyze the hydrolysis of organic phosphate esters to orthophosphate, and thus
constitute an important link between biologically unavailable and bioavailable P pools in the
soil. Phosphatases are ubiquitous in soil and are produced by microorganisms in response to
low levels of inorganic phosphates. Bacteria, fungi, protozoa, and algae secrete soil enzymes
such as dehydrogenases, invertase, urease, cellulase, amylases, and phosphatases capable of
degrading xenobiotics in soil and water systems improving soil health and plant production.

This investigation revealed that CM and HM increased the activities of soil urease (Figure 12),
due to the break-down of urea by urease and the release of ammonium ions (NH4

+–N).
Whereas, CM and SS increased soil invertase activity (Figure 13).
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1. Introduction

As at 2012, world basic energy supply touched 560 EJ, corresponding to about 19,000 Mtce 
[1]. Of this energy supply, more than two-third is made up of fossil fuels, nuclear power 
was made up of 5% while 3% was renewable energy comprising hydropower, geothermal, 
solar, wind, and tidal. The balance is made up almost entirely of biomass and waste, which 
amounted to 10% of the world market. This portion of the energy considerably provided 
about 56EJ/y of the energy supplies; an amount, which is equal to three times the energy 
contributed by all other renewable energies in totality. However, considering resource report 
and reserves, biomass did not comparatively attract desired interest and data are not as exten-
sively available as those for oil, gas, and coal, although reasonably good data are available for 
the demand and supply of biomass [2, 3].

Of importance is the renewable energy resources meant for locomotion and generation of 
electric power to curb the menace of climatic, economic, environmental and political concerns 
associated with the combustion of fossil fuel. Bioenergy, which is the utilization of bio-based 
materials, including plant materials and manure, to produce renewable fuels for transporta-
tion and to generate electricity sustainably. This fuel is characterized with low-carbon emis-
sion compare to fossil fuels while communities also stand to benefit immensely from the sale 
of this local resource [4]. Bioenergy is among the various policies put in place to reduce the 
dependence on the use of fossil fuel and it has been propose to cut US. oil use in half by 2030, 
and consequently, this practice will ensure the propensity of phasing out coal as electricity 
producing feedstock. An important key to exploring biomass resources sustainably is to focus 
on the right ones, and to develop them in holistic ways and at appropriate measures [5].

Cellulosic biomass may be derived from agricultural sources, such as crop residues and 
perennial energy grasses, as well as forest sources, such as forest residues and woody bio-
mass. Crop residues mainly include corn stover, wheat straw, and rice straw. Because these 
resource is by-products of crop production, their collection and utilization ensures sustain-
able practice and does not result in food energy feud and land competition. Therefore, the 
negative effects of cellulosic biomass production from crop residues on food prices can be 
expected to be negligible. Although cellulosic feedstocks differ significantly in their environ-
mental performance [5], they can provide commensurate advantage and prospect for various 
environmental benefits when compared with the coal they will substitute [6]. China is a major 
producer of corn, wheat, and rice. It produced about 20% of the world’s corn and wheat, and 
26% of the world’s rice, in 2010 [7]. Therefore, China is among the nation that can ensure uni-
versal practice of potential production of a large amount of crop residues, which can reduce 
the nation’s reliance on coal as a major energy source.

The union of concerned Scientists evaluated the magnitude of biomass resource potentially 
feasible from the united states production capacity in a bid to possibly comprehend the main 
biomass feedstock as well as the operational scales in order that the synthesized biofuel care-
fully balances the energy and environmental trade-offs. It was discovered that the nation 
could harness nearly 680 million tons of biomass resources annually up to 2030 [8]. This 
resource was sufficiently observed to be suitable to generate well above 10 billion gallons of 
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ethanol, or 166 billion kilowatt-hours of electricity, which is equivalent to about 4% of total 
US. power consumption in 2010. Agricultural biomass has been earmarked to be an important 
energy resource in this wise [9]. Among the feedstocks available in abundance to the US are 
the crop residues and the choice of selecting the appropriate agricultural biomass and manure 
for bioenergy production is a measure of some factors, which may include the type and scale 
of resources in each location. The use of agricultural residues and manure to produce bioen-
ergy offers a significant edge for local and regional economies.

Currently, 17% of the global population remains without electricity an amount, which is esti-
mated to be about 1.2 billion people [10]. The climatic and geographical hindrances prevent 
easy accessibility to rural or remote areas where mainstream of this estimates reside; this con-
straint hampers the extension of power grids to these locations. An alternative to this problem 
is the exploration of renewable energy sources, which are increasingly the source of electricity 
for isolated systems in rural areas [10]. The physicochemical characteristics of biomass make 
it an attractive source to be harnessed for energy generation [11].

2. Agricultural residues

Agricultural residues are carbon-based materials generated as a byproduct during the 
harvesting and processing of agricultural crops. Agricultural residues which are produced 
during harvesting are primary or field-based residues while those produced along with the 
product during processing are secondary or processed based residues. Agricultural residues 
are heterogeneous, varying in bulk density, moisture content, particle size and distribution 
relative to operational handling. They are usually fibrous, low in nitrogen and vary with geo-
graphical location [12]. These field residues are occasionally utilized as fertilizer, for erosion 
control and as fodder for livestock. Almost half of these resource are combusted on the farm 
prior to the commencement of another farm season.

Process residues offer high prospect as an energy source. Chemical composition of any crop 
residue varies depending on several factors among, which may include species, age of residue 
or period of harvest, physical composition including length of storage and harvesting prac-
tices [13, 14]. Agricultural residues are produced as a waste product from food crops such as 
maize, wheat, sunflowers, and so on. Currently, only small proportion of these residues are 
being used by farmers as feed for livestock and the rest of these are plowed back into the soil 
or burned to get rid of the huge volumes of biomass before planting the next crop. The biggest 
advantage of utilizing agricultural residues is that it does not compete with the production of 
food, and if it can become a by-product that can be utilized economically for the production 
of energy, it will result in lower food prices. It is estimated that roughly one ton of residue is 
produced for every ton of grain harvested [15].

2.1. Crop residues

Apart from the grains of crops such as corn, wheat, and rice which as sourced for food, the 
remnants or left over from the processing of these grains also serve as an important resource. 
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These residues generally makeup at least 50% by mass of the biomass in US grown crops. 
Over time, these resources have been sourced for animal bedding, combusted, or allowed to 
decay on farmlands. The recent development for use of the biomass residues for ethanl pro-
duction or electricity generation sequel to scientific discovery has raised hope for the resource 
for both economical and environmental benefits. Significantly, the US agriculture can prob-
ably support up to 155 million tons of residues for producing bioenergy in 2030 [8]. Without 
the need of additional land requirement since these residues is by-product of major crops [16].

Residues are known to offer a lot of advantages ranging from erosion prevention and miti-
gation against soil carbon depletion, their use for soil bioenergy production may adversely 
impact on these benefits, therefore, their utilization should be subject to certain circumstances, 
and even then, only at a predetermined magnitude. The amount of residues that can be col-
lected is subjective and depends on several conditions relative to the farmland, this should be 
considered sustainably as removal of too much resdiues may cause exposure of the land to 
excessive erosion while too less or no removal of the residues can inadvertently prevent soils 
from drying in spring, thereby affect the planting season.

Removal of residues for bioenergy potential and application can impact negatively on other 
agricultural practices. The environment could be worsen as a result of excessive exposure of 
the farmland. In order to minimize the effect of this, farmers can employ various strategies 
to curb the effect. For instance they can use no-till farming and indulge in cover cropping 
to decrease soil erosion and water pollution. This will enhance agricultural production suf-
ficiency while also provide abundantly the amount of residues for bioenergy biofuel pro-
duction [17].

In corn-growing regions, large quantities of corn stover—leaves and stalks left over after corn 
is harvested—are available to produce ethanol. Corn residues are abundant near existing 
facilities fitted to produce and distribute ethanol made from corn grain. Indeed, companies 
are building the first three commercial-scale efforts to produce ethanol from agricultural 
residues near such existing facilities in Iowa and Kansas. Producing ethanol from corn grain 
and corn stover at the same location can reduce the use of natural gas and electricity by the 
combined facility, curbing the environmental footprint of the fuel [18].

2.2. Waste from livestock

Livestock raised in very large confined animal feeding operations generate an enormous 
amount of manure, which can be used for bioenergy, but also frequently pollute water sup-
plies in many locations. Fortunately, on the smaller end of the livestock production scale, 
farmers convert manure into biogas with the aid of anaerobic digesters resulting in both eco-
nomic and environmental paybacks. The biogas can be employed to provide heat and power 
on the farm, or it can be further purified and sold as renewable natural gas for use elsewhere. 
Prospect of anaerobic digesters for biogas production from manure can enhance water qual-
ity, reduce obnoxious greenhouse gas from manure, and assist farmers to fixate nutrients 
to the soil. In the United States, reports show that almost 60 million tons of manure can be 
adopted to produce bioenergy in 2030 [8].
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This resource is best used close to where livestock produces it, and would ideally be inte-
grated with crop production. Crop residues do not usually appear in official statistics hence 
an estimate of the amount of crop residues produced are usually deduced based on produc-
tion data [19, 20]. Available data for processing residues is generally poor, due to a wide vari-
ety of processing techniques producing an array of different stocks of residues [21, 22]. The 
ratio between main product and residue vary depending on a set of factors including variety, 
moisture content, nutrient supply, and use of chemical growth regulators among others. In 
reality, there are factors which limit the use of certain residues for bioenergy production such 
as scattered abundance, technical constraints, ecosystem functions, and other demands such 
as animal fodders, fertilizer, domestic heating, and cooking for which the application of the 
resource is being explored for.

Bentsen et al., presented a report relative to the production data of some crops which were 
combined with the residue-to-product ratios (RPR) of the different crops to obtain the amount 
of residues for each annual crop and from perennial plantation crops. The analysis showed 
that the estimated total amount of crop residue that is potentially available for energy was 150 
million tonnes. Using 30% conversion that is typically obtained in biomass to energy conver-
sion systems efficiency and the heating value data, these residues can generate about 0.60 EJ, 
which is equivalent to 34% of the current energy consumed in Nigeria.

3. Bioenergy potentials

In accordance to the report of World Health Organization (WHO), United Nations Devel-
opment Program (UNDP), 1.5 billion people, implying an estimated one-quarter of the 
world’s population, do not have access to electricity [23]. In order to meet the UNDP mille-
nium development goals, modern energy service need be supply to about two billion people. 
Lack of accessible and uninterrupted electricity supply and liquid transportation fuels under-
mines undeveloped and developing countries deleteriously, where population density is high 
and access to resources is low. About 2 billion people require on solid fuels (Figure 1), which 
are employed primarily for cooking and heating purposes. This development of combusting 
biomass environmental pollution and health issues. In the long run, the effect incurs health 
costs, where the main victims are the woman and children, due to the burning of solid fuels 
in poorly ventilated housing [23–25].

Contrarily, developed nations sourced for bioenergy to combact the menace of environmental 
pollution due to CO2 emission and possibly reduce it and provide domestic energy [26]. Energy 
crops with potential to generate high-yielding lignocellulosic biomass have been studied by [27]. 
Exploration of the special energy crops in developing countries may possibly displace food 
crops resulting in food-energy fued [28–30]. Food security, as well as energy provision from 
these crops, can be ensured when the degraded farmlands are used to grow crops after the 
deforestation, which can result in CO2 emissions as a result of excessive land use [31]. Hence, 
opportunities abound from dual cropping process, which can enhance agricultural  productivity 
by generating bioenergy from agricultural waste while food production is ensured.
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Albeit the enormous advantages of using agricultural residues as a waste stream [32], Kim 
and Dale opined that clearing the farm of some types of agricultural residues may result in 
some serious environmental concerns [26]. For instance, recurrent continual harvesting of 
total above ground biomass from annual cereal crops can ultimately reduce soil organic mat-
ter, causing long-term degradation of soil fertility, and rapidly promoting CO2 emissions [33]. 
However, an example of removing partial residues has been demonstrated for rice (Oryza 
sativa) grain husks in India, which are gasified in small-scale ecofriendly units to produce 
electricity for users spending approximately $2 a month for energy [34]. Such a model for 
renewable energy could serve globally as an inexpensive decentralized energy mechanism.

In exploring parallel circumstances, environmental factors such as temperature, rainfall, and 
altitude affect the production of crop from different locations. Thus, identification of source 
feedstocks suitable for dual-use cropping and that are available in regions with energy scar-
city is imperative. In this regard, an existing dual-use feedstock that is underused is endocarp 
tissues from horticultural fruit crops. For instance, the endocarp of a drupe fruit is the inedible 
shaft of the fruit that encloses the seed, and which is mostly thrown out after processing. 
The hardened drupe endocarp is made up of predominantly lignin content of any woody 
feedstock which can be as high as 50% wt/wt [35, 36].

In biofuel synthesis, lignin offers much higher energy content compared to cellulosic biomass 
[37, 38]. In practice these crops are majorly horticultural crops. The geographical distribu-
tion of selected crops and their individual potential for bioenergy synthesis was studied by 
Mendua et al. [35] The considered crops include coconut (Cocos nucifera), mango (Mangifera 
indica), olive (Olea europaea), walnut (Juglans spp.), pistachio (Pistacia vera), cherry (Prunus 
cerasus, P. avium), peach (P. persica), plum (P. domestica, P. salicina), apricot (P. armeniaca), and 
almond (P. dulcis). The focus of the study was to determine the relationship between diversity 
of endocarp and the proliferation of energy insufficiency by investigating the potential of 
endocarp biomass for energy [39].

Figure 1. Primary energy supply of biomass resources globally in 2013 (WBA Global Bioenergy Statistics 2016). Source: 
Based on data from World Bioenergy Association (2016).
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The prospect of biomass feedstock for synthesis of biofuel and as starting materials for indus-
trial processes cannot be overemphasized, following this development; experts forecast the 
potential of agricultural residues in augmenting the energy need globally in the near future 
thereby accounting for a significant part of international agricultural transactions in the nest 
few decades. However, the cost of petroleum product is usually the yardstick for evaluating 
the economic viability of bioenergy, although social ane environmental concerns are possible 
factors that can possibly fast track the schedule [39].

3.1. Biomass conversion processes

3.1.1. Biochemical conversion process

Typically, biomass composition is usually considered from three major components namely, 
cellulose, hemicellulose, and lignin (Table 1). The process of biochemical transformation pro-
cesses of biomass is aimed at the disruption of the hemicellulose part in order to enable easy 
reachability to the cellulose, however, there is no alteration done to the lignin component [21]. 
Nevertheless, the lignin fraction can be converted to important fuel using a thermochemical 
conversion mean. Anaerobic digestion and fermentation are the two biochemical methods 
where biomass is converted into a valuable substance (Table 2).

Anaerobic digestion is an important conversion method appropriate for bioenergy synthe-
sis from agricultural residues and some other organic products [40]. It has been researched 

Crop Residues Residue Composition (Dry weight basis)

Cellulose Hemicellulose Lignin

Rice Straw, husk, stalk 0.36 0.24 0.16

Maize Cob, husk, stalk, stover 0.35 0.23 0.19

Soybean Husk, stalk 0.40 0.16 0.16

Groundnut Husk 0.30 0.30 0.40

Hazelnut Husk shell 0.30

0.26

0.16

0.30

0.53

0.43

Tobacco Stalk, leaf 0.36 0.34 0.12

Sunflower Stalk, head 0.48 0.35 0.17

Almond Shell 0.51 0.29 0.20

Wheat Pods, stalk 0.38 0.27 0.18

Sugar cane Baggasse, top and leaves 0.44 0.32 0.24

Cotton lint and cotton seed Boll, shell, husk, stalks 0.80 0.20 —

Grasses Straw 0.40 0.50 0.10

Barley Straw 0.46 0.23 0.16

Table 1. Some crop residue and their lignocellulosic composition [71, 72].
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extensively in the production of bioenergy for both domestic and industrial applications [41]. 
The process involves the utilization of microorganism for conversion of moist organic sub-
stance in an anaerobic environment to generate CO2, biogas and some other impurities such 
as hydrogen sulfide [21]. Along the product a waste stream digestate is generated which are 
usually utilized as manure of the farmland. The generated biogas is characterized with high-
energy content of one-third of the lower heating magnitude of the feedstock from which it 
is produced [42]. In the quest for renewable energy production in the form of biogas, this 
method has been studied succinctly. Moreover, there is inherent advantage of carbon capture 
for CO2 mitigation [39, 41]. Among the various biomass resources that has been investigated, 
algae stand prominent as an agricultural residue producing significant amount of biogas in 
many locations of the world [39].

Besides, another vital approach of biomass conversion is an enzymatic controlled anaerobic 
process [43], which is employed in the synthesis of bioethanol from lignocellulosic biomass. In 
this process, the first action is the pretreatment of the raw biomass and subsequent hydrolysis 
prior to fermentation process. The cellulosic component of the biomass is transformed into 
glucose via enzymatic hydrolysis converts the cellulose component of the biomass into glu-
cose while the hemicellulose part affords pentose and hexoses. Microorganism then converts 
the glucose into ethanol. This is affected by the action of biological catalysts to turn ferment-
able sugars to important chemicals (usually alcohols or organic acids). The most essential 
product of fermentation has been ethanol; however, there are some other useful substances 
such as hydrogen, methanol, and succinic acid that are generated. The major fermentation 
substrates are hexoses, which are mostly glucose, while modified fermentation organisms are 
used to convert pentose, glycerol, and other hydrocarbons to ethanol [44].

Furthermore, fermentation process is a conventional and extensively considered method in 
the treatment of waste streams, as well as for ethanol synthesis from agricultural residues, 
such as corn cobs and sugar beets [43]. Using fermentation sugars in sugarcane as feedstock, 
Brazil established a successful bioethanol plant. In 2011, about 5.57 billion gallons of ethanol 
is generated as fuel from this program, an equivalent of about 24.9% of the world’s total 
ethanol utilization in form of fuel [21].

Conversion processes Biomass Components

Fat and oils Protein Sugar and starch Lignocellulosic

Direct combustion ✓ ✓

Anaerobic digestion ✓ ✓ ✓ Cellulose only

Fermentation ✓ ✓ Cellulose only

Transesterification ✓

Pyrolysis ✓ ✓ ✓ ✓

Gasification ✓ ✓ ✓ ✓

Table 2. Primary biomass conversion process and processed biomolecules [21].
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Transesterification reaction is used to synthesize biodiesel by employing the ethanol along 
with large branched triglycerides into smaller straight-chain molecules usually in the pres-
ence of a catalyst [40]. The biodiesel produced is used in diesel engines either pure or in 
blend with fossil diesel. In spite of the success recorded in various part of the world, biodiesel 
production in commercial scale is still at evolving stage in Africa [40, 45] despite the myriad 
of feedstock available and the potential of this important biofuel.

3.1.2. Thermochemical conversion processes

Various other methods of thermochemical conversion processes for biomass conversion 
abounds, which are carried out at supercritical temperature and pressure and are usually 
at higher reaction condition compared to biochemical processes [46]. This process has been 
employed to generate a number of important bio-based products. These methods include 
direct combustion, pyrolysis, gasification and hydrothermal liquefaction (Table 2).

An important method for biomass conversion via thermochemical route is direct combustion 
methods is employed to produce the major bioenergy resource of the world accounting well 
above 97% of world bioenergy index [43]. It is the most common way of extracting energy 
from biomass. Direct combustion methods produce energy only in the form of heat and elec-
tric power as such it is not employed for biofuel production [47] and it considered several 
feedstocks such as energy crops, agriculture residues, forest residues, industrial and other 
wastes [48].

Another production process is pyrolysis, which is an important biomass conversion method 
that heralds the combustion or gasification of solid fuels. It comprises of thermal degradation 
of biomass feedstock at temperatures of about 350–550°C, under pressure, in air tight com-
partment [21]. This approach affords three fractions: liquid fraction (bio-oil), solid (largely 
ash), and gaseous fractions. Pyrolysis has been useful over time in charcoal production, how-
ever, it is only been recently considered due to the mild temperature and short residence time 
[49]. The product generated from the fast pyrolysis technic is known to be made up of more 
than two-third of the feedstock in liquid content and is suitable for use in engines, machin-
ery and myriads of other applications [49]. An integrated approach where fast-pyrolysis can 
be co-processed with fossil fuel in conventional refinery is the current trends in research in 
which refined hydrogen can be utilized for blend to upgrade the oil into locomotive fuels 
and, in turn, some gases of pyrolysis are employed in the refinery [42, 50]. The feasibility 
of this approach is a measure of the comparable cost of natural gas, biomass feedstock, and 
incremental capital costs. Co-processing of petroleum with renewable agricultural residues 
offers advantages from both technological and economic considerations.

Subject to sustainable practices and advocacy as well as the availability of feedstock, the uti-
lization of biomass feedstock in biofuel and bioenergy production promise to be prominent 
approach and the generated biofuel products are known to be comparative in characteristic 
feature with petroleum products. The first large-scale plant facility employing fast pyrolysis 
and bio-crude refining method in the United States amounting to about $215 million projects 
is the KiOR Inc. plant situated in Columbus, Mississippi [50].
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Pyrolysis of biomass and their direct liquefaction method with water are often used mistaking 
to mean the same thing; however, there exist a striking difference between the two processes. 
Although they are both thermochemical conversion methods that involve the alteration of 
various components of biomass into liquid products. Whence liquefaction involves decom-
position of macro-molecule feedstock into smaller fragments of light molecules where an 
appropriate catalyst is employed in the conversion. Subsequently, the unstable smaller 
fragments are re-polymerized into oily constituent with comparable molecular weights 
with fossil equivalent. Whereas in pyrolysis, the generated fragments are instantaneously 
merged to an oily compound and the use of catalyst is predominantly may be subject to  
necessity [43].

4. Global biofuel and bioenergy scenarios

The potential for bioenergy generation from agricultural residues is being studied intensively 
and many studies have been conducted on both a regional and a global scale. In most cases, 
the outcomes of these studies vary considerably because of factors, such as the residue to 
product ratio and the sustainable removable amount of residues, used to calculate potentials 
range substantially.

So far, a lot of studies in different countries have been conducted for the assessment of avail-
ability of residual biomass. Scarlat et al. [51] assessed the availability of residual biomass 
of agricultural and forest crops suitable for bioenergy synthesis in Romania. Crop yield, 
variation multi-annual yield, environmental and economic constraints, and competitive uses 
were the various measures utilized to estimate agricultural residues. A comparable work was 
developed by Shonhiwa [52] who explored the magnitude of biomass available for energy 
production using thermochemical conversion technologies in Zimbabwe. Besides, Iye and 
Bilsborrow [53] evaluated the propensity of agricultural residues in Nigeria based in six 
areas; three situations were considered subject to the collection and availability of biomass 
proportion.

Moreover, in Argentina energy potential of residual biomass derived from herbaceous and 
horticultural crops was studied by Roberts et al. [54]. In Colombia, several studies were car-
ried out to determine the features of residues from agriculture, animal, forestry, and munici-
pal solid waste in order to evaluate its energy potential [11, 55]. Subject to the geographical 
location of Colombia tropics, Colombia has comparative advantages in the production of agri-
cultural and forest biomass and its potential is sufficient to satisfy the energy demands [56].

As an example, Hiloidhari assumes a RPR of 2 for maize [57], whereas the IEA considers a 
RPR of 1.5 [58] while Kim et al. adopted a ratio of 1 [59]. Similarly, the fraction of the produced 
residues that can be detached in a sustainable manner is in the range of 20 [60] to 50% [61] 
although 70% is recorded in some studies [62]. Apparently, this has a huge impact on the 
resulting propensity for bioenergy production.

Agricultural Waste and Residues80

Furthermore, numerous works have assessed the technical feasibility of crop residue produc-
tion in China. Jiang et al. [63] used a GIS-based approach to examine the availability of crop 
residues in China. A number of cereal crop were considered and the findings demostrated 
China potential to provide about 506 million dry biomass metric tons of the residues annu-
ally. In another study, Qiu et al. [64] adopted remote sensing data and reported about 729 
million MT crop residues in 2010, of which about 20–45% of this amount could substitute coal 
subject to regional utilization and customary needs of crop residues. Liu et al. [65] discovered 
that about 630 million MT of crop residues was harvested annually over a decade between 
1995 and 2005. The observable dicotomy is as a result of the several factors such as considered 
crops, assumptions relative to crop-to-residue ration, and residue collection methodology, 
which is evidence in the estimated technical availability of crop residues available in the 
results.

In estimation of the technical potential of crop residues production, production cost of the 
residues and the cost of feedstock were never considered in past reports. In certainty, farmers’ 
preparedness to collect crop residues rely significantly on the yields and production costs 
of crop residues as well as on the biomass prices provided in the market. Specifically, the 
biomass prices offered must cover the costs of collecting crop residues. In this regard, Chen 
[66] examined the potential yield of each type of crop residue in China at various prices and 
subsequently, estimated the collective supply of crop residues at these prices. As regards the 
crop residues, different residues were considered as potential residues and due to the inher-
ent yield and cost uncertainty, they derived the supply curves of the crop residues using 
alternative assumptions about the production costs of crop residues and residue collection 
technology.

In Tanzania, the major commercially sourced after agricultural crops include sugar, cotton, 
tea, cashew nut, tobacco, coffee, and sisal. Significant amounts of residues from these crops 
have been utilized for the cogeneration of electricity in the sugar sector. Convesely, only a 
small amount of sisal residues had been utilized as substrate in a pilot biogas plant to gener-
ate electricity since 2008. Moreover, almost all biomass can be converted into energy; crop 
residues are not an exception. The types of residues available for energy generation in the 
commercial crop sector in Tanzania were bagasse, coffee husks, cashew nut shells, tobacco 
stems and sisal pulp [67].

The energetically available share of these residues was determined by the termed non-energy 
applications, whence the energy content of residues is influenced by the plant structure and 
the moisture content of the residue. Considering the account of these different parameters, 
the heating value for every tonne of dry matter had been reported. Although they submitted 
to probability of the estimation due to expedient losses during collection and transportation, 
the upper bound demonstrated that all residue types contain a incredible energy propensities. 
The combined potential of 6053 TJ is equivalent to 1680 Gigawatt hours (GWh). This estimated 
maximum potential is equivalent to over 37% of the country’s electricity generation of 4553 
GWh in 2008 [68].
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5. Future prospects

Significantly, the role of biofuels and bioelectricity as an important sustianble fuel in today’s 
fuel and electricity grid cannot be underestimated due to their presumed potential to revo-
lutionize the bioenergy sector. Researchers in various research institutions around the world 
are engaging in unprecedented investigation on converting biomass into biofuels and other 
chemicals and products. For instance, reserachers of diverse field of specialization at the 
Biocentury research farm, Iowa State University are currently investigating new approaches 
for conversting agricultural residues and other advanced feedstocks into biofuels, while social 
scientists are preoccupied with the analysis of the economic blueprint of bioenergy on Iowa 
agriculture.

In developing the technological practices and policies, there is the need to use agricultural 
biomass resources responsibly to ensure that communities across the every location and agen-
cies benefit both financially and environmentally while the nation abates its oil and coal use 
and global warming emissions. However, achieving this quest will require private investment 
and smart public policy.

The IEA World Energy Outlook [69] suggested that renewables could form an integral pro-
portion of the global primary energy mix in the near future, up to a fifth of demand (Figure 2), 
while coal could provide a quarter by 2040. A great deal of this renewable energy could be 
from hydroelectricity, solar PV, and wind power while cofiring practices of biomass could 
augment these sources while not requiring the premature retirement of coal assets, many 
of which are still in the early days of operation in places Asia. Cofiring solid fuel with coal 
is a relatively low-cost, relatively safe method of adding biomass capacity without a major 

Figure 2. A comparable projection of the primary energy demand in the world in 2040 (Source: [70]).
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disbursement of capital expenditure compared to a dedicated biomass plant. In an effort to 
compare the different global biomass resource, a presentation of specific types of biomass that 
exist and identification of those best suited for combustion for power generation is impera-
tive. Numerous practices have been suggested to ensure a sustainable practice. This biomass 
resource can be combined with any fossil-fuel in any of the following practice, such as:

• Cofiring solid biomass particles with coal;

• Mixing with synthesis gas; and

• Landfill gas or biogas with natural gas.

6. Conclusion

Bioenergy is derived from biomass, which can be deployed as solid, liquid, and gaseous fuel 
for a wide range of uses including heating, electricity, and cooking. It can also provide sub-
stantial climate change mitigation benefits when developed appropriately, and therefore, can 
be instrumental in working toward the attainment of the Paris Agreement goals. Among the 
variously available resource, agricultural wastes are biomass considered in on-going research 
for biofuel and bioenergy production as well as synthesis of important chemicals for indus-
trial applications. These resources are relatively abundant around the world and can serve a 
dual purpose of energy production and environmental protection.

Moreover, the quantity of residues originating from the food processing is usually huge, 
and their exploration for energy generation can provide a considerable volume of renewable 
energy. Nevertheless, current application of these residues includes utilization as livestock 
feed, promoting the production of highly valued meat and dairy products. These com-
modities are important sources of protein in the human diet, and cannot be left out without 
affecting the quality of food consumption. Hence, exploring residues for non-feed purposes 
such as biofuel and bioelectricity requires adaptations in the food system to compensate for 
protein losses. Therefore, based on the available reports in literature and the various policies 
for sustainable practices that is geared toward pollution mitigation. Hence, these residues are 
important feedstocks of immense potential for sustainable biofuel and bioenergy production.
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Abstract

The potential for thermal recovery of waste is increasingly gaining impetus among 
researchers and industries across the globe especially in many developed countries. 
However, in processing waste for energy recovery, the type and nature of input waste 
materials particularly those with high moisture content have a significant impact 
in determining the quality, environmental profile of the waste as well as the thermal 
properties of the final product. Bio-drying, as a waste to energy conversion technology, 
tends to reduce moisture content of waste while maintaining the energy content of the 
processed waste. The current study investigates the effect of input materials (biogenic 
and non-biogenic materials) on the energy and biogenic contents of waste material by 
bio-drying process. The results indicated a positive correlation between biogenic and 
energy contents of the input materials with some variations observed. Further analysis 
showed that, high proportion of food waste in the waste mix indicated a slight difference 
in biogenic and energy contents. Conversely, the same proportion of paper in the waste 
mix showed similar biogenic content with slight variation in energy content.

Keywords: bio-drying, biogenic content, energy content, waste, fuel

1. Introduction

Waste is unavoidable as long as human continues to live and engaged in economic activities. 
Most of the waste generated are either recycled or dumped in landfills, where it decomposes 
over a period of decades or even centuries. More than 50% of the energy content of municipal 
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solid waste (MSW) originates from biogenic matter both in developed and developing coun-
tries. However, the disposal of the organic fraction of waste in landfill has dire consequences 
on the environment including the generation of methane, which can pose a threat or contrib-
ute to the greenhouse effect. Some landfills have sought to collect methane, which may be 
used for fuel; nonetheless, the conversion to methane takes place on long time scales, wastes 
much of the internal energy of the waste, and is rather ineffective in recovering much of the 
available energy content of the waste.

The search for sustainable solutions for biodegradable waste management represents a chal-
lenge not only for the waste management sector but also for the agricultural and industrial sec-
tors. The enormity of this problem intertwined with the aforementioned issues associated with 
landfilling led to the introduction of the Landfill Directive of 1999 by the European Union (EU). 
According to the Landfill European Directive 1999/31/EC, member states are required to only 
landfill wastes that have been preliminary subjected to treatment or require a phased reduc-
tion in the amount of biodegradable waste disposed of to landfill [1]. Biodegradable waste 
refers to any waste that is capable of undergoing anaerobic or aerobic decomposition, such 
as food and garden waste, and paper and paperboard [2]. Similarly, the Energy Information 
Administration (EIA) of the Environmental Protection Agency (EPA) of the United States 
defines biodegradable/biogenic waste as any waste produced by biological processes of living 
organisms. Based on the definition by the EU and inter alia [3, 4], it is clearly that the concept of 
biodegradable waste is wide and regards not only the production of food waste at household 
level; however, it includes all agricultural waste. The UNEP estimates that the decay of organic 
proportion of municipal solid waste contributes about 5% of global Greenhouse Gas (GHG) 
emissions annually [5]. In curbing this menace, a number of technologies for waste treatment 
such as composting (organic fertilizer), landfilling, anaerobic digestion and thermal methods 
have been developed [6]. However, the implementation of some of these techniques has been 
hindered due to the high implementation costs and other related environmental concerns.

By virtue of these concerns and in line with the new European Union Landfill Directive 
(1999/31/EC), this has motivated research into the development of technologies to reduce the 
impact associated with landfilling of waste [7–9]. Consequently, composting has been identi-
fied as an alternative method for transforming the organic fraction of waste into a potentially 
safe, stable and sanitary product that can be used as a soil amendment or an organic fertilizer 
[10]. Nonetheless, high operational cost, low quality of final product and long residence time 
(30-50 days) associated with composting have hindered wider application of this technology 
as inept for waste treatment [11, 12].

Energy from the biogenic part of waste is considered as one of a number of options that 
either have the greatest potential to help in a cost effective and sustainable way in waste 
management. Although, energy recovery may not be the first option according to the waste 
hierarchy, this option becomes paramount when the material is generated and considered 
as waste [13]. The EU directive categorized waste incineration either as a disposal or energy 
recovery technology depending on the energy efficiency of the incineration plant [14]. Thus, 
the operation and design of the aforementioned process highly require the knowledge of its 
thermal properties or the biogenic fraction of the waste. The carbon stored in waste originated 
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from biological sources is refers to as biogenic carbon. However, biodegradable waste with 
high moisture content is often difficult to utilize the full energy potential of the waste due to 
its limited lower heating value (3–6.7 MJ/kg) [15].

The carbon content of any waste depends on the waste components. The relative proportions of 
biogenic and fossil carbon also depend upon the waste components, as do other important factors 
such as the calorific value or energy content. The calorific value of waste is how much (chemical) 
energy is stored in the waste per tonne that could potentially be converted into useful electrical 
or heat energy when burned. The term calorific value is synonymous to the heating value. The 
higher the calorific value, the more energy can potentially be captured from the waste. Different 
waste components have different individual calorific values i.e. food waste tends to have a rela-
tively low value due to its high water content while plastic has much higher energy content. The 
variation of different proportions of these wastes will therefore significantly impact on the overall 
calorific value. This brings to forth the composition of waste as it affects many of the overall 
properties of the waste including both the calorific value and the biogenic content of the fuel.

According to literature, a number of pre-treatment technologies such as Mechanical Sorting 
Plant, Mechanical Biological Treatment (MBT) and Mechanical Heat Treatment (MHT) have 
been research and developed. These treatment techniques apply mechanical sorting and pro-
cessing techniques to remove recyclates, moisture, and shred and/or homogenize the waste 
to create some kind of refuse derived fuel (RDF) or solid recovered fuel (SRF). However, in 
this study, bio-dried material obtained from bio-drying process was used to ascertain the 
fuel properties of the final product. Bio-drying technology, as a waste to energy conversion 
technology, aims at removing water by microbial activities, is regarded as a good option in 
reducing the moisture content of wet organic wastes [16]. The essence of this technology is to 
reduce the volume of waste sent to landfills which in turn will benefit short time storage and 
transportation, and provides alternative energy source as fuels for industries.

Whereas some technologies can cope with a broad range of calorific values and water content 
of the waste fuel, others require much more specific levels to operate efficiently. Additionally, 
the biogenic content of waste also affects the technologies that are suitable to deliver envi-
ronmental benefits. Thus, having a good understanding of composition in terms of calorific 
value and biogenic content is essential for planning and designing energy from waste solu-
tion. Hence, the main objective of this research is to characterize bio-dried material produced 
by bio-drying from biodegradable/biogenic and non-biodegradable/non-biogenic materials 
based on biogenic and energy content of the waste material.

2. Bio-drying process

Bio-drying, a concept similar to composting, aims at removing or reducing water from biode-
gradable waste with high water content and increasing the treatability and subsequent utiliza-
tion value of the bio-dried material. In other words, it is the utilization of the heat released 
during the decomposition of biodegradable waste in order to reduce the moisture content and 
partially stabilize the waste. The removal or reduction of moisture contents in bio-drying process 
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management. Although, energy recovery may not be the first option according to the waste 
hierarchy, this option becomes paramount when the material is generated and considered 
as waste [13]. The EU directive categorized waste incineration either as a disposal or energy 
recovery technology depending on the energy efficiency of the incineration plant [14]. Thus, 
the operation and design of the aforementioned process highly require the knowledge of its 
thermal properties or the biogenic fraction of the waste. The carbon stored in waste originated 
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from biological sources is refers to as biogenic carbon. However, biodegradable waste with 
high moisture content is often difficult to utilize the full energy potential of the waste due to 
its limited lower heating value (3–6.7 MJ/kg) [15].

The carbon content of any waste depends on the waste components. The relative proportions of 
biogenic and fossil carbon also depend upon the waste components, as do other important factors 
such as the calorific value or energy content. The calorific value of waste is how much (chemical) 
energy is stored in the waste per tonne that could potentially be converted into useful electrical 
or heat energy when burned. The term calorific value is synonymous to the heating value. The 
higher the calorific value, the more energy can potentially be captured from the waste. Different 
waste components have different individual calorific values i.e. food waste tends to have a rela-
tively low value due to its high water content while plastic has much higher energy content. The 
variation of different proportions of these wastes will therefore significantly impact on the overall 
calorific value. This brings to forth the composition of waste as it affects many of the overall 
properties of the waste including both the calorific value and the biogenic content of the fuel.

According to literature, a number of pre-treatment technologies such as Mechanical Sorting 
Plant, Mechanical Biological Treatment (MBT) and Mechanical Heat Treatment (MHT) have 
been research and developed. These treatment techniques apply mechanical sorting and pro-
cessing techniques to remove recyclates, moisture, and shred and/or homogenize the waste 
to create some kind of refuse derived fuel (RDF) or solid recovered fuel (SRF). However, in 
this study, bio-dried material obtained from bio-drying process was used to ascertain the 
fuel properties of the final product. Bio-drying technology, as a waste to energy conversion 
technology, aims at removing water by microbial activities, is regarded as a good option in 
reducing the moisture content of wet organic wastes [16]. The essence of this technology is to 
reduce the volume of waste sent to landfills which in turn will benefit short time storage and 
transportation, and provides alternative energy source as fuels for industries.

Whereas some technologies can cope with a broad range of calorific values and water content 
of the waste fuel, others require much more specific levels to operate efficiently. Additionally, 
the biogenic content of waste also affects the technologies that are suitable to deliver envi-
ronmental benefits. Thus, having a good understanding of composition in terms of calorific 
value and biogenic content is essential for planning and designing energy from waste solu-
tion. Hence, the main objective of this research is to characterize bio-dried material produced 
by bio-drying from biodegradable/biogenic and non-biodegradable/non-biogenic materials 
based on biogenic and energy content of the waste material.

2. Bio-drying process

Bio-drying, a concept similar to composting, aims at removing or reducing water from biode-
gradable waste with high water content and increasing the treatability and subsequent utiliza-
tion value of the bio-dried material. In other words, it is the utilization of the heat released 
during the decomposition of biodegradable waste in order to reduce the moisture content and 
partially stabilize the waste. The removal or reduction of moisture contents in bio-drying process 
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involves evaporation of liquid water through aerobic decomposition of the organic material or 
reduction of water vapor via aeration [17–21]. This mechanism is accomplished by relying on 
microorganisms, both bacteria and fungi to biologically degrade the organic component in order 
to reduce the moisture content while maintaining the energy content [22]. Therefore, metabolic 
heat production, air convection and molecular diffusion of oxygen and water vapor are the main 
mechanisms involved in water removal from wet wastes under bio-drying [23].

The importance of bio-drying process of waste includes:

• Pre-treatment

• Short residence time

• Partial biostabilization

• Increasing energy content

• High quality solid fuel production

• Reduce volume of waste to be landfilled

• Reduce green house emissions

Compared to traditional composting process, the essential distinguish feature of bio-drying is 
the application of a higher ventilation rate to reduce moisture content by using the heat gen-
erated during the aerobic degradation process as well as forced aeration [24]. Also, the output 
from composting is stabilized organic material whereas that of bio-drying is partially stabilized. 
Bio-drying also has added advantage of pre-treating the waste at the lowest possible retention 
time to produce a high quality solid fuel. Furthermore, bio-drying process tends to increase the 
energy content of the bio-dried material by reducing the moisture content in the waste matrix 
and preserving most of the calorific value or energy content of the organic matter present through 
minimal biodegradation [25]. Besides these benefits, bio-drying process also renders the output 
material more suitable for short-term storage and lessens the transportation cost by reducing its 
weight via moisture loss and partially biostabilizing it. In contrast, composting is used to stabilize 
the biodegradable organic material of waste prior to landfill disposal, minimizing leachate and 
landfill gas generation. It is also used to produce humus-like compost that can beneficially and 
safely apply to land. The difference between composting and bio-drying also depends on the 
control parameters including temperature, oxygen content, air flow rate, and moisture content. 
In order to ensure high degradation performance for the former, the temperature, oxygen con-
centration, and moisture content should be kept within an optimal range whereas for the latter, 
the process should be managed to accelerate drying and to reduce organic matter degradation.

2.1. Factors affecting bio-drying process

2.1.1. Moisture content

Moisture content of the waste is considered as a single critical parameter for evaluating the 
efficiency of bio-drying process. The moisture content influences microbial activity and 
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biodegradation of the organic component during bio-drying process. Despite the fact this tech-
nology is considered as a zero leachate approach, it is likely that a limited amount of free water 
may seep through the waste matrix and collected at the bottom of the bioreactor as leachate [11]. 
Bio-drying has mostly been studied for MSW (municipal solid waste) [24, 26–29], pulp and paper 
[23, 30, 31] and, garbage residues and sewage sludge [32–34] with 50–70% as the optimal initial 
moisture content range for bio-drying process [12, 28, 34]. The initial moisture content is impor-
tant because microbial activity is impeded due to high initial moisture content favoring anaerobic 
conditions because water rather than air fills pore space limiting oxygen transport within the 
matrix, whereas low moisture content slows down the activity of the microorganisms resulting in 
reduce bio-drying performance. Conversely, if initial moisture content is low, microbial activity 
is slowed due to insufficient moisture which could results in reduced drying performance. It is 
suggested that, in order to improve the water content reduction and accelerated biodegradation 
of MSW with high water content, supplemented a hydrolytic stage prior to aerobic degradation 
and inoculated the biomass with the bio-drying products as leachate [29]. However, the concept 
of bio-drying has not been fully understood with regards to bio-drying of organic waste of high 
moisture content including food waste [11, 25], leaving a research gap to be filled.

Most organic wastes like dewatered sewage sludge, food waste and garden waste contain 
abundant water with a typical moisture content around 80% or higher, and this excessive 
moisture affects particle aggregation, causes packing and reduces void space, which all pre-
vents efficient air movement throughout the matrix and limits aerobic decomposition [35, 36].

2.1.2. Air-flow rate

According to literature, it has been established that air-flow rate is the main operational 
parameter used both in laboratory and commercial applications for process control in bio-
drying process. The air-flow rate has a direct influence on the matrix temperature and drying 
efficiency. The effect of air-flow rate on bio-drying has recently been studied extensively by 
several researchers. On the one hand, a higher air flow rate leads to higher heat loss, result-
ing in a decrease in the matrix temperature, which is unfavorable for water evaporation. On 
the other hand, an increase in the airflow rate will also increase the amount of water carried, 
improving the water loss. Adani et al. [26] and Roy [37] established that high air-flow rate 
contributes to effective and fast drying, and high calorific value. In another study, the simul-
taneous effect of initial moisture content and airflow rate on bio-drying of sewage sludge was 
investigated, and the results revealed that initial moisture content has a stronger effect on 
bio-drying, affecting the temperature and improving the water removal [38].

Skourides et al. [39] investigated the agitated bio-drying of the organic fraction of municipal 
solid and the results showed maximum drying rate achieved for the highest aeration rates 
used (120 m3/h), leading to lower final moisture content levels (20% w/w from an initial 40% 
w/w) with a short retention time of less than 7 days. In a similar study to investigate the effect 
of air-flow on the bio-drying of gardening wastes, it was found that higher air-flow rate cor-
responds to greater weight loss (40–57% weight loss) and leachate production at low air-flow. 
Even though higher air-flow rate causes higher water removal, it was further stressed that it is 
imperative to identify the optimal air-flow rate for bio-drying, since excessively high air-flow 
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involves evaporation of liquid water through aerobic decomposition of the organic material or 
reduction of water vapor via aeration [17–21]. This mechanism is accomplished by relying on 
microorganisms, both bacteria and fungi to biologically degrade the organic component in order 
to reduce the moisture content while maintaining the energy content [22]. Therefore, metabolic 
heat production, air convection and molecular diffusion of oxygen and water vapor are the main 
mechanisms involved in water removal from wet wastes under bio-drying [23].

The importance of bio-drying process of waste includes:

• Pre-treatment

• Short residence time

• Partial biostabilization

• Increasing energy content

• High quality solid fuel production

• Reduce volume of waste to be landfilled

• Reduce green house emissions

Compared to traditional composting process, the essential distinguish feature of bio-drying is 
the application of a higher ventilation rate to reduce moisture content by using the heat gen-
erated during the aerobic degradation process as well as forced aeration [24]. Also, the output 
from composting is stabilized organic material whereas that of bio-drying is partially stabilized. 
Bio-drying also has added advantage of pre-treating the waste at the lowest possible retention 
time to produce a high quality solid fuel. Furthermore, bio-drying process tends to increase the 
energy content of the bio-dried material by reducing the moisture content in the waste matrix 
and preserving most of the calorific value or energy content of the organic matter present through 
minimal biodegradation [25]. Besides these benefits, bio-drying process also renders the output 
material more suitable for short-term storage and lessens the transportation cost by reducing its 
weight via moisture loss and partially biostabilizing it. In contrast, composting is used to stabilize 
the biodegradable organic material of waste prior to landfill disposal, minimizing leachate and 
landfill gas generation. It is also used to produce humus-like compost that can beneficially and 
safely apply to land. The difference between composting and bio-drying also depends on the 
control parameters including temperature, oxygen content, air flow rate, and moisture content. 
In order to ensure high degradation performance for the former, the temperature, oxygen con-
centration, and moisture content should be kept within an optimal range whereas for the latter, 
the process should be managed to accelerate drying and to reduce organic matter degradation.

2.1. Factors affecting bio-drying process

2.1.1. Moisture content

Moisture content of the waste is considered as a single critical parameter for evaluating the 
efficiency of bio-drying process. The moisture content influences microbial activity and 
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biodegradation of the organic component during bio-drying process. Despite the fact this tech-
nology is considered as a zero leachate approach, it is likely that a limited amount of free water 
may seep through the waste matrix and collected at the bottom of the bioreactor as leachate [11]. 
Bio-drying has mostly been studied for MSW (municipal solid waste) [24, 26–29], pulp and paper 
[23, 30, 31] and, garbage residues and sewage sludge [32–34] with 50–70% as the optimal initial 
moisture content range for bio-drying process [12, 28, 34]. The initial moisture content is impor-
tant because microbial activity is impeded due to high initial moisture content favoring anaerobic 
conditions because water rather than air fills pore space limiting oxygen transport within the 
matrix, whereas low moisture content slows down the activity of the microorganisms resulting in 
reduce bio-drying performance. Conversely, if initial moisture content is low, microbial activity 
is slowed due to insufficient moisture which could results in reduced drying performance. It is 
suggested that, in order to improve the water content reduction and accelerated biodegradation 
of MSW with high water content, supplemented a hydrolytic stage prior to aerobic degradation 
and inoculated the biomass with the bio-drying products as leachate [29]. However, the concept 
of bio-drying has not been fully understood with regards to bio-drying of organic waste of high 
moisture content including food waste [11, 25], leaving a research gap to be filled.

Most organic wastes like dewatered sewage sludge, food waste and garden waste contain 
abundant water with a typical moisture content around 80% or higher, and this excessive 
moisture affects particle aggregation, causes packing and reduces void space, which all pre-
vents efficient air movement throughout the matrix and limits aerobic decomposition [35, 36].

2.1.2. Air-flow rate

According to literature, it has been established that air-flow rate is the main operational 
parameter used both in laboratory and commercial applications for process control in bio-
drying process. The air-flow rate has a direct influence on the matrix temperature and drying 
efficiency. The effect of air-flow rate on bio-drying has recently been studied extensively by 
several researchers. On the one hand, a higher air flow rate leads to higher heat loss, result-
ing in a decrease in the matrix temperature, which is unfavorable for water evaporation. On 
the other hand, an increase in the airflow rate will also increase the amount of water carried, 
improving the water loss. Adani et al. [26] and Roy [37] established that high air-flow rate 
contributes to effective and fast drying, and high calorific value. In another study, the simul-
taneous effect of initial moisture content and airflow rate on bio-drying of sewage sludge was 
investigated, and the results revealed that initial moisture content has a stronger effect on 
bio-drying, affecting the temperature and improving the water removal [38].

Skourides et al. [39] investigated the agitated bio-drying of the organic fraction of municipal 
solid and the results showed maximum drying rate achieved for the highest aeration rates 
used (120 m3/h), leading to lower final moisture content levels (20% w/w from an initial 40% 
w/w) with a short retention time of less than 7 days. In a similar study to investigate the effect 
of air-flow on the bio-drying of gardening wastes, it was found that higher air-flow rate cor-
responds to greater weight loss (40–57% weight loss) and leachate production at low air-flow. 
Even though higher air-flow rate causes higher water removal, it was further stressed that it is 
imperative to identify the optimal air-flow rate for bio-drying, since excessively high air-flow 

Bio-Drying of Biodegradable Waste for Use as Solid Fuel: A Sustainable Approach for Green…
http://dx.doi.org/10.5772/intechopen.77957

93



rate may induces physical drying [40]. It is shown that forced aeration during sewage sludge 
bio-drying controlled the matrix temperature and improved evaporation, establishing it as a 
vital parameter influencing water loss [18]. In effect, an increase in the air-flow rate increases 
the amount of water carried, improving the water loss and an output with high calorific value. 
Likewise, low air-flow rates result in decomposition without significant moisture removal.

2.1.3. Temperature

It is well established that the supplied of air during bio-drying in one direction contributes to 
the appearance of temperature gradients, resulting in a lack of homogeneity in the moisture 
and energy content of the final product [26, 41]. However, it was suggested in another study 
that daily inversion of airflow in bio-drying by means of reactors eliminates marked tem-
perature differences and leads to a homogeneous final product [41]. An increase in air flow 
rate at the inlet had positive contribution to moisture loss from the waste but had no effect on 
temperature and calorific values [25].

Frei et al. [23] and Navaee-Ardeh et al. [31] indicated that high temperatures (>55°C) during bio-
drying process enhance the conversion of moisture to vapor and also facilitate the vapor pres-
sure of the air-flow passing through the matrix to carry more moisture out. Accordingly, the 
biodegradation potential of a bulking agent (BA) would significantly influence the bio-drying 
process by the biogenerated heat. Additionally, the physical structure and moisture content of 
the materials are influenced by the decay of bulking agents. A study to investigate the effect of 
BA particle and controlled temperature on sludge bio-drying concluded that small-particle-
sized bulking agent coupled with high matrix temperature was more beneficial for volatile solid 
degradation whereas large-particle-sized bulking agent resulted in poor biodegradation [42].

2.1.4. Bulking agents

Additionally, the use of bulking agent (BA) plays a crucial role in bio-drying process. The use 
of BA adjusts the initial moisture content and facilitates air movement due to the increase in 
voids ratio. It effects on bio-drying has been demonstrated by some authors. A number of dif-
ferent materials as bulking agents have been used by different researches including bark to 
bio-dry sewage sludge [23], and sawdust and/or straw [43, 44]. Yang et al. [34] revealed that 
air-dried sludge possesses a more suitable biodegradation potential than shredded rubber 
and sawdust when used as BA due to its porous nature and high water holding capacity. In 
short, the smaller or finer the particles, the stronger the water holding capacity of the substrate. 
Moreover, BA is important for regulating the matrix porosity and enabling air flow to carry 
away the water vapor passing through the matrix. For effective bio-drying, it is important to 
consider the physical structure as well as biodegradability of the bulking agent. In another 
study, rice straw of different sizes as BA was used in sludge bio-drying and it was reported that 
small-particle size BA reduced the water content by 0.3% more compared to the large particle 
size BA [42]. It is revealed that straw has substantial biodegradation potential in bio-drying 
process while sawdust has poor capacity to be degraded [44]. In order to improve the efficiency 
of bio-drying, it is important to consider the physical structure as well as the biodegradability 
when selecting a material as BA. Colomer-Mendoza et al. [40] observed that adding 15% of BA 
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to gardening waste resulted in 25% moisture reduction. It is proposed that BA of small particle 
size is preferred due to its adequate porosity and internal homogeneous porous size distribu-
tion within the matrix. These features enhance effective waste absorption. However, it should 
be pointed out that, the use of small particle size BA can cause compaction during bio-drying 
which can have adverse effect on moisture removal [45]. Table 1 shows a summary of waste 
materials used in bio-drying process and their effect on weight and moisture loss.

3. Materials and method

Different waste compositions obtained from bio-drying process (i.e. bio-dried material) 
consisting of biogenic and non-biogenic materials were used to assess the biogenic carbon 
and energy content of the bio-dried materials. The biogenic materials included food waste, 
paper and pruning waste, while plastic (light density polyethylene – LDPE) was considered 
as a non-biogenic material. These materials were varied at different proportions by weight in 
the bio-drying experiment and their impact on biogenic and calorific value was determined. 
Tables 2 and 3 show the composition and physico-chemical properties of the different waste 
materials. The proportion of the waste components varied in the range of 30–90, 20–80, 5–50 
and 30–60% for food waste, paper, plastic and pruning waste respectively. To further test 
more extreme conditions, two additional (T10 and T11) experiments were conducted with 
only biogenic and non-biogenic materials as the waste materials, respectively. Prior to mixing, 
the materials were separately shredded into 15×35, 2×14, 5×10 and 15 mm in diameter for food 
waste, paper, plastic and pruning waste respectively. The bio-drying experiments were car-
ried out for a period of 7 days. A constant and uninterrupted air-flow rate (15 m3 h−1) was used 
in all the trials using a whirlpool pump connected to the bottom of the reactor with an air-flow 
meter. After the bio-drying process, bio-dried samples were analyzed for the moisture, bio-
genic and energy content. The moisture content of the substrate was analyzed following the 

Substrate Residence time 
(days)

Weight loss 
(%)

Moisture loss 
(%)

Reference

Household waste + plant materials (straw, grass, 
branches, −shrubs)

10 na 50% [25]

Agricultural harvest + gardening waste 12–30 <50% na [40]

Garden waste 20 <40–57% <40–60% [46]

MSW 14 41% na [24]

Sewage sludge + bio-dried + sawdust 20 <20% >35.5% [18]

MSW 13 49.16 32.65% [27]

Food waste + pruning waste 7 36.7–56.8% 10.32–48.9% [47]

Sludge + MSW + harvest waste 8-9 na na [26]

na, not available.

Table 1. Summary of bio-drying of different waste materials.
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rate may induces physical drying [40]. It is shown that forced aeration during sewage sludge 
bio-drying controlled the matrix temperature and improved evaporation, establishing it as a 
vital parameter influencing water loss [18]. In effect, an increase in the air-flow rate increases 
the amount of water carried, improving the water loss and an output with high calorific value. 
Likewise, low air-flow rates result in decomposition without significant moisture removal.

2.1.3. Temperature

It is well established that the supplied of air during bio-drying in one direction contributes to 
the appearance of temperature gradients, resulting in a lack of homogeneity in the moisture 
and energy content of the final product [26, 41]. However, it was suggested in another study 
that daily inversion of airflow in bio-drying by means of reactors eliminates marked tem-
perature differences and leads to a homogeneous final product [41]. An increase in air flow 
rate at the inlet had positive contribution to moisture loss from the waste but had no effect on 
temperature and calorific values [25].

Frei et al. [23] and Navaee-Ardeh et al. [31] indicated that high temperatures (>55°C) during bio-
drying process enhance the conversion of moisture to vapor and also facilitate the vapor pres-
sure of the air-flow passing through the matrix to carry more moisture out. Accordingly, the 
biodegradation potential of a bulking agent (BA) would significantly influence the bio-drying 
process by the biogenerated heat. Additionally, the physical structure and moisture content of 
the materials are influenced by the decay of bulking agents. A study to investigate the effect of 
BA particle and controlled temperature on sludge bio-drying concluded that small-particle-
sized bulking agent coupled with high matrix temperature was more beneficial for volatile solid 
degradation whereas large-particle-sized bulking agent resulted in poor biodegradation [42].

2.1.4. Bulking agents

Additionally, the use of bulking agent (BA) plays a crucial role in bio-drying process. The use 
of BA adjusts the initial moisture content and facilitates air movement due to the increase in 
voids ratio. It effects on bio-drying has been demonstrated by some authors. A number of dif-
ferent materials as bulking agents have been used by different researches including bark to 
bio-dry sewage sludge [23], and sawdust and/or straw [43, 44]. Yang et al. [34] revealed that 
air-dried sludge possesses a more suitable biodegradation potential than shredded rubber 
and sawdust when used as BA due to its porous nature and high water holding capacity. In 
short, the smaller or finer the particles, the stronger the water holding capacity of the substrate. 
Moreover, BA is important for regulating the matrix porosity and enabling air flow to carry 
away the water vapor passing through the matrix. For effective bio-drying, it is important to 
consider the physical structure as well as biodegradability of the bulking agent. In another 
study, rice straw of different sizes as BA was used in sludge bio-drying and it was reported that 
small-particle size BA reduced the water content by 0.3% more compared to the large particle 
size BA [42]. It is revealed that straw has substantial biodegradation potential in bio-drying 
process while sawdust has poor capacity to be degraded [44]. In order to improve the efficiency 
of bio-drying, it is important to consider the physical structure as well as the biodegradability 
when selecting a material as BA. Colomer-Mendoza et al. [40] observed that adding 15% of BA 
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to gardening waste resulted in 25% moisture reduction. It is proposed that BA of small particle 
size is preferred due to its adequate porosity and internal homogeneous porous size distribu-
tion within the matrix. These features enhance effective waste absorption. However, it should 
be pointed out that, the use of small particle size BA can cause compaction during bio-drying 
which can have adverse effect on moisture removal [45]. Table 1 shows a summary of waste 
materials used in bio-drying process and their effect on weight and moisture loss.

3. Materials and method

Different waste compositions obtained from bio-drying process (i.e. bio-dried material) 
consisting of biogenic and non-biogenic materials were used to assess the biogenic carbon 
and energy content of the bio-dried materials. The biogenic materials included food waste, 
paper and pruning waste, while plastic (light density polyethylene – LDPE) was considered 
as a non-biogenic material. These materials were varied at different proportions by weight in 
the bio-drying experiment and their impact on biogenic and calorific value was determined. 
Tables 2 and 3 show the composition and physico-chemical properties of the different waste 
materials. The proportion of the waste components varied in the range of 30–90, 20–80, 5–50 
and 30–60% for food waste, paper, plastic and pruning waste respectively. To further test 
more extreme conditions, two additional (T10 and T11) experiments were conducted with 
only biogenic and non-biogenic materials as the waste materials, respectively. Prior to mixing, 
the materials were separately shredded into 15×35, 2×14, 5×10 and 15 mm in diameter for food 
waste, paper, plastic and pruning waste respectively. The bio-drying experiments were car-
ried out for a period of 7 days. A constant and uninterrupted air-flow rate (15 m3 h−1) was used 
in all the trials using a whirlpool pump connected to the bottom of the reactor with an air-flow 
meter. After the bio-drying process, bio-dried samples were analyzed for the moisture, bio-
genic and energy content. The moisture content of the substrate was analyzed following the 

Substrate Residence time 
(days)

Weight loss 
(%)

Moisture loss 
(%)

Reference

Household waste + plant materials (straw, grass, 
branches, −shrubs)

10 na 50% [25]

Agricultural harvest + gardening waste 12–30 <50% na [40]

Garden waste 20 <40–57% <40–60% [46]

MSW 14 41% na [24]

Sewage sludge + bio-dried + sawdust 20 <20% >35.5% [18]

MSW 13 49.16 32.65% [27]

Food waste + pruning waste 7 36.7–56.8% 10.32–48.9% [47]

Sludge + MSW + harvest waste 8-9 na na [26]

na, not available.

Table 1. Summary of bio-drying of different waste materials.
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ASTM–D 3173 standard (105°C) using moisture analyzer (Precisa, XM 50), whereas the heat 
value of the bio-dried material was determined using IKA C-7000 model calorimeter (IKA 
Laboratory Equipment, Werke Staufen, Germany), in accordance with EN 15400 standard. It 
is worth mentioning that, due to the heterogeneous nature of the waste, the weighted average 
method was employed in determining the initial moisture content of the waste matrix, since it 
was impossible to get a typical sample from the heterogonous mixture of the waste, a similar 
procedure employed by Shuqing et al. [48]. Elemental analysis was analyzed with Thermo 
Scientific Flash 2000 Elemental Analyzer (Thermo Fisher Scientific Inc., Bremen, Germany).

Three different methods are employed for the determination of biogenic content of solid recov-
ered fuels/bio-dried materials according to the technical specifications CEN/TS 15440:2006 (CEN, 
2006). These include Selective Dissolution Method (SDM), Manual Sorting Method (MSM) and 
14C Method. In the present study, the biogenic and non-biogenic content of the waste matrix 

Parameter Unit Food waste Paper Plastic Pruning waste

Moisture content % (a.r) 91.48 5.40 0.94 8.43

Ash content % (a.r) 25.33 18.64 2.05 6.36

Biogenic content % (a.r) 72.73 72.34 — 92.31

Non-biogenic content % (a.r) 1.94 9.02 96.44 1.33

Bulk density kg/m3 (a.r) 464.18 100.46 346.50 204.14

Calorific value MJ/kg (a.r) 0.11 12.51 44.65 16.01

Table 3. Physico-chemical properties of raw material.

Mixture Composition (%)

Biogenic mix Non-biogenic mix

T1 85 15

T2 65 35

T3 50 50

T4 80 20

T5 75 25

T6 90 10

T7 80 20

T8 94 6

T9 84 16

T10 100 —

T11 — 100

Table 2. Composition of waste.
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in different proportions was analyzed by SDM. The latter and former were determined based 
on Eqs. (1) and (2). The basic principle of this method is that the biogenic in bio-dried material 
selectively dissolves and oxidizes in H2SO4/H2O2, while the non-biogenic (fossil material) and 
the inert material remains in the residue. Furthermore, the relationship between the biogenic 
and energy content of the bio-dried were established.

   X  B   =  [1 −  {  
 m  residue   −  m  residue−ash    _____________  m  S     +   

 A  S   ___ 100  } ]  × 100  (1)

   X  NB   = 100 −  X  B   −  A  S    (2)

where XB = Biogenic content (%); XNB = Non-biogenic content (%); mresidue = Mass of residue 
(g); mresidue-ash = Mass of residue and ash (g); AS = Ash content of sample (%); mS = Mass of dry 
sample (g).

4. Results and discussion

It is an established fact that combustible non-biogenic materials are characterized by higher 
heat content per unit weight than combustible biogenic materials. Consequently, the ratio 
of biogenic to non-biogenic material proportion can have a considerable effect on the heat 
content of a waste material intended for combustion purpose [40, 49]. Figure 1 shows the 
relationship between moisture content and calorific value. The moisture content is a key 
parameter, as it affects both the biogenic carbon content and the effective heating value of 
the combustible waste. The moisture content of the bio-dried material varied between 8.59 
and 50.93%, whereas that of the extreme conditions was 91.48 and 0.94% for biogenic (food 
waste) and non-biogenic materials, respectively (Table 3). It should be pointed out that the 
two extreme conditions were just raw materials without been subjected to bio-drying process. 
It can be seen that as the share of biogenic waste in the waste matrix gradually decrease, a 
corresponding trend in moisture content could be expected. Additionally, depending on the 
amount of food waste in the waste mix of the biogenic material, a decrease or increase in mois-
ture content could be envisaged since the food waste contributes the highest initial moisture 
content to the biogenic waste mix.

The results revealed a positive correlation between moisture content and calorific value 
(R2 = 0.85). As indicated earlier, the amount of biogenic waste had a significant impact on the 
former and latter. A discrepancy was observed in T3 and T5 in terms of moisture content and 
calorific value. Even though T3 had the lowest moisture content, T5 had the highest calorific 
value. The possibly reason was that the difference in food waste in both trials versus the 
other waste types in the biogenic mix was high enough to induce significant difference in 
the observed levels of calorific value, with approximately same non-biogenic mix. This sug-
gest that, depending on the amount of food waste in the biogenic mix, the moisture content 
and calorific value of the bio-dried material could be significantly affected, regardless of the 
amount of non-biogenic waste in the waste matrix.

Bio-Drying of Biodegradable Waste for Use as Solid Fuel: A Sustainable Approach for Green…
http://dx.doi.org/10.5772/intechopen.77957

97



ASTM–D 3173 standard (105°C) using moisture analyzer (Precisa, XM 50), whereas the heat 
value of the bio-dried material was determined using IKA C-7000 model calorimeter (IKA 
Laboratory Equipment, Werke Staufen, Germany), in accordance with EN 15400 standard. It 
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procedure employed by Shuqing et al. [48]. Elemental analysis was analyzed with Thermo 
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Parameter Unit Food waste Paper Plastic Pruning waste
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Ash content % (a.r) 25.33 18.64 2.05 6.36

Biogenic content % (a.r) 72.73 72.34 — 92.31

Non-biogenic content % (a.r) 1.94 9.02 96.44 1.33

Bulk density kg/m3 (a.r) 464.18 100.46 346.50 204.14

Calorific value MJ/kg (a.r) 0.11 12.51 44.65 16.01

Table 3. Physico-chemical properties of raw material.

Mixture Composition (%)

Biogenic mix Non-biogenic mix

T1 85 15

T2 65 35

T3 50 50

T4 80 20

T5 75 25

T6 90 10

T7 80 20

T8 94 6

T9 84 16

T10 100 —

T11 — 100

Table 2. Composition of waste.
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However, a relatively slight deviation was observed in the trend for certain composition 
of waste particularly in instances where there is an absence of pruning waste and slightly 
decrease in food waste. This is probably attributed to the pruning waste having the highest 
proportion of biogenic carbon content of all the waste types, thus having a proportionally 
greater impact on biogenic carbon content of the waste matrix relative to its calorific value.

As shown in Table 2, a range of waste composition was developed to examine their impact on 
biogenic content and calorific value. The elemental analysis of carbon, hydrogen, oxygen, nitro-
gen and sulfur are presented in Table 4. The results indicated that carbon and oxygen were the 
most dominated elements in the raw materials, with biodegradable waste such as food waste, 
pruning waste and paper composed at 32.55, 37.14 and 64.72% of the total weight, respectively. 
The non-biogenic material (plastic) had the highest carbon content of 68.55%. Nitrogen was mea-
sured in high contents in food waste with paper as the lowest. The hydrogen content of the raw 
materials ranged from 5.17% to 12.90%, with plastic having the highest hydrogen content. Food 

Parameter Food waste Paper Plastic Pruning waste

Carbon 32.55 64.72 68.55 37.14

Nitrogen 2.97 0.32 0.99 1.10

Hydrogen 5.17 5.49 12.90 8.09

Oxygen 33.85 10.79 15.46 47.30

Sulfur 0.07 0.04 0.05 0.01

Table 4. Elemental composition of raw materials.

Figure 1. Calorific value as a function of moisture content of bio-dried materials.
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waste had the highest sulfur content relative to the other raw materials. Oxygen was dominant 
in pruning and food waste with lowest oxygen content recorded in paper (10.79%), indicating 
the presence of inorganic or low oxygen content organic molecules in papers. The results of the 
elemental analysis obtained in this study are consistent with those reported by Komilis et al. [49].

Figure 3 shows the relationship between calorific value and biogenic carbon content of the 
different composition of waste. The different compositions resulted in a wide range of biogenic 
carbon content and calorific value. The non-biogenic carbon content in the waste matrix ranged 
between 1 and 7%, with T2 having the highest non-biogenic content (Figure 2). This was attrib-
uted to the low contribution of paper and pruning waste to the waste matrix of the biogenic 
mix, which were the major contributors to the biogenic carbon content of the bio-dried materi-
als. On the other hand, T7 had the highest biogenic carbon content of 91.84%. The reason was 
associated with the amount of food waste relative to the other the biogenic waste materials in 
the biogenic mix. Similarly, two extremes conditions of biogenic (T10) and non-biogenic (T110 
waste were considered. It is evident that the proportion of the different waste components 
in the waste matrix had significant impact on the biogenic content and the calorific value as 
well. It can be seen that the former reduces as the amount of biogenic source in the waste 
mix reduces whiles the latter increases as the calorific value of non-biogenic source due to the 
high moisture content. The results revealed a very highly positive correlation between biogenic 
content and calorific value (R2 = 0.87). It should be pointed out that the amount of food waste 
as a biogenic material in the waste mix impacted on the calorific value of the bio-dried materi-
als due to its high initial moisture content. Additionally, it should also be emphasized that 
pruning waste and paper were the major contributors to the biogenic content of the bio-dried 
materials. For instance, it is clearly that T1 contained higher proportion of pruning waste and 
paper as compared to bio-dried material obtained in T9. The biogenic content herein refers to 
the non-fossil based carbon content. It is suggested that any material with a calorific value that 

Figure 2. Biogenic and non-biogenic carbon content of bio-dried materials.
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elemental analysis obtained in this study are consistent with those reported by Komilis et al. [49].
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waste were considered. It is evident that the proportion of the different waste components 
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as a biogenic material in the waste mix impacted on the calorific value of the bio-dried materi-
als due to its high initial moisture content. Additionally, it should also be emphasized that 
pruning waste and paper were the major contributors to the biogenic content of the bio-dried 
materials. For instance, it is clearly that T1 contained higher proportion of pruning waste and 
paper as compared to bio-dried material obtained in T9. The biogenic content herein refers to 
the non-fossil based carbon content. It is suggested that any material with a calorific value that 
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exceeds the range of 1–6 MJ/kg could be considered for combustion purpose [50]. Accordingly, 
waste-to-energy technology can be applied to recover energy from the bio-dried material.

5. Conclusions

Biogenic materials have the potential to serve as an alternative energy source. In this study, bio-
dried materials obtained from biogenic and non-biogenic sources by bio-drying process were 
analyzed to assess its potential for energy recovery. Bio-dried material obtained from different 
composition of waste materials were assessed with regards to biogenic carbon and energy 
content. The composition of biogenic source in the waste matrix was found to significantly 
impact on the nature of the bio-dried material produced due to its high moisture content, par-
ticularly food waste. Moreover, high amount of biogenic source in the waste mix corresponded 
to high moisture content and lower calorific value. Food waste significantly impacted on the 
biogenic carbon content of the bio-dried material, whereas paper and pruning waste were 
identified as the positive main contributors to the biogenic carbon content of the bio-dried 
material obtained. It was further revealed that, notwithstanding the amount of non-biogenic 
source in the waste matrix, the proportion of food waste could have an effect on the moisture 
content and calorific value of the final product. Based on the energy content of the bio-dried 
material obtained, the final product could be used as an energy source in combustion process 
which could lead to reduction in over reliance on fossil fuel. Additionally, optimization of the 
waste materials would enhance the biogenic and energy content of the bio-dried material. 
Bio-dried material obtained from waste would therefore be a better sustainable environmental 
solution than landfill provided the waste being used has the right biogenic content and a plant 

Figure 3. Calorific value as a function of biogenic carbon content of bio-dried materials.

Agricultural Waste and Residues100

is efficient at turning that waste into useable energy. Finally, this technology will help mitigate 
environmental pollution from the disposal of biodegradable waste.
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Abstract

The compost withdrawn from a composting toilet still contains pathogens and therefore 
requires a post-treatment unit to treat the compost prior to reuse on an agricultural land. 
A quantitative microbial risk assessment with Monte Carlo technique was conducted to 
evaluate the risk of infectious disease and length of time required for the post-treatment. 
The incidental ingestion of compost (0.5–0.8 g) in a scenario of worst case was evaluated. 
High temperature was efficient in reducing the risk of pathogens; however, the tempera-
ture distribution in the unit (steel box) was not sufficient to reduce pathogens. Therefore, 
to efficiently reduce pathogens during the post-treatment and also reduce the time of 
treatment, the steel box needs an insulator to maintain the temperature. The guidelines 
for the design of the post-treatment facility are: for Ascaris, the steel box and the lower 
temperature −5, −10 and −15°C, post-treatment requires approximately 295 h to achieve 
the safe level of 10−4 pppy. For norovirus, post-treatment requires approximately 845 h 
for the scenarios to achieve a safe level. Salmonella requires 969.5 h, for all scenarios to 
reach a safe level.

Keywords: post-treatment, risk assessment, compost, pathogens, temperature

1. Introduction

Compost of human faeces used as fertiliser can be harmless and useful because it becomes 
part of nutrient recovery. A pilot model of a composting toilet was installed in a rural region 
of Burkina Faso to perform a source recycling system which makes compost from human 
faeces. Initial experiments were performed on some samples taken from the composting 
toilet. Results showed that pathogens such as bacteria and parasites still remained in the 
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compost after withdrawal from the rural model of composting toilet after 3 months of opera-
tion. Therefore, post-treatment of the collected compost is required to minimise the health 
risk when recycling the faeces as fertiliser on farmland. For the inactivation of pathogens, 
several methods of treatments are proposed, including heating, drying, chemical treatments, 
treatment by worms, long storage times, etc. In low income countries some people cannot 
pay materials for post-treatment, however, they have abundant solar energy. Therefore; this 
study proposes a solar disinfection unit to inactivate the pathogens. The operation condition 
to inactivate pathogens should be designed based on the risk assessment by setting a safe 
level of pathogens concentration in the compost after post-treatment.

Norovirus, Ascaris eggs and Salmonella were selected as reference pathogens in this study. 
Noroviruses are a major cause of human gastroenteritis, and they are frequently associated with 
food, water contamination [1] and accidental ingestion. Ascaris infections are very common in 
developing countries. One fertile egg can cause infection of Ascariasis to humans. The carrier 
state of Salmonella typhi is defined as persistent shedding in faeces for greater than 12 months [2].

These enteric infections can be transmitted through the compost from faeces to the human 
body with pathogenic species. Quantitative microbial risk assessment (QMRA) has been 
widely used to establish the health risks associated with wastewater reuse in both devel-
oped and developing regions under different scenarios. The QMRA-Monte Carlo techniques 
(QMRA-MC) based on the work of Haas et al. [3] was used to estimate risk in this study.

The objectives of this study are to perform risk assessment for the design of the post-treatment 
unit by using the QMRA-MC and to determine the treatment time to reach the safe level of 
pathogens in the compost.

2. Material and methods

2.1. Post-treatment unit

People would collect the compost from the rural model of composting toilet with urine diver-
sion (Figure 1) in the pilot families and used it in their gardens as fertiliser. Application of the 
post-treatment would be achieved by spreading the compost evenly in the steel box as shown 
in Figure 2, and leaving it under the sunshine. The steel box was fabricated with a length 
of 60 cm, a width of 40 cm, and a depth of 10 cm. The total volume of the box is 24 L. The 
steel box has steel septa which facilitate deep penetration of heat to compost. The steel box 
is painted black in colour to aid in the absorption of heat. The steel box does not have a solar 
concentrator [4, 5]. The temperature distribution of the compost in the box was measured at 3 
positions which were 1, 5, and 10 cm from the surface.

2.1.1. Scenarios for reuse of compost

During the utilisation of the compost, people may accidentally ingest compost with the patho-
gens orally. The people exposed to the pathogens would have diseases with a probability esti-
mated by risk assessment. The temperature distribution was considered at 3 positions as top, 
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middle and bottom at 1, 5 and 10 cm depth from the top surface, respectively. A basic scenario 
was set at actual temperature in the steel box (S1) as a post-treatment for the assessment. For 
investigating the effect of temperature, 3 temperature levels, such as −5°C lower temperature 
as S2, −10°C lower temperature as S3 and −15°C lower temperature as S4 derived from the 
temperature measured in the steel box, were considered in this simulation, because the tem-
perature varied by weather conditions. For the calculation of concentration in the compost, 
the inactivation rates coefficient from the previous measurement were used [6]. The details of 
the ingestion model are as follows:

Figure 1. Arrangement of the composting toilet.

Figure 2. A proposed compost solar sanitisation installation that could reduce the heat loss [4].
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• To consider the worst case, 50,000 eggs/g in wet faeces is excreted from a heavily infested 
person [7]. The value of the initial concentration of Ascaris eggs was 336 eggs/g-dry com-
post. This number was estimated by multiplying the number of eggs excreted per gram 
(50,000 eggs/g) by the 100 g of compost dividing by the bulk density of the compost.

• Highly infested person of viral infection excretes a maximum of 1011 viral copies/g in fae-
ces from highly infected person [1, 8, 9] was used for the risk assessment taking account 
of the highest risk. Assuming this concentration, the initial concentration was estimated 
at 6.72 × 108 viral copies/g-dry compost. This number was estimated by multiplying the 
number of norovirus excreted per gram (1011 viral copies/g) by the 100 g of the compost and 
dividing by bulk density of the compost.

• Concentration of Salmonella spp. in faeces is 104–1010 per gram of faeces [3]. Assuming this 
concentration, the initial concentration was estimated at 6.72 × 107 CFU/g-dry compost. 
This number was estimated by multiplying the number of Salmonella excreted per gram 
(1010 CFU/g) by the 100 g of the compost and dividing by bulk density of the compost.

• Ingestion rate of compost is 150–800 mg/event. This is used in the risk assessment of dioxin 
in soil ingestion rate [10].

• Post-treatment would be done every 4 months.

• The concentration of pathogens in the compost after the post treatment was estimated 
using the first-order kinetic model from the earlier studies on Ascaris eggs and indicator 
MS2 bacteriophage inactivation and E. coli. The data from these experiments were used to 
re-estimate the inactivation rate co-efficient [6].

• The moisture content of all treatments was 50%.

2.1.2. Hazard identification

Farmers performing post-treatment would be exposed to pathogens in the compost. There are 
several groups of pathogens, but the pathogens of considerable interest in the study area are 
Ascaris eggs, viral infections (norovirus) and Salmonella because Ascaris and norovirus are also 
known to be the most resistant to treatment processes [11, 12]. Burkina Faso recorded 32.8% 
of bacteraemia among febrile children admitted to hospital (non-typhoid Salmonella) between 
2012 and 2013 [2] and it is also reported that the carrier state of Salmonella typhi is defined as 
persistent shedding in faeces for greater than 12 months [2]. Accidental ingestion of a small 
dose consequently implies a high risk of infection compared to many other pathogens [10].

2.1.3. Dose-response assessment

The QMRA-MC was used to estimate risks of Ascaris and norovirus and Salmonella infections. 
The study by Navarro et al. [13] found that Ascaris infection data best fitted the β-Poisson 
dose-response equation [13]:

   P  I   (d)  = 1 −   [1 +  (d /  N  50  )  ( 2   1/α  − 1) ]    −α   (1)
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where PI (d) is the probability of infection in an individual (infection/event), d is the ingested 
number of Ascaris eggs on one occasion (eggs/event), N50 is the mean infective dose number 
of Ascaris eggs (eggs), I means considerable spice for calculation of probability (−) and α is 
an infectivity constant of Ascaris (−). They found the values of N50 and α to be 859 and 0.104, 
respectively. Since they were working with epidemiological data on Ascaris prevalence rather 
than conducting human Ascaris dose-challenge studies, the value found for N50 is not a mea-
sure of the actual median Ascaris infective dose, but rather an empirical value arising from 
their statistical analyses [14].

The annual probability of infection, PI(A)(d) (pppy), is given by:

   P  I (A)    (d)  = 1 −   [1 −  P  I   (d) ]    n   (2)

Where n is number of events per year to the single Ascaris dose (−) [14]. For norovirus, the 
dose response data set of Teunis et al. [1] was used in place of the β-Poisson equation [14]. The 
β-Poisson equation was used to assess the dose response of salmonellosis. The N50 and α used 
are 17,700 and 0.23475 respectively.

2.1.4. Exposure assessment

The human exposure assumed to take place is an event when farmers work on compost. 
Practically, one egg is enough to cause an infection. Norovirus has an extremely low infec-
tious dose [9] and salmonellosis is a public health concern in Burkina Faso [2].

2.1.5. Risk characterisation

The Monte Carlo technique has been used to evaluate the infection risk. The random number 
is applied for estimation of variables with distributions for simulation of Eqs. (1) and (2). 
The simulation was repeated 10,000 times [14]. Then, 95 percentile of the probability was 
estimated as the infection risk.

3. Results and discussion

The temperature variation for 1 week was measured during February, 2015 in the post-
treatment unit with the aid of ThermoManager sensors in Ouagadougou, Burkina Faso. The 
sensors recorded temperature data every five mins during the week. Figure 3 shows the 
temperature pattern in the post-treatment unit. The maximum and minimum temperatures 
recorded from the bottom were 51.0 and 10.5°C. The middle recorded 50.0 and 9.5°C for 
maximum and minimum temperatures while the top recorded maximum of 78.5°C and a 
minimum of 6.5°C. Obviously, the lower temperatures were recorded in the night and high 
temperature during the day.

The estimated changes in concentration of Ascaris for the scenarios S1–4 are shown in Figure 4. 
The concentrations declined from the initial value of 336 eggs/g dry-compost. S1 with high 
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• To consider the worst case, 50,000 eggs/g in wet faeces is excreted from a heavily infested 
person [7]. The value of the initial concentration of Ascaris eggs was 336 eggs/g-dry com-
post. This number was estimated by multiplying the number of eggs excreted per gram 
(50,000 eggs/g) by the 100 g of compost dividing by the bulk density of the compost.

• Highly infested person of viral infection excretes a maximum of 1011 viral copies/g in fae-
ces from highly infected person [1, 8, 9] was used for the risk assessment taking account 
of the highest risk. Assuming this concentration, the initial concentration was estimated 
at 6.72 × 108 viral copies/g-dry compost. This number was estimated by multiplying the 
number of norovirus excreted per gram (1011 viral copies/g) by the 100 g of the compost and 
dividing by bulk density of the compost.

• Concentration of Salmonella spp. in faeces is 104–1010 per gram of faeces [3]. Assuming this 
concentration, the initial concentration was estimated at 6.72 × 107 CFU/g-dry compost. 
This number was estimated by multiplying the number of Salmonella excreted per gram 
(1010 CFU/g) by the 100 g of the compost and dividing by bulk density of the compost.

• Ingestion rate of compost is 150–800 mg/event. This is used in the risk assessment of dioxin 
in soil ingestion rate [10].

• Post-treatment would be done every 4 months.

• The concentration of pathogens in the compost after the post treatment was estimated 
using the first-order kinetic model from the earlier studies on Ascaris eggs and indicator 
MS2 bacteriophage inactivation and E. coli. The data from these experiments were used to 
re-estimate the inactivation rate co-efficient [6].

• The moisture content of all treatments was 50%.

2.1.2. Hazard identification

Farmers performing post-treatment would be exposed to pathogens in the compost. There are 
several groups of pathogens, but the pathogens of considerable interest in the study area are 
Ascaris eggs, viral infections (norovirus) and Salmonella because Ascaris and norovirus are also 
known to be the most resistant to treatment processes [11, 12]. Burkina Faso recorded 32.8% 
of bacteraemia among febrile children admitted to hospital (non-typhoid Salmonella) between 
2012 and 2013 [2] and it is also reported that the carrier state of Salmonella typhi is defined as 
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   P  I   (d)  = 1 −   [1 +  (d /  N  50  )  ( 2   1/α  − 1) ]    −α   (1)
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temperature gave high decline rate of the concentration due to high inactivation rate coef-
ficient. Each scenario showed high and low reduction rates, because high temperature at day 
time and low temperature at night respectively. All scenarios for Ascaris obtained reduction 

Figure 4. Change in Ascaris eggs concentration for the post-treatment.

Figure 3. Temperature distribution assumed in the risk estimation.
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of eggs in 295 h and the differences of the temperature resulted in the differences in concen-
trations. The changes in concentration of norovirus with elapsed of time under all scenarios 
are shown in Figure 5. The concentration declined from the initial of 6.72 × 108 copies/g-dry 

Figure 5. Change in norovirus concentration for post-treatment.

Figure 6. Change in Salmonella concentration.
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compost. Higher temperature condition also gives higher decline rate. The reduction rate 
of norovirus concentration had difference among four scenarios like the Ascaris case. The 
concentration varied due to the varied temperature especially at night. As expected, the day 
time recorded higher temperatures and lower temperatures were recorded at night. All the 
scenarios achieved safe level at 845 h.

The change in concentration of Salmonella with elapse time under all scenarios are shown in 
Figure 6. The concentration declined from the initial of 6.72 × 107 CFU/g dry-compost. Higher 
temperature condition also gave higher decline rate. The reduction rate of Salmonella concen-
tration had difference among four scenarios like the Ascaris and norovirus case. All scenarios 
achieved safe level at 969.5 h.

The 95-percentile annual risk of Ascaris, norovirus and Salmonella infections for the all sce-
narios are shown in Figures 7–9. The risk of the pathogens are almost 1 at the initial for all 
scenarios. This means the people who use the compost would be heavily polluted by the 
pathogens. They would be infected if the composting reactor fails to reduce the pathogen con-
centration and also if they do not apply the post-treatment. Schönning et al. [15] also reported 
a 95-percentile risk of rotavirus and Ascaris for 0 months’ storage in a worst case as 1. The 
results show the risks for the Ascaris for S1 and the low temperatures as S2–4 reduced concen-
trations and reached a safe level at 97.5, 138, 190 and 295 h respectively.

The volume of the composting reactor is 100 L. Taking account of the temperature distribution 
with depth of the unit, the top and bottom temperature would achieve a safe level before the 
middle because that is the lowest temperature zone in the post-treatment unit. It should be 
noted that about 25% of the volume of the composting reactor was used for the design of the 

Figure 7. Ascaris annual infection risk associated with post-treatment.
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unit. This is to ensure that the unit is not too deep to reduce the efficiency of the unit. The unit 
is considered as a batch reactor (BR) where concentration of the compost would change with 
time. The expected concentration can be obtained by adjusting the reaction time. The tem-
perature distributions in S1 recorded a shorter time than the other scenarios. The treatment 
time can be reduced if the heating process of the unit is improved. During the day, there is a 
sufficient increase in temperature, but it suddenly decreases towards the evening and at the 
nights. This phenomenon causes sufficient inactivation by the balance of the high inactivation 
rate at high temperature and the low inactivation at low temperature. To reduce treatment 
time, one needs to improve the post-treatment unit increasing the maximum temperature and 
keeping temperature during the night.

The required times to reach the safe level for norovirus for the scenarios S1–4 were 264, 362.5, 
554 and 845 h respectively. And also the required times for Salmonella were respectively 90.5, 
143, 356.5 and 969.5 h respectively. Comparing Ascaris, norovirus and Salmonella, Salmonella 
requires more time at lower temperatures than Ascaris and norovirus to reach safe level of 10−4 
per person per year (pppy) [16]. This is probably due to the fact that lower temperature are 
favourable conditions for bacteria. Therefore, Salmonella is more important indicator for the 
design of the unit, even though Ascaris eggs have possibility to survive several months in a 
soil system [17].

Risk assessments for post-treatment of compost have received very little documentation. 
Seidu et al. [17] reported increased levels of Ascaris and rotavirus infection for farmers due 
to accidental ingestion of contaminated soils. The estimated median risk values for farm-
ers were 0.99 and 7.2 × 10−2 pppy for Ascariasis and rotavirus. The study indicated that the 
elevated hazard posed by the soils on the farm could be attributed to the persistence of Ascaris 

Figure 8. Norovirus annual infection risk with post-treatment.
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in the soils. This implies that compost must be treated properly before reuse as fertiliser so 
as not to pose even greater risk in the soils. However, in semi-arid regions where the com-
post is expected to be used, inactivation of Ascaris occurs in soils rapidly [9] which indicates 
that post-treatment in these regions could be feasible. The results of this study indicate that 
high temperature with prolonged treatment time could reduce the hazard considerably. 
Mara et al. [14] reported risk of fieldworkers’ involuntary ingestion of 100 mg of waste-water 
contaminated soils. The median of norovirus infection risk for an ingestion of 100–1000 mg, 
10–100 mg, 1–10 mg of contaminated soil were 0.98, 0.32, and 3.7 × 10−2 pppy respectively. The 
study also reported the median Ascaris infection risk for ingestion of 100–1000 mg, 10–100 mg, 
and 1–10 mg of contaminated soils as 0.14, 1.5 × 10−2, and 1.5 × 10−3 pppy respectively. In this 
study, the risk associated with the exposure of Salmonella at lower temperature was estimated 
to be the highest, thus, this level of pathogen reduction will provide sufficient protection 
against Ascaris and norovirus infections.

4. Conclusion

The temperature distribution in the steel box and the lower temperatures although reached 
a safe level, the time required for the safe treatment is too long and hence the steel box needs 
an improvement. Therefore, to efficiently reduce pathogens during the post-treatment and 
also reduce the time of treatment, the steel box needs an insulator to maintain the tempera-
ture. The guidelines for the design of the post-treatment facility are: For Ascaris, the steel box 
and the lower temperature −5, −10 and −15°C, post-treatment requires temperature between 

Figure 9. Salmonella annual infection risk associated with post-treatment.
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78°C (maximum temperature during the day) − 6.5°C (min temperature during the night) 
and approximately time of 295 h to achieve the safe level of 10−4 pppy. For norovirus, post-
treatment requires temperature from 78 to 6.5° and approximately time of 845 h for all the 
scenarios to achieve a safe level. Salmonella requires temperature range from 78 to 6.5°C and 
time of 969.5 h, for all scenarios to reach a safe level. The evaluation of the performance of 
post-treatment unit for risk assessment of the targeted pathogens has been achieved with the 
developed mathematical model.
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Abstract

Animal manure is a valuable resource if handled responsibly but a source of serious
challenges and public health concerns if managed inappropriately. Risks associated with
animal manure handling could be related to soil, water and air quality. In spite of this,
non-sustainable animal manure management practices are still common in some places.
Sustainable management of animal manure requires multi-prong approaches and holds
several benefits both to the farmers and the general public. The importance attached to the
handling and management of manure in several countries has led to the enactment of
relevant legislations, regulations, standards and policies to promote sustainable handling
of animal manure. Some of these are enacted at community, state, national, regional and
international levels. Several techniques ranging from simple, low-cost to complex strate-
gies are available for proper handling of animal manure. The proposed chapter will
highlight some unsustainable animal manure handling practices. It will discuss some of
the risks associated with irresponsible handling of animal manure as well as some of the
measures to promote sustainable animal manure management.

Keywords: animal, manure, sustainable, management techniques, regulations

1. Introduction
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Abstract

Animal manure is a valuable resource if handled responsibly but a source of serious
challenges and public health concerns if managed inappropriately. Risks associated with
animal manure handling could be related to soil, water and air quality. In spite of this,
non-sustainable animal manure management practices are still common in some places.
Sustainable management of animal manure requires multi-prong approaches and holds
several benefits both to the farmers and the general public. The importance attached to the
handling and management of manure in several countries has led to the enactment of
relevant legislations, regulations, standards and policies to promote sustainable handling
of animal manure. Some of these are enacted at community, state, national, regional and
international levels. Several techniques ranging from simple, low-cost to complex strate-
gies are available for proper handling of animal manure. The proposed chapter will
highlight some unsustainable animal manure handling practices. It will discuss some of
the risks associated with irresponsible handling of animal manure as well as some of the
measures to promote sustainable animal manure management.
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a critical role in the economic and social lives of the populace through its contribution to
nutritious food supply, job creation, income generation and household earnings, asset saving,
economic output and taxes, agricultural diversification, animal traction, soil fertility and trans-
portation [1, 2]. Meeting the food needs of the growing world population which is estimated to
be over 9 billion by 2050 is one of the greatest challenges facing animal agriculture the world
over. Increasing food production is not as straightforward as simply increasing production
capacity. There are constraints such as land and water use, environmental impact of animal
agriculture and regulations which may limit the ability of producers to simply add enough
animals to meet future demand for foods of animal origin. Therefore, animal agriculture must
be carried out in a way that does not jeopardize the future use of natural resources while
attempting to meet the food needs of man and animals.

Animals are raised primarily for food and non-food purposes such as companions, leather
and even manure in some production systems [3]. By-products, which may constitute wastes
if not managed appropriately, are generated in the process of producing, processing,
transporting and marketing animals. Some potential wastes generated during animal pro-
duction operations include waste or left-over feed, wastewater, hatchery wastes, abattoir
wastes and manure. Manure from animal production often has external contributor such as
beddings, urine, wash water, precipitation, spilled feed and spilled water [4]. Prior to the
introduction of organic fertilizers, animal manure played the central role in enhancing soil
fertility. In spite of the role of organic fertilizers in agricultural production, manure remains
an important fertilizer resource especially in areas where organic fertilizers are not readily
available or accessible to farmers.

The intensification of animal operations has led to the production of a considerable amount of
manure concentrated in a particular location in excess of the need and may become a liability.
The estimated total manure nitrogen production increased from 21.4 TgN/year in 1860 to 131.0
TgN/year in 2014 with an overall significant increasing trend during 1860–2014 (0.7 TgN/year,
p < 0.01) [5]. Intensive animal production, therefore, can be significantly problematic with
respect to waste storage and removal. Air and water pollution associated with animal manure
has been at the centre of several regulatory discussions across the world. Animal manure
contains a wide range of micro-organisms which could be a source of hazards to humans and
animals. These micro-organisms can cause food contaminations and epidemics and therefore
dangerous to public health. In fact, several foodborne illnesses around the world have been
linked directly or indirectly to manure contamination. To therefore limit some of the challenges
associated with animal manure handling, sustainable manure management practices and
strategies are advocated. It is critical that manure management plans form an integral part of
the animal production strategy. These include legislations and other legal instruments as well
as other innovative practices that reduce the risks of exposure. Many manure management
strategies and technologies are applicable to a wide range of production environment and
scales. The adoption of sustainable manure management technologies holds a lot of direct and
indirect benefits to the society. These include contributions to a clean environment, pollution
reduction, job creation and the protection of biodiversity. This chapter gives an overview of
sustainable animal manure management practices and strategies.
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2. Characteristics of animal manure

Manure contains many useful and recyclable components (Table 1). The physical and chemical
characteristics of animal manure will impact its potential use particularly as a fertilizer and the
ease with which it would be handled. Animal manure can be categorized based on their
consistency or moisture content into liquid manure (up to 5% solids), slurry and semi-solid
manure (between 5 and 25% solids) and solid manure (more than 25% solids) [6]. The general
characteristics of manure generated from typical animal production operations are presented
(Table 2). In view of high variability in consistency, physical structure and chemical composi-
tion of animal manure from one location to the other, preference should be given to locally
derived manure characteristics.

Manure
component

Beneficial uses Advantages

Nutrients Compost, fertilizer, biomass conversion
(animal feed, soil amendments, fertilizer, etc.)

Cost savings on fertilizer and income generation from sales
of manure

Organic
matter

Soil amendments/structuring Improves soil structure and water holding capacity;
impacts on crop yield

Solids Bedding Savings on cost of bedding materials, e.g., up to $50/cow/
year

Energy Biogas, bio-oil, and syngas Supplementary energy for farm use; reduced reliance on
fossil fuels; income generation from sales of energy

Fiber Peat substitute, paper, and building materials Potential environmental liability turned into useful
commodities

Source: Adapted from [7].

Table 1. Beneficial uses of manure.

Category of
animal

Weight
(lb)

Moisture
(%)

Total
solids
(lb)

Volatile
solid (lb)

Biological
oxygen demand
(lb)

Nitrogen
(lb)

Phosphorus
(lb)

Potassium
(lb)

Dairy manure

Lactating cow 97–130 87 12–17 9.2–13 2.1 0.66 0.11–0.15 0.30–0.38

Calf 83 83 9.2 7.7 — 0.42 0.05 0.11

Heifer 56 83 8.5 7.3 1.2 0.27 0.05 0.12

Dry cow 51 87 6.6 5.6 0.84 0.30 0.042 0.10

Beef manure

Beef cow in
confinement

104 88 13 11 2.5 0.35 0.08 0.25

Growing calf in
confinement

77 88 9.2 7.7 1.7 0.45 0.08 0.29
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3. Animal manure management systems

The animal waste management system can be described as a planned system with relevant
components installed and managed to control and use by-products of animal production in a
way that sustains and enhances the quality of air, water, soil, plant and animal resources
(adapted from [10]). Animal manure management system is an integral part of the agricultural
waste management system. Animals are raised under different systems of production and this
influences the manure management systems and strategies adopted. Manure produced by
animals managed in range and pasture lands is usually managed using strategies that are
different from those employed for animals raised in confinement. Manure management is
important because it significantly reduces the risks associated with manure handling and
utilization. An efficient manure management system will limit or prevent manure or its
constituents from gaining undesirable access to the larger environment. Sound manure man-
agement contributes to health and environmental, economic and social benefits (Table 3). A
resource-efficient, socially inclusive and low-carbon economy is achieved by tapping into
waste as a resource, extending the life cycle of valuable materials and increasing the use of
secondary materials [11].

Establishing the goals of animal manure management systems is critical to its successful
planning and implementation. The objectives of a manure management system could range
from limiting the environmental impacts of manure handling, limiting manure nutrient losses
and promoting its efficient use to regulatory compliance, regulating the timing of use in sync
with the other uses of the manure resources and the generation of income.

Category of
animal

Weight
(lb)

Moisture
(%)

Total
solids
(lb)

Volatile
solid (lb)

Biological
oxygen demand
(lb)

Nitrogen
(lb)

Phosphorus
(lb)

Potassium
(lb)

Finishing cattle 65 92 5.2 4.3 1.0 0.36–0.50 0.044–0.076 0.25

Swine manure

Gestating sow 25 90 2.5 2.3 0.84 0.16 0.05 0.11

Lactating sow 59 90 5.9 5.4 2.0 0.45 0.13 0.28

Boar 19 90 1.9 1.7 0.66 0.14 0.05 0.09

Poultry manure

Layers 57 75 15 11 3.3 1.1 0.33 0.39

Broiler 88 74 22 17 5.3 0.96 0.28 0.54

Turkey toms 34 74 8.8 7.1 2.3 0.53 0.16 0.25

Turkey hen 48 74 12 9.8 3.0 0.72 0.20 0.31

Duck 102 74 27 16 4.5 1.0 0.35 0.50

Source: ASABE [8]; Barth et al. [9].

Table 2. Characteristics of manure of farm animals (per 1000 lb. animal unit per day).
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Several methods of manure management systems have been identified. Each system of manure
management also has its own challenges particularly with the nutrient management (Table 4).
The primary nutrients of concern as it affects animal manure are nitrogen, phosphorus and
potassium largely due to their importance in soil application. The concerns are associated with
potential nutrient losses in storage and during handling as well as potential nutrient overload
during land application. Due to limited land availability and lack of nutrient test to determine
requirements before applications, soils applied with manure tend to have excess nitrogen and
phosphorus [12]. The evidence of considerable losses of manure nutrients in storage is abun-
dant [13] (Table 5). The basic functions of production, collection, storage, treatment, transfer
and utilization associated with manure management systems must, therefore, be managed
holistically to minimize nutrient losses, prevent pollution and other potential risks [10].

In view of the variation in the situations in which the waste management system is incorpo-
rated, as a guide, the decision-makers’ concerns, needs and objectives must be considered in
planning the animal waste management system; the characteristics and annual production of
the waste that would require management as well as potential future changes in the size of
operation must be determined; the alternatives the decision-maker is willing to consider for
utilization must be determined; the landowner’s preference for equipment and location of the
facility must be determined; and the design of the system should cover from the production to
the utilization function level and must be put in place [9]. These considerations are germane to
planning and designing the waste management systems for dairy, beef, swine, poultry and
other animals.

Sustainable
development pillar

Associated benefit of sound manure management

Environment • Prevents the environmental impacts on air, water, soil, wildlife and the marine
• Protects human health in communities and at waste management facilities
• Minimizes the risks associated with the waste
• Improves occupational health
• Reduces greenhouse gas emissions from waste
• Reduces litter and odor
• Prevents the risks of flood

Economy • Increases business opportunities
• Contributes to GDP
• Provides savings to businesses, especially in resource extraction and use, by waste

prevention actions, recovery and/or recycling activities
• Achieves economic savings by improvements in human health and the environment,

leading to higher productivity, lower medical costs, better environmental quality and the
maintenance of ecosystem services.

Social • Creates employment, including low, medium, and high-skilled jobs
• Integrates and professionalizes employment in the informal sector (the route to

addressing equity and poverty issues)
• Delivers more attractive and pleasant human settlements and better social amenity
• Encourages changes in community attitudes and behaviors.

Source: Adapted from [11].

Table 3. Environmental, economic and social benefits of sound manure manage management.
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Type of
system

Description Associated nutrient loss challenges

Grazing Animals deposit manure directly on the field during
grazing

Substantial nutrient losses especially nitrogen occur
through leaching and volatilization

Kraals Animals are kept in enclosed land area to be used for
cropping in the future on rotational basis.

High losses of nutrients through leaching.

Dry lot
storage

Manure and urine are captured using bedding
materials

Substantial losses of nutrient could occur, particularly
through urine. Leaching and surface run-off can also
occur

Slurry
storage

Urine and feces are stored together and the manure is
usually in semi-liquid form

Volatilization losses are dependent on ventilation,
depth of storage tanks and length of storage

Lagoon Liquid manure are treated in anaerobic lagoon with or
without the solids separated

Leaching through lagoon bottom, discharge into water
surface and odor. High ammonia, and some methane
and nitrous oxide emissions may occur

Fuel Manure are either burnt directly as fuel or handled
anaerobically for biogas production

Nitrogen, carbon and sulfur losses as a result of
burning. High water content of slurry makes it
difficult to handle

Others These could include plastering for house construction
and use as animal feed. These forms of uses are limited
and the use of manure as animal feed is not
encouraged

Manure used for construction is totally lost to
agriculture.

Source: Adapted from [14].

Table 4. Examples of manure management systems.

Manure management system Beef Dairy Swine Poultry

N P K N P K N P K N P K

Manure stored in open lot, cool, humid region 30–
45

20–
30

30–
45

15–
30

5–
15

5–
15

30–
45

20–
35

30–
45

— — —

Manure stored in open lot, hot arid region 40–
60

20–
30

30–
45

30–
45

5–
15

5–
15

— — — — — —

Manure liquid and solids in a covered, watertight
structure

15–
30

5–
15

5–
15

15–
30

5–
15

5–
15

25–
30

5–
15

5–
15

— — —

Manure liquid and solids in an uncovered watertight
structure

25–
40

10–
20

10–
20

25–
35

10–
20

10–
20

25–
30

10–
20

10–
20

— — —

Manure liquid and solids (diluted less than 50%) held in
waste storage pond

— — — 20–
35

5–
20

5–
20

— — — — — —

Manure and bedding held in roofed storage — — — 20–
35

5–
20

5–
20

— — — 30–
45

5–
20

5–
20

Manure and bedding held in unroofed storage, leachet
lost

— — — 25–
45

15–
25

15–
25

— — — — — —

Manure stored in pits beneath slated floor 15–
30

5–
15

5–
15

15–
30

5–
10

5–
10

15–
30

5–
10

5–
10

10–
20

5–
10

5–
10
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The concept of waste management hierarchy can serve as a guide in the choice of the appro-
priate waste management strategy, policy or options for adoption on the farm. The hierarchy is
from the most preferred (avoidance of waste generation) to the least preferred (disposal) waste
management options. The waste management hierarchy can be applied to animal manure
management as shown in Table 6.

Manure management system Beef Dairy Swine Poultry

N P K N P K N P K N P K

Manure treated in anaerobic lagoon or stored in waste
storage pond after being diluted more than 50%

65–
80

50–
65

35–
50

65–
80

50–
65

35–
50

70–
80

50–
65

40–
50

70–
80

50–
65

40–
50

Source: Adapted from [15].

Table 5. Nutrient losses in various manure management systems (%).

Waste
Management
Hierarchy

Attribute Applicability in animal manure management

Avoidance Most preferred option. Preventive. Use of less
hazardous materials in the design and manufacture
of products. Develop strategies for cleaner and
environmentally friendly production

While the production of wastes cannot be
completely eliminated in animal production, the
production can be made cleaner and
environmentally friendly

Reduction of
wastes

Second most preferred option. Preventive. Actions to
make changes in the type of materials being used for
specific products. This approach contributes to
effective savings of natural resources

Applicable

Reuse Predominantly ameliorative and partly preventive.
The waste is collected during the production phase
and fed back into the production process. Reduce
the amount of wastes generated and the cost of
production. Desirable.

Applicable

Recycle Predominantly ameliorative and partly preventive.
The waste materials are collected and processed, and
used in the production of new products. The process
prevents pollution. Desirable.

Applicable

Energy
recovery

Predominantly assimilative and partly ameliorative.
This is also called waste to energy conversion.
Wastes are converted to usable energy forms such as
heat, light, electricity, etc. Desirable.

Applicable

Treatment Predominantly assimilative and partly ameliorative.
Desirable.

Applicable

Sustainable
disposal

Disposal is the least preferred option in the waste
management hierarchy and should be avoided.

Possible but not preferred

Source: Adapted from [16].

Table 6. Waste management hierarchy and animal manure management.
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Type of
system

Description Associated nutrient loss challenges

Grazing Animals deposit manure directly on the field during
grazing

Substantial nutrient losses especially nitrogen occur
through leaching and volatilization

Kraals Animals are kept in enclosed land area to be used for
cropping in the future on rotational basis.

High losses of nutrients through leaching.

Dry lot
storage

Manure and urine are captured using bedding
materials

Substantial losses of nutrient could occur, particularly
through urine. Leaching and surface run-off can also
occur

Slurry
storage

Urine and feces are stored together and the manure is
usually in semi-liquid form

Volatilization losses are dependent on ventilation,
depth of storage tanks and length of storage

Lagoon Liquid manure are treated in anaerobic lagoon with or
without the solids separated

Leaching through lagoon bottom, discharge into water
surface and odor. High ammonia, and some methane
and nitrous oxide emissions may occur

Fuel Manure are either burnt directly as fuel or handled
anaerobically for biogas production

Nitrogen, carbon and sulfur losses as a result of
burning. High water content of slurry makes it
difficult to handle

Others These could include plastering for house construction
and use as animal feed. These forms of uses are limited
and the use of manure as animal feed is not
encouraged

Manure used for construction is totally lost to
agriculture.

Source: Adapted from [14].

Table 4. Examples of manure management systems.

Manure management system Beef Dairy Swine Poultry

N P K N P K N P K N P K

Manure stored in open lot, cool, humid region 30–
45

20–
30

30–
45

15–
30

5–
15

5–
15

30–
45

20–
35

30–
45

— — —

Manure stored in open lot, hot arid region 40–
60

20–
30

30–
45

30–
45

5–
15

5–
15

— — — — — —

Manure liquid and solids in a covered, watertight
structure

15–
30

5–
15

5–
15

15–
30

5–
15

5–
15

25–
30

5–
15

5–
15

— — —

Manure liquid and solids in an uncovered watertight
structure

25–
40

10–
20

10–
20

25–
35

10–
20

10–
20

25–
30

10–
20

10–
20

— — —

Manure liquid and solids (diluted less than 50%) held in
waste storage pond

— — — 20–
35

5–
20

5–
20

— — — — — —

Manure and bedding held in roofed storage — — — 20–
35

5–
20

5–
20

— — — 30–
45

5–
20

5–
20

Manure and bedding held in unroofed storage, leachet
lost

— — — 25–
45

15–
25

15–
25

— — — — — —

Manure stored in pits beneath slated floor 15–
30

5–
15

5–
15

15–
30

5–
10

5–
10

15–
30

5–
10

5–
10

10–
20

5–
10

5–
10
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The concept of waste management hierarchy can serve as a guide in the choice of the appro-
priate waste management strategy, policy or options for adoption on the farm. The hierarchy is
from the most preferred (avoidance of waste generation) to the least preferred (disposal) waste
management options. The waste management hierarchy can be applied to animal manure
management as shown in Table 6.
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storage pond after being diluted more than 50%
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35–
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70–
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Source: Adapted from [15].

Table 5. Nutrient losses in various manure management systems (%).

Waste
Management
Hierarchy

Attribute Applicability in animal manure management

Avoidance Most preferred option. Preventive. Use of less
hazardous materials in the design and manufacture
of products. Develop strategies for cleaner and
environmentally friendly production

While the production of wastes cannot be
completely eliminated in animal production, the
production can be made cleaner and
environmentally friendly

Reduction of
wastes

Second most preferred option. Preventive. Actions to
make changes in the type of materials being used for
specific products. This approach contributes to
effective savings of natural resources

Applicable

Reuse Predominantly ameliorative and partly preventive.
The waste is collected during the production phase
and fed back into the production process. Reduce
the amount of wastes generated and the cost of
production. Desirable.

Applicable

Recycle Predominantly ameliorative and partly preventive.
The waste materials are collected and processed, and
used in the production of new products. The process
prevents pollution. Desirable.

Applicable

Energy
recovery

Predominantly assimilative and partly ameliorative.
This is also called waste to energy conversion.
Wastes are converted to usable energy forms such as
heat, light, electricity, etc. Desirable.

Applicable

Treatment Predominantly assimilative and partly ameliorative.
Desirable.

Applicable

Sustainable
disposal

Disposal is the least preferred option in the waste
management hierarchy and should be avoided.

Possible but not preferred

Source: Adapted from [16].

Table 6. Waste management hierarchy and animal manure management.
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4. Some principles associated with manure management

There are several principles which are associated with waste management [11] and by exten-
sion, manure management. It is important to take these principles into account when formu-
lating manure management strategies and interventions. Some of the principles are as follows:

• Proximity principle: The principle of proximity indicates that as practicable as possible,
wastes should be managed close to where they are produced.

• Self-sufficiency principle: The principle of self-sufficiency indicates that each country, and
potentially each state, region and city, should manage its own wastes wherever possible. If
applied to animal production facilities, this means farms should manage the wastes that
they generate. However, this principle does not foreclose regional cooperation, which may
be the most efficient and environmentally sound way of waste management.

• The polluter-pays principle: This principle indicates that those who cause or generate
pollution should bear its cost. In this context, those who generate manure should bear the
cost of managing it to prevent the potential risks to human health and the environment.

• Precautionary principle: This principle is applied according to the capabilities of the affected
states. According to the principle of precaution, the absence of scientific certainty shall not
be used as the reason for postponing cost-effective measures to prevent environment deg-
radation, particularly where substantial threats of serious or irreversible damage exist [11].

• Sustainable development: The principle indicates that development activities geared
towards meeting the needs of the present must not compromise the ability of the future
generations to meet their own needs. Thus, manure should be handled and managed in
such a way that will not negatively affect the environment.

• Principle of intergenerational equity: The principle of intergenerational equity indicates
that waste should not be managed in such a way that will leave the responsibility for the
problems to the subsequent generations.

5. Challenges associated with manure handling

Animal manure can be a challenge when produced in excess of requirements. Unsustainable
manure management practices, which consist of various disposal approaches, are still preva-
lent in some places (Table 7). This is particularly the situation in some intensive animal
operations. For example, costs associated with manure storage and disposal can contribute to
unsustainable practices in handling manure. This is possible especially when the alternatives
to sustainable management are considered much cheaper, in terms of financial requirement.
However, the public health and economic costs in form of disease outbreaks, rejects of prod-
ucts, products recalls and regulatory fines and so on that could be associated with improper
disposal of animal manure or manure contaminated foods and food products may far exceed
whatever cost-savings are being targeted by the producers who adopt unsustainable manure
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management practices. Manure disposal is the most unsustainable and by far the least desir-
able strategy in the hierarchy of management. Animal manure could be a valuable resource or
a waste depending on how it is handled and managed.

Animal manure contains significant amounts of micro-organisms which make it a source of
major risk to the public (Table 8). Risks of nutrients, organic material and pathogens contam-
inating water bodies and food products are common with increased manure spread [19].
Nutrient run-off into groundwater can occur from uncovered livestock facilities, from manure

Manure management method Proportion of farms* (%) Proportion of farms** (%)

Sold — 20

Buried — 5

Burnt 26 23.33

Recycled into crop production — 14.17

Dumped in bushes or farms 37 —

Flushed in pits, streams and rivers 21 21.25

Others (combination of above practices) 16 16.25

*Source: [17].
**Source: [18].

Table 7. Prevalence of unsustainable manure management practices.

Organism Type of
organism

Illness caused in humans Route of infection

Escherichia coli Bacteria Bloody diarrhea, severe anemia, kidney
failure or even death

Direct contact with feces and through
water contaminated with feces

Campylobacter Bacteria Diarrhea and systemic illness Fecal contaminated water

Salmonella Bacteria Diarrhea, fever, and abdominal cramp Through fecal contaminated water or food

Leptospira Bacteria Leptospirosis with symptoms such as high
fever, kidney or liver failure, meningitis, or
even death

Directly through animal urine or soil
containing animal urine contacting breaks
in the eyes, skin, mouth or nose

Listeria Bacteria Listeriosis characterized by fever, chills,
headache, upset stomach and vomiting, most
likely to affect pregnant women and unborn
babies

Manure contaminated food

Shigella Bacteria Bloody diarrhea Direct contact with feces

Cryptosporidium Parasite Watery diarrhea, may be life-threatening to
peoples with poor immune system

Soil, water, food, or surfaces contaminated
with feces of infected animal

Hepatitis A Virus Viral liver disease causing mild to severe
illness, flu-like symptom, diarrhea, fever,
discomfort, decreased appetite, tiredness

Fecal, or by indirect contact through
contaminated food and water

Rotavirus Virus Gastroenteritis. Symptoms include severe
diarrhea, vomiting, fever, and dehydration

Contamination of hands, objects, food or
water with infected feces
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pollution should bear its cost. In this context, those who generate manure should bear the
cost of managing it to prevent the potential risks to human health and the environment.

• Precautionary principle: This principle is applied according to the capabilities of the affected
states. According to the principle of precaution, the absence of scientific certainty shall not
be used as the reason for postponing cost-effective measures to prevent environment deg-
radation, particularly where substantial threats of serious or irreversible damage exist [11].

• Sustainable development: The principle indicates that development activities geared
towards meeting the needs of the present must not compromise the ability of the future
generations to meet their own needs. Thus, manure should be handled and managed in
such a way that will not negatively affect the environment.

• Principle of intergenerational equity: The principle of intergenerational equity indicates
that waste should not be managed in such a way that will leave the responsibility for the
problems to the subsequent generations.

5. Challenges associated with manure handling

Animal manure can be a challenge when produced in excess of requirements. Unsustainable
manure management practices, which consist of various disposal approaches, are still preva-
lent in some places (Table 7). This is particularly the situation in some intensive animal
operations. For example, costs associated with manure storage and disposal can contribute to
unsustainable practices in handling manure. This is possible especially when the alternatives
to sustainable management are considered much cheaper, in terms of financial requirement.
However, the public health and economic costs in form of disease outbreaks, rejects of prod-
ucts, products recalls and regulatory fines and so on that could be associated with improper
disposal of animal manure or manure contaminated foods and food products may far exceed
whatever cost-savings are being targeted by the producers who adopt unsustainable manure
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management practices. Manure disposal is the most unsustainable and by far the least desir-
able strategy in the hierarchy of management. Animal manure could be a valuable resource or
a waste depending on how it is handled and managed.

Animal manure contains significant amounts of micro-organisms which make it a source of
major risk to the public (Table 8). Risks of nutrients, organic material and pathogens contam-
inating water bodies and food products are common with increased manure spread [19].
Nutrient run-off into groundwater can occur from uncovered livestock facilities, from manure

Manure management method Proportion of farms* (%) Proportion of farms** (%)

Sold — 20

Buried — 5

Burnt 26 23.33

Recycled into crop production — 14.17

Dumped in bushes or farms 37 —

Flushed in pits, streams and rivers 21 21.25

Others (combination of above practices) 16 16.25

*Source: [17].
**Source: [18].

Table 7. Prevalence of unsustainable manure management practices.

Organism Type of
organism

Illness caused in humans Route of infection

Escherichia coli Bacteria Bloody diarrhea, severe anemia, kidney
failure or even death

Direct contact with feces and through
water contaminated with feces

Campylobacter Bacteria Diarrhea and systemic illness Fecal contaminated water

Salmonella Bacteria Diarrhea, fever, and abdominal cramp Through fecal contaminated water or food

Leptospira Bacteria Leptospirosis with symptoms such as high
fever, kidney or liver failure, meningitis, or
even death

Directly through animal urine or soil
containing animal urine contacting breaks
in the eyes, skin, mouth or nose

Listeria Bacteria Listeriosis characterized by fever, chills,
headache, upset stomach and vomiting, most
likely to affect pregnant women and unborn
babies

Manure contaminated food

Shigella Bacteria Bloody diarrhea Direct contact with feces

Cryptosporidium Parasite Watery diarrhea, may be life-threatening to
peoples with poor immune system

Soil, water, food, or surfaces contaminated
with feces of infected animal

Hepatitis A Virus Viral liver disease causing mild to severe
illness, flu-like symptom, diarrhea, fever,
discomfort, decreased appetite, tiredness

Fecal, or by indirect contact through
contaminated food and water

Rotavirus Virus Gastroenteritis. Symptoms include severe
diarrhea, vomiting, fever, and dehydration

Contamination of hands, objects, food or
water with infected feces
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applied to land, from pasture feeding and watering areas or from direct discharge into water
bodies which causes water pollution.

Major consequences of manure pollution in water bodies include oxygen depletion due to
increased biological oxygen demand and the resultant effect on sustainable fisheries, eutro-
phication and algae bloom, water taints and odor, nitrate poisoning in humans and animals
and water acting as a carrier for several disease pathogens [21]. Gaseous emissions from
manure facilities contribute to noxious odor, greenhouse effect and other potential health
hazards. Apart from the direct discharge of manure or its constituents, water bodies can
absorb airborne manure constituents. Substantial amounts of nutrients, particularly nitro-
gen, are lost during manure collection, storage and removal. Therefore, animal manure can
be a contaminant for food, soil and water. Manure is also a cause of offensive odor. There-
fore, manure management systems must integrate appropriate measures for odor control.
Reducing the frequency, intensity, duration and offensiveness of the odor is the main goal of
effective odor control.

6. Strategies for promoting sustainable manure management

6.1. Policy and legal frameworks for sustainable manure management

In view of the numerous challenges associated with manure handling, relevant policies, legis-
lations, regulations, directives, codes, standards and guidelines have been enacted to promote
its sustainable management. The responsibility of setting policies and/or regulations for
manure management could rest with the federal, state, local or provincial government. A
policy articulates the course of action or principles and associated guidelines adopted to guide
decisions and achieve some national outcomes relating to particular issues. Policies should
usually have long-term goals. A manure policy is supposed to outline rules, provide principles
that guide actions and set roles and responsibilities of waste generators and the public author-
ities. It also reflects values and beliefs as well as the intention to take action. Legislations and
regulations are usually set to give effect to the manure management policy. Guidelines, stan-
dards, codes and procedures may also be associated with a policy. Policies may include
mandatory or voluntary compliance.

Organism Type of
organism

Illness caused in humans Route of infection

Nipah virus Virus Severe illness in both animal and human.
Asymptomatic infection to acute respiratory
syndrome and fatal encephalitis

Eating food contaminated by feces of
infected animal

Avian Influenza Virus Conjunctivitis, fever, cough, sore throat,
muscle aches, pneumonia

Contact with contaminated droppings

Source: Adapted from [20].

Table 8. Animal manure, potential pathogens and illnesses caused in humans.
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Manure management policies could be a stand-alone policy or a part of another. National
Agricultural Policy, Environmental Policy, Climate Change Policy, Energy Policy, Renewable
Energy Policy, Livestock Development Policy, Poultry Development Policy, Food Safety Policy,
Water Policy, Integrated Waste Management Policy and so on do address some aspects of
manure management. A challenge with the policies earlier mentioned in relation to manure
issues is that they may not be comprehensive as desirable or adequately cover every important
aspect of manure management. This is the situation in several countries. Dedicated manure
management policies and legislations may address the gaps associated with the other policies
in relation to manure issues. The Integrated Livestock Manure Management Policy of Bangla-
desh is an example of a stand-alone manure policy [20]. Manure management hierarchy can
guide the formulation of manure management policy objectives. To make the manure man-
agement policies effective, goals and targets can be set over various time scales. It is essential to
involve the stakeholders in the processes of formulating the policies and strategies. The stake-
holders should also be adequately sensitized as per their roles and responsibilities relating to
sound manure management.

Policy incoherence and weak enforcement due to the lack of coordination among relevant
ministries are other major challenges associated with manure policies in several countries
[22]. It suffices to note that policy implementation is challenging without accompanying it
with enforcement and compliance. Legislations can also contribute to increased litigation
associated with manure management. Ref. [23] noted adding incentives in the form of subsi-
dies to mandatory requirements could help to fast-track and enlarge the adoption of sustain-
able manure management practices such as anaerobic digestion of animal manure.

Dutch manure policy has been reported to have the following impacts: a decreased fraction of
phosphate and nitrogen from the synthetic fertilizer and reduced nutrient dispersion in the
environment. The success of the policy implementation has been attributed to strict application
of standards for agricultural production, more efficient production per animal, low emission
from stored and applied manure, manure processing, transportation and export.

6.2. Manure management practices

6.2.1. Nutritional strategies for reducing the environmental impact of animal agriculture

Feeding strategies can also be used to reduce livestock manure yield and potential emissions
from manure management. Ref. [24] reported that chickens fed low protein diets had lower
manure output and reduced nitrogen output intensity compared to those on higher protein
regimes. The studies also found that amino acid supplementation, enzyme supplementation
and manure treatments with various types of alum resulted in additional reduction in nitrogen
excretion in chickens [24–27]. The implication of the finding is that lower manure and nutrient
output reduces their potential environmental impacts.

6.2.2. Manure treatment

Manure treatment can be physical, biological or chemical. The objectives of manure treatment
include reduction of manure volume, improvement of its applicability and/or increase in fertilizer
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applied to land, from pasture feeding and watering areas or from direct discharge into water
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increased biological oxygen demand and the resultant effect on sustainable fisheries, eutro-
phication and algae bloom, water taints and odor, nitrate poisoning in humans and animals
and water acting as a carrier for several disease pathogens [21]. Gaseous emissions from
manure facilities contribute to noxious odor, greenhouse effect and other potential health
hazards. Apart from the direct discharge of manure or its constituents, water bodies can
absorb airborne manure constituents. Substantial amounts of nutrients, particularly nitro-
gen, are lost during manure collection, storage and removal. Therefore, animal manure can
be a contaminant for food, soil and water. Manure is also a cause of offensive odor. There-
fore, manure management systems must integrate appropriate measures for odor control.
Reducing the frequency, intensity, duration and offensiveness of the odor is the main goal of
effective odor control.
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ities. It also reflects values and beliefs as well as the intention to take action. Legislations and
regulations are usually set to give effect to the manure management policy. Guidelines, stan-
dards, codes and procedures may also be associated with a policy. Policies may include
mandatory or voluntary compliance.
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organism

Illness caused in humans Route of infection
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Eating food contaminated by feces of
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muscle aches, pneumonia

Contact with contaminated droppings

Source: Adapted from [20].
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Manure management policies could be a stand-alone policy or a part of another. National
Agricultural Policy, Environmental Policy, Climate Change Policy, Energy Policy, Renewable
Energy Policy, Livestock Development Policy, Poultry Development Policy, Food Safety Policy,
Water Policy, Integrated Waste Management Policy and so on do address some aspects of
manure management. A challenge with the policies earlier mentioned in relation to manure
issues is that they may not be comprehensive as desirable or adequately cover every important
aspect of manure management. This is the situation in several countries. Dedicated manure
management policies and legislations may address the gaps associated with the other policies
in relation to manure issues. The Integrated Livestock Manure Management Policy of Bangla-
desh is an example of a stand-alone manure policy [20]. Manure management hierarchy can
guide the formulation of manure management policy objectives. To make the manure man-
agement policies effective, goals and targets can be set over various time scales. It is essential to
involve the stakeholders in the processes of formulating the policies and strategies. The stake-
holders should also be adequately sensitized as per their roles and responsibilities relating to
sound manure management.

Policy incoherence and weak enforcement due to the lack of coordination among relevant
ministries are other major challenges associated with manure policies in several countries
[22]. It suffices to note that policy implementation is challenging without accompanying it
with enforcement and compliance. Legislations can also contribute to increased litigation
associated with manure management. Ref. [23] noted adding incentives in the form of subsi-
dies to mandatory requirements could help to fast-track and enlarge the adoption of sustain-
able manure management practices such as anaerobic digestion of animal manure.

Dutch manure policy has been reported to have the following impacts: a decreased fraction of
phosphate and nitrogen from the synthetic fertilizer and reduced nutrient dispersion in the
environment. The success of the policy implementation has been attributed to strict application
of standards for agricultural production, more efficient production per animal, low emission
from stored and applied manure, manure processing, transportation and export.

6.2. Manure management practices

6.2.1. Nutritional strategies for reducing the environmental impact of animal agriculture

Feeding strategies can also be used to reduce livestock manure yield and potential emissions
from manure management. Ref. [24] reported that chickens fed low protein diets had lower
manure output and reduced nitrogen output intensity compared to those on higher protein
regimes. The studies also found that amino acid supplementation, enzyme supplementation
and manure treatments with various types of alum resulted in additional reduction in nitrogen
excretion in chickens [24–27]. The implication of the finding is that lower manure and nutrient
output reduces their potential environmental impacts.

6.2.2. Manure treatment

Manure treatment can be physical, biological or chemical. The objectives of manure treatment
include reduction of manure volume, improvement of its applicability and/or increase in fertilizer
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value. Forms of treatment include dehydration, solid separation, anaerobic and aerobic lagoons,
nutrient fortification, pelletizing, composting, refining and methane digester [22, 28].

Treatment with alum: Alum (aluminum sulphate), sodium bisulphate and mineral or organic
acids are some of the materials that could be used for litter or manure amendments for N and
NH3 as well as other benefits [29]. Amendments of manure could be utilized to further control
mineral volatilization and other forms of releases from animal manure. Alum, also referred to as
filter alum (Al2(SO4)2), is used as a flocculating agent in the purification of drinking water and
waste-water treatment. Use of alum is an effective method of reducing nitrogen loss due to
ammonia volatilization [30]. Use of alum in chickenmanure amendment would lead to decreases
in animal-house ammonia level, reduction in energy usage, improvement in animal performance,
precipitation of soluble phosphorus, reduction of phosphorus and heavy-metals run-off and
imposition of drying effect that reduces litter moisture. Manure treated with 1.5% alum inclusion
had higher nitrogen content than untreated manure during a week of storage [27]. Nitrogen
concentration in alum-treated manure tends to be elevated compared to normal manure. Ele-
vated fecal nitrogen in stored alum-treated manure was attributed to a lower magnitude of
nitrogen loss in treated compared with untreated manure and enhances its fertilizer value.

Composting: This is a natural process of aerobic decomposition or fermentation of manure by
micro-organisms. Compost is rich in organic matter and has the ability to improve soil health.
Compost can be made either through heap/pile or through pit method. Some of the benefits of
compost in the soil include improved fertility, water-holding capacity, bulk density and biologi-
cal properties [31]. A lower number of viable weed seeds in composted manure contributes to
the reduction in the use of herbicides or tillage requirements for weed control [32]. Composting
could be effective in killing some pathogens in manure. It also leads to up to 50–60% of reduction
in the volume and density of manure thereby making its transportation more energy efficient
than that of non-composted manure [33].

Anaerobic digestion: Anaerobic digestion of manure is the processing of manure to produce
energy, mainly biogas. Anaerobic digestion of manure can be made more efficient through the
use of co-products such as water hyacinth, corn silage and so on. Methane yield differs from
various animal manure types. Rice straw (550–620 m3 biogas/tonne DM), maize straw (400–
1000 m3 biogas/tonne DM), vegetable wastes (400 m3 biogas/tonne DM) and kitchen wastes
(400–1000 m3 biogas/tonne DM) yield relatively more biogas than animal manure with biogas
yield of 200–300, 250–500, 310 and 300–400 m3 biogas/tonne DM for cattle, pig, poultry and
sheep manure, respectively [34]. Biogas frommanure digester can be used for cooking instead of
the direct burning of biomass. It can also be used to power the generator for electricity. The
composition of biogas produced for bio-digester is 50–70% methane, 30–45% carbon dioxide, 0–
3% nitrogen, 0–3% oxygen, 0–3% hydrogen [22] and the heating value of the gas ranges from 18
to 25 MJ/m3 [35, 36]. Whereas the biogas market may currently be underdeveloped in several
countries of the world, it holds great potentials if rightly channeled to meet some of the national
energy targets. The digestate frommanure digestion is valuable as a fertilizer and should be used
as such. However, this may require additional technologies and costs because of the high
moisture content [37]. Sales of bio-energy and compost/manure substrate from biogestion can
be economically viable while at the same time contribute to a safe and sane environment [38].
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6.3. Strategies for odor control from livestock manure

Manure is one of the most common and main sources of odor in a livestock operation. Ref. [28]
provided the following guidance on strategies for odor control from livestock manure:

• Plan, design, construct and manage livestock operations in a way that minimizes the
impact of odor on neighbors. This will require reducing the formation of odor-forming
gases and reducing their release into the atmosphere.

• The location of livestock operations, particularly outside lot systems, should maintain a safe
distance from residents and other odor-sensitive land use. This is because odors may be
generated from these systems even with good facilities design and management practices.

• Asmuch as possible, manure storage facilities should not be located close to residential areas.

• Solid manure from farm animals can be stacked on a temporary basis outside the livestock
building. Farmstead stockpiled manure should be on a hard surface, preventing direct
contact with the soil. Where they are in direct contact with the soil, they should be
temporary and removed from time to time. Such grounds should be left vegetated for at
least 3 years to allow enough time for the nutrients to be taken up by plants. Stockpiles
could also be covered with straw, wood chips and other materials and/or treated with
additives such as lime to help reduce odors and pests. Field stockpiles must be temporary
and should not be in an area that allows nutrient run-off.

• Manure storage facilities are temporary measures to hold manure-pending soil applica-
tion. Therefore, where it is economically and technically feasible, covered manure storage
facility should be used. This is because uncovered manure storage facilities are more
prone to release odor into the atmosphere.

• Manure should be incorporated into the soil almost immediately after application where
feasible.

• Odor from manure can also be reduced through treatment. For example, composting
manure reduces odor [39].

7. Future of manure management

Manure management is an integral part of the waste management system. Therefore, current
trends shaping waste management policies and practices will dictate the direction of future
shifts in manure management. Several authors have identified some trends and those expected
to influence future animal manure management systems, policies and practices. In a bid to
reduce the quantity of wastes generated in the production, multiple industries are now leaning
towards sustainable innovations and processes in the sourcing and production of items; the
use of renewable resources and environmentally friendly raw materials is being favored, and
products and materials that cannot be recycled are being eliminated from the production.
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Waste management policies and regulations are also improving speedily globally. The rate of
recycling solid wastes is increasing fast in some countries around the world [40].

There is so much going around the world in relation to manure management. The current
trends in manure management are expected to further intensify in the nearest future. The
future of manure management is expected to be shaped by a number of factors, one of which
is regulatory compliance. Compliance with existing international, regional and national poli-
cies and laws and regulations on manure management will be a major determinant of future
manure management practices. For example in Denmark, it has been noted that the European
Union legal framework on manure will influence future actions and priorities in manure
management [41].

The factors that will influence the general trends and development in animal agriculture will
exert both direct and indirect influence on future manure management practices. In the future,
several countries will be seen putting in place relevant laws and taking actions to promote
sustainable manure management practices. This is because as animal production increases,
measures to reduce and recycle manure are expected to increase as well. For example, the
crises associated with the mobile nature of cattle production in some parts of the world have
necessitated serious consideration of a shift towards encouraging sedentary production in
many countries. The current cattle population needs to develop larger productive breeds, and
increased intensification may result in the accumulation of greater volume of manure accumu-
lated in some locations. This is because intensification increases the potential of manure
accumulation in the producing areas [42]. Thus, policies promoting intensification of cattle
and other livestock must be accompanied with relevant regulations on manure management in
those places. This will require strong institutions, relevant infrastructure and sustainable
partnerships to be in place to combat unsustainable manure management, particularly in
places which currently have a weak regulatory and institutional framework for manure man-
agement. Lessons from other nations with successful manure management trends and history
will be valuable for countries where manure management is currently emerging.

Trade is another potential driver of future manure management practices. On the one hand,
food safety and global health concerns in traded food commodities will play a major role in
shaping future manure management practices as it affects international and cross-border
trades. On the other hand, increasing opportunities to trade high-quality improved manure
products which could be used for several beneficial purposes will stimulate actions.

Availability of cheap, efficient and easy-to-adopt/adapt manure management technologies is
expected to play a key role in stimulating actions. Unless environmentally and economically
sustainable management technologies are employed, environmental pollution becomes inevi-
table [43]. Technological innovations are expected to contribute to significant improvement in
the efficiency and effectiveness of waste management systems. Innovations in reduction, reuse
and recycling of manure are therefore expected to increase in the nearest future. With
increased development and dissemination of adaptable technologies, it would become more
convenient for industry actors to adopt sustainable manure management practices in the
nearest future. For example, innovations in manure nutrient fortification, reducing the vari-
ability of manure components, nutrient extraction and purification will remove some of the
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limitations in the use of manure as a fertilizer. Sustainable manure management can be a
veritable income spinner and may also constitute significant savings on farm expenditure or
cost of trading. The prospect of some forms of economic benefits from sustainable manure
management may promote appropriate actions.

Development, professionalization and popularization of the manure management career will
also stimulate positive actions in future manure management practices. Innovations and
research in the area of manure management will go a long way in promoting this field of
specialization. In view of the need for farmers to comply with more stringent manure manage-
ment requirements, they may need to employ the services of skilled professionals with special-
ized knowledge in manure handling. They would partner with the farmers to enable them to
better cope with the challenges of managing manure sustainably. This will mean more people
will work in this and other areas of solid waste management. There will also be the need to add
new competencies due to the need to perform a wide range of environmental-related manage-
ment activities. The emergence of small businesses that specialize in manure management
should be encouraged and promoted to service the industry.

The drive towards ensuring a safe environment in the future will also promote the practice of
sustainable manure management. Animal manure disposal is the least preferred option for
manure management. The shifting preference from disposal to more sustainable options in
manure management hierarchy is expected to continue. Therefore, increased awareness of the
advantages of sustainable practices and better alternatives to disposal is expected to play a
crucial role in driving future actions in manure management. There are several sustainable
development goals that could directly or indirectly influence positive actions in future manure
management. These include SDG 1, 2, 3, 6, 7, 8, 10, 11, 12, 13, 14 and 15 [20].

Pressure from sustainable manure management groups and movements is expected to
increase and stimulate appropriate actions to promote responsible manure management prac-
tices around the globe. The operations of these advocates are expected to produce an increas-
ing number of sustainable manure management champions. Hence the number of initiatives to
address manure management-related issues is expected to increase significantly.

8. Conclusion

The importance of sustainable animal manure management cannot be over-emphasized. How-
ever, generated on the farm, the impact of manure transcends its source of production. Manure
contamination has been implicated in several public health epidemics around the world.
Sustainable management of manure requires a multi-pronged approach. These approaches
include nutritional strategies, policy and legal framework as well as physical, biological and
chemical manure treatment. Effective manure policy, legislation and regulations will promote
efficient and sustainable manure management practices, especially, with adequate enforce-
ment and compliance. Manure management strategies adopted should efficiently mitigate the
negative impact of manure on the environment and the general public. Several benefits are
derivable from sustainable manure management.
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