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Preface 

Wish to get infinite renewability is need of the hour and can be achieved when the 
resources are managed sustainably. Animal waste has been proved to be the best 
substrate for sustainable bioenergy harvest and is also ecofriendly. To produce bio-
renewables, slaughterhouse waste is a blessing. Major objective of this publication 
is to provide awareness about the fact that animal waste is environment friendly and 
sustainable resource if it is carried out properly. Because it can be a heavy source 
of pollution which leads to add up big problems for water quality and even human 
health if disposed off improperly. Moreover, novel and low capital cost technologies 
for valorization of animal waste for sustainable bioenergy have been discussed in 
this book. 

The intention behind this book, is to provide satisfactory solutions of animal 
waste management such as bioenergy production, to reclaim salt degraded lands and 
use through most functional approaches. Competent researchers from academia and 
industry described it in an efficient manner. Proficient and experienced authors were 
invited to explain the mitigation of climate changes through sustainable use of animal 
waste. I am very grateful to all the authors and reviewers for their admirable work. 
They must be proud of such great achievement. 

Jhang, Pakistan 
November 2022 

Muhammad Arshad 
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Chapter 1 
Animal Waste: An Environmentally 
Sustainable Management Approach 

Justus Amuche Nweze, Shruti Gupta, Joseph Akor, Charles O. Nwuche, 
Julius Eyiuche Nweze, and Victor U. Unah 

Abstract Some localities still use non-sustainable management techniques to deal 
with animal waste. Animal waste has the potential to be profitable if properly 
managed, but it can also pose severe risks to human health. The quality of the land, 
water and air may be threatened by improper animal waste handling. Animal manure 
can be adequately handled using a variety of approaches, ranging from simple, low-
cost procedures to complex strategies. Microorganisms play a significant role in 
the multifaceted approach to sustainable animal waste management that benefits 
farmers, the general population and the environment. It is possible to efficiently 
revive contaminated areas by utilizing the unique characteristics of microorganisms. 
Microorganisms can be used as “miracle cures” for biodegradation and the remedia-
tion of contaminated sites. At different levels, rules and policies have been put in place 
in many countries to support sustainable animal manure treatment. Proper animal 
manure management not only reduces the amount of synthetic fertilizer required on 
fields, but it also contributes to lower net greenhouse gas emissions from livestock 
waste and has an impact on climate change. This chapter delves into the properties 
of various forms of animal waste and shows how microorganisms can be employed 
effectively for waste management and sustainability.
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Graphical Abstract 

Keywords Sustainability · Organic matter · Composting · Biogas · Fertilizer ·
Nutrient management · Renewable energy 

1.1 Introduction 

Animal waste is defined as waste generated from livestock and meat production. 
When we think of animal waste, we usually think of the excreta of living animals. 
However, waste may also include wood crisps, hay, straw or other organic mate-
rial, depending on the production process. The number of animal farms is growing 
yearly due to the increasing demand from the growing human population. In Europe, 
America, Australia, Africa and Asia, hectares of land are used to raise numerous herds 
of cattle, poultry, sheep and pigs for meat, milk, eggs and hides. Even though techno-
logical advances are mainly overtaking it, the ever-expanding agricultural industry 
continues to be an essential part of the global economy. Animal waste is generated 
in large quantities around the world every year, and if not properly collected, stored 
and treated, it can pollute soil, water and air. We can not only clean our environment 
but also save money on fertilizers if we adequately manage these animal wastes. A 
proper plan should be made to find a long-term solution to animal waste manage-
ment (Malomo et al. 2018; Martinez et al. 2009a, b; Girotto and Cossu 2017; Arshad 
2017). 

Animal waste has serious adverse effects on human health and the environment, 
and it also raises greenhouse gas emissions and lowers water and air quality. The
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spread of pathogens from livestock waste into water supplies can occur through 
direct leakage of waste in buildings or warehouses into sewage systems or indirectly 
through the spread of waste onto land if not adequately treated (Penakalapati et al. 
2017). 

In addition, infections can enter the water phase from faeces deposited when 
animals graze on grasslands or dead animals. The pathway from soil to the water 
stream varies depending on soil type and conditions. Bacteria, protozoa and viruses 
are undoubtedly present in both aerosols and wastes, but how long they remain 
viable depends primarily on environmental conditions. Also, many livestock produc-
tion practices often use antibiotics, which can enter the environment through waste 
and contribute to developing antibiotic-resistant microorganisms. Improper manage-
ment of such waste can affect animal health, impacting disease transmission between 
animal production facilities and from animals to humans. The structure of the micro-
bial population and the microbes participating in the degradation are both affected 
by antibiotic residues (Epps and Blaney 2016; Tasho and Cho 2016). 

Composting is often an environmentally sound method of converting all animal 
waste into high-quality organic fertilizers for agriculture. However, the specific chem-
ical composition of animal waste and its effects on the physicochemical and micro-
biological properties of compost are poorly understood. However, it is generally 
accepted that the type of animal waste affects microbial activity, metabolism and 
abundance, all of which depend on the physicochemical properties of the waste. The 
activity of a vast range of microorganisms that play a key role in the breakdown of 
organic material is required for microbial waste degradation. Bacteria and fungus are 
the most active and abundant microorganisms in waste degradation. Bacteria play 
key roles in the majority of the heat generated in compost and its breakdown, while 
fungi have the ability to decompose complicated polymers. While microbial popula-
tions evolving overtime during the various stages of composting has been thoroughly 
studied, there is little understanding of how the composition of the initial raw mate-
rials metataxonomy affects waste decomposition (Wan et al. 2021; Fernandez-Bayo 
et al. 2020; Akari and Uchida 2021). 

The metataxonomic composition of the waste at the initial time is vital because it 
influences the mesophilic microbiota proliferation, which is responsible for the quick 
rise in decomposition temperature and the establishment of a favourable environment 
for successive or secondary microbes throughout the decomposition process (Akari 
and Uchida 2021; Sun et al. 2020). Temperature, moisture content and C/N ratio are 
among the physicochemical properties that affect microbial degradation of animal 
waste. However, depending on the type of raw material in animal waste, it is still 
difficult to determine how these different properties affect the diversity, composition 
and structure of microbial communities (Sun et al. 2020). 

In this chapter, we have discussed (Fig. 1.1) the factors affecting the decom-
position of animal waste, the characteristics of different types of animal waste, 
microbial composition, microbial succession and how these microorganisms can 
be successfully used for waste management and sustainability.
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Fig. 1.1 Some environmental problems linked to improper management of animal manure 

1.2 Animal Waste 

1.2.1 What Are Animal Wastes? 

Animal wastes are wastes generated during the production, processing, transportation 
and marketing of animals. They are used as a source for biomass-based conversion 
processes, especially in the production of biofertilizers and bioenergy. Feed waste 
or residues, effluents, wastes from hatcheries, slaughterhouses and manure are some 
possible sources of wastes generated during animal production. The most common 
sources of waste include effluents from dairy barns, which consist of urine, wash 
water, manure, feed residues and milk residues; poultry litter, which is a mixture of 
spilled feed, water, manure, litter material and feathers, and dairy manure, cleaning 
products and other wastes from animal finishing (Girotto and Cossu 2017; Girotto 
and Cossu 2017). 

1.2.2 Characteristics and Composition of Animal Waste 

Numerous factors, including the environment, the age or growth stages of the animals, 
the type of animal, the digestibility of the ration or feed, productivity, the content of 
fibre and protein, waste collection and handling methods and the amount of water in 
the waste, affect the production and characteristics of the billions of metric tons of 
waste that are produced annually by the animal production industry. The wastes are 
categorized as solids, slurry (liquid) and wastewater (effluent), depending on the type 
of stock and their physical form (Table 1.1) (Martín-Marroquín and Hidalgo 2014). 
Solid waste (20–25% solids), which may include livestock manure, animal carcasses 
or the remains of the slaughter process in abattoirs, is primarily collected by dry 
mucking out the waste and stacking and picking it up with a forklift, and drying or 
composting it. Most liquid or slurry waste comes from the animals’ urine, excreta or 
wastewater, as well as from residues generated by washing the stalls, cages and the
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Table 1.1 Forms and composition of animal waste 

Waste form Examples Composition 

Solid Dung Organic matter (20%), moisture (77%), nitrogen 
(0.32%), phosphorous (0.14%), calcium (0.4%), 
potassium (0.3%) 

Wasted feeding material It includes food that is discarded or lost or uneaten 

Soiled bedding material It includes wood shavings, straw, saw dust, 
paper-based bedding materials, etc. 

Liquid Urine 3–40 ml/kg bwt/Day 

Washed water 25–70 L/Animal/Day 

animals themselves with water. Converting the liquid waste to solid waste requires 
draining the liquids either by wet-mucking or dry-mucking, followed by drying or 
bedding. Stable waste treatment characteristics vary depending on the solids present. 
Wastes with a solids content of 4–10% can usually be disposed of as a liquid, although 
special pumping may be required. Wastes with a solids content of 0–4% are treated 
as a liquid with an irrigation or flushing consistency (Martín-Marroquín and Hidalgo 
2014; Eliot 2015). 

In addition to what has already been said, animal species, feeding management, 
production capacity, nutrient intake, digestion, absorption, feed wastage (especially 
in pigs and poultry), disposal systems, nutrient content, other additives and envi-
ronmental factors all influence the composition of animal waste. The amount and 
type of structural carbohydrates, proteins, nitrogen and other indigestible materials 
(silica) in the rations of animals whose wastes are collected have a major influence. 
Some wastes contain about 70% total solids, of which 95% are volatile solids, and 
in wastes containing slightly more than 2% organic nitrogen, the crude protein value 
is nearly 13%. The amino acids contained in this material account for slightly less 
than 40% of the crude protein value, the remainder being accounted for by the other 
nitrogenous non-protein compounds. Some articles have convincingly discussed the 
composition of animal waste on the basis of animal species (Patton and Turner 2008; 
Müller 1980; Nimmi n.d.). 

1.3 Present-Day Environmental Problems 

Livestock farming constitutes one of the major drivers of environmental pollution in 
recent times. The discharge of animal wastes (manures), agrochemicals, toxic and 
odorous gases and dissemination of different populations of microorganisms in the 
form of aerosols are linked to the degradation of the quality of soils, air as well 
as surface and ground waters in many locations around the world. Interests created 
as a result of the contribution of anthropogenic activities to climate change have 
brought livestock farming into focus due to increase in the generation of several
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greenhouse gases (GHG). GHG gases are known to be significantly connected to 
the steady decline in the global climatic and environmental conditions (Fig. 1.1). 
Presently, government guidelines are in force in many countries aimed at regulating 
livestock operations in order to be able to control the rate of emissions of environ-
mental contaminants as a mitigation strategy. Equally, multiple streams of research 
are presently ongoing with efforts to characterize the emissions as well as identify 
their impacts on the health of man and animals in order to fully understand their 
chemistry and pathologies (Arshad 2017; Arshad et al. 2022). 

1.3.1 Soil Pollution 

Manures were traditionally disposed of on agricultural fields without recourse to 
proper management plan pertaining to the amounts admissible in a space. This prac-
tice led to over-application in many areas leading to overfertilization of soils, run-off 
of toxic constituents, leaching of contaminants and accumulation of heavy metals 
and macronutrients, principally phosphorus (P) and nitrogen (N). Heavy metals [e.g. 
zinc (Zn) and copper (Cu)] pose a significant health hazard to soil animals because 
they are passed through the food chain during grazing and also contribute directly 
to the causation of autosomal recessive diseases and to impaired metabolism and 
liver function (Giola et al. 2012; Maillard and Angers 2013). Endocrine disrupting 
compounds (EDC), e.g. steroids are another group of compounds found in animal 
wastes as residues. They originate from drugs administered animal feeds and have the 
tendency to trigger critical hormonal responses by mimicking normal androgenic and 
estrogenic signalling in man and animals. This condition could result in health and 
birth defects in the animals and their off springs (Combalbert et al. 2012). One major 
apprehension in the application of this class of drugs is that they retain the capacity 
to display activity even at very minute (i.e. parts-per-trillion or nanogram-per-litre) 
concentrations. 

1.3.2 Water Pollution 

Water pollution caused by animal waste results from the leaching of minerals and 
runoff of nutrients from soils due to overfertilization with manure. It may also result 
from the direct discharge of animal wastewater into municipal waters. Stormwater 
run-off is the gateway through which leached nutrients, especially nitrogen and phos-
phorus, move from manure-saturated lands to surface waters, where they cause pollu-
tion. In the aquatic matrix, free ammonia (NH3) has been reported to be capable of 
causing higher levels of toxicity to much marine life than the salt compound ammo-
nium (NH4); for example, as little as 5 mg/L of ammonia is known to cause detectable 
levels of lethality in salmon (Martinez et al. 2009a, b).
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Surface waters are highly susceptible to contamination from manure and are poten-
tial sources of infection because they are contaminated with microorganisms found 
in livestock effluent. Microorganisms make their way through a combination of sorp-
tion and suspension (Edwards and Daniel 1992). There are three main pathways by 
which potential contaminants in manure enter surface waters from farmed areas. 
They can be bound or adsorbed to soil particles, transported in suspensions/solutions 
or carried in particulate form (Martín-Marroquín and Hidalgo 2014). Ammonia and 
phosphorus are bound to soil particles and can be transported by erosion, while 
carbon (C), phosphorus (P) and nitrogen (N) are transferred in particulate form. 
Pollutants that are transported in solutions include soluble forms of carbon, phos-
phorus, ammonium, nitrates and uric acid (Martín-Marroquín and Hidalgo 2014). 
Domestic use of such water without proper treatment could, therefore, inevitably 
lead to severe morbidity and mortality (Gilchrist et al. 2007). There is, thus, a need 
to develop better management practices for manure application to protect streams 
and rivers from the reckless and unwarranted dumping of animal wastewater. The 
cooperation of all stakeholders, i.e. farmers, community leaders, opinion leaders, 
and policymakers, is critical in enforcing the appropriate legislation and ensuring 
compliance. 

1.3.3 Air Pollution 

Emission of ammonia 

Livestock farming contributes significantly to the generation and emission of odorous 
pollutants such as ammonia, methane and carbon dioxide. A significant proportion 
of gases that emerge from livestock farms are ammonia. It is a secondary particulate 
precursor that reacts with other compounds in the atmosphere, such as nitric and 
sulphate acids, to form ammonium salts, a deadly form of particulate matter. Hence, 
livestock farming is one most prominent contributors to ammonia outflows in the 
ecosystem. The gases are produced by microbial fermentation in stored mixtures of 
animal faeces and urine (Vanotti et al. 2009). Under this condition, urea in urine is 
broken down by urease to liberate ammonia. However, the rate of emission varies 
from one facility to another because the conversion of liquid ammonium (NH4) to  
the gaseous phase (i.e. ammonia (NH3) is governed by a set of factors which include 
temperature, pH and wind speed (Martín-Marroquín and Hidalgo 2014). Presently, 
manure on land is considered a nuisance, particularly in densely populated areas, 
due to the discomfort linked to the malodorous discharges from fertilized lawns and 
animal shelters. Other components in airborne emissions from manure and animal 
farm settings include hydrogen sulphide, volatile organic compounds, endotoxins and 
particulates. Many studies indicate that several pulmonary conditions are linked to 
the prolonged exposure of these compounds to individuals, particularly farm workers. 
They include bronchitis, mucus membrane irritation and asthma (May et al. 2012). 
In one report, endotoxins and organic aerosols were found to be behind the onset of
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respiratory disorders among swine workers and neighbourhood residents (Leytem 
et al. 2011). 

Methane and nitrous oxide emissions and climate change 

Methane and carbon dioxide are greenhouse gases associated with the phenomenon of 
global warming. The increase in the concentration of these gases in the atmosphere 
is the cause of global warming. These gases inevitably cause global temperatures 
to rise, leading to economic and environmental disasters in some countries. Both 
gases originate from the metabolism of anaerobic microorganisms, whose activities 
dominate the digestive processes in ruminant diets. In addition, soils previously 
treated with livestock manure release nitrous oxide (N2O), another greenhouse gas. 
Methane and nitrous oxide are essential for regulating ozone concentrations in the 
atmosphere. 

Dusts, volatile organic compounds and particles 

Particulate emissions can occur through the aerosol-assisted movement of livestock 
manure during ammonia emission (Cambra-López et al. 2010). They may also be 
propagated by the shaking up of litter or other materials during the movement of 
animals or equipment or through the exhaust system of the ventilation set installed 
in the animal shelters. Volatile organic compounds (VOC) are released mainly from 
fermented feeds and fresh faecal wastes of livestock (Martín-Marroquín and Hidalgo 
2014). VOCs contribute to the photochemical activities that lead to the production 
of ozone. In the presence of sunlight, VOCs drive the oxidation of NO to NO2, 
eventually culminating with the synthesis of ozone (O3) (Ling and Guo 2014). Live-
stock rearing engenders the release of volatile odoriferous compounds due to the 
microbial modification of materials in their feed and excreta. However, the odorants 
released are not necessarily correlated to the presence or amounts of pathogens or 
indicator organisms but mainly promote the sensory recognition of the presence of 
the volatile organic compounds in any material or environment. VOCs can accumu-
late in confined spaces to pose health risks to animals and farm staff, particularly 
in settings where the stocking density of the livestock is relatively high (Schiffman 
et al. 2000). 

Source of disease causing agents 

Many types of pathogenic organisms including bacteria, viruses and parasites are 
present in livestock wastes and could potentially constitute hygiene risks during 
collection, packing and subsequent dispersal on agricultural fields. Although biolog-
ical agents such as obligate parasites do not pose significant dangers outside of their 
hosts, bacteria and viruses are capable of surviving for extended periods in the fields. 
Some confirmed cases indicate that while the risk of zoonotic infections is low, it is 
the transmission of infection to other livestock that accounts by far the most signifi-
cant numbers of confirmed cases of disease outbreaks (Burton 2009) often spreading 
to nearby farms.
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Food crops, particularly those eaten raw, often expose consumers to the risks 
of infections because they harbour pathogens related to the application of live-
stock manures in soils during farming (Bezanson et al. 2014; Blaiotta et al. 2016). 
Common enteric pathogens such as campylobacter and salmonella are often impli-
cated, although reported cases of food poisoning by the pathogens are comparatively 
low. However, efforts to protect the retailers and the public from a potential full 
outbreak are driving the enforcement of certain regulations on the use of animal 
wastes as manure in several countries. The health of farm workers is equally exposed 
due to frequent direct contact with the wastes as well as the dusts and gaseous emis-
sions spewing out from the confined spaces of the animal enclosures (Burton 2009). 
Equally, the threat of transmission of zoonotic diseases is potent because run-offs 
usually carry materials from manure-dosed farms into surface waters which serve 
the domestic needs of many people in the locality. Zoonoses may also be transmitted 
when manure comes into contact with food or contaminate water used for irrigation 
or washing crops like leafy vegetables which are consumed raw (Cliver 2009). 

1.4 Brief Background of Animal Waste Treatment Systems 

Animal waste treatment system is a process used to reduce biomass, manage 
pathogens, concentrate nutrients and generate by-products like fertilizer or 
energy (Sobsey et al., 2006). Before disposal, a robust waste gathering and storing 
system is unavoidable. In most European and North American countries, these 
processes have simplified by using mixing and separation methods, which reduces 
clogging problems and ease carriage. These approaches can help to reduce environ-
mental effect in some circumstances by resulting in a more consistent application of 
nutrients (Vanotti et al. 2009; Arshad et al. 2021). 

Unlike direct application to land, animal waste treatment currently uses tech-
nology to alter its chemical or physical properties. This can be achieved by biolog-
ical, chemical, physical or mechanical methods or their combinations. The major 
options of animal waste treatment include solid–liquid separation, nutrient parti-
tioning, composting and digestion (missing citation). While sieving works well for 
cattle slurry containing 30–40% solids, centrifugation works better for poultry and pig 
slurry containing finer particles. Gravity sedimentation in large, shallow bins results 
in sludge with a dry solid concentration of 5–10%. With the right C/N ratio, moisture 
content, aeration and time, composting can produce an environmentally stable by-
products using oxygen-consuming bacteria and fungi (missing citation). Digestion 
methods (aerobic/anaerobic) can be used for the removal of nitrogen and organic 
load from animal waste (Vanotti et al. 2009). In aerobic treatment, for example, 
aerobic microorganisms oxidize bioavailable oxygen-consuming compounds such 
as nitrogenous and organic compounds, which is a means of reducing odour and 
ammonia emissions. Nitrogen removal is accomplished through the processes of 
nitrification and denitrification. Microbial activity is expected to break down organic 
material and reduce the biomass load, producing carbon dioxide and water. However,
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this method has rarely been used for the treatment of slurry or manure, mainly because 
of the costs associated with the operation of the machine required to supply sufficient 
oxygen to the aerobic microorganisms. Under anaerobic conditions, acetic acid is 
formed, which is then utilized by methanogens to produce energy, mainly biogas 
(CH4), the yield of which varies according to animal waste. Digestates from animal 
waste can be a valuable fertilizer, but this may require additional technology and 
cost due to its high moisture content. Anaerobic digestion of animal wastes is mostly 
popular in Europe because it benefits biogas production, which is used to generate 
heat and electricity (Arshad et al. 2021). 

Concentration, separation and exportation are other strategies for removing 
ineradicable components of animal manure, such as heavy metals and phosphorus. If 
there are defined, accepted levels for these constituents, this process may be the 
efficient method to remove surplus nutrients, including nitrogenous and organic 
compounds. These methods yield dry solid products that can be utilized, blended with 
other products, or composted to create valuable natural ingredients that can occa-
sionally be sold (Vanotti et al. 2009). Precipitation of some animal waste components 
can be done with some chemicals such as flocculants or lime, but their use alone is 
not often sufficient or sustainable (Vanotti et al. 2009). 

1.5 Microorganisms in Animal Waste Recycle 

1.5.1 Microbes Found in Animal Waste 

Animal manure contains a variety of bacteria that change organic materials through 
various chemical processes in addition to disease microbes. The physical factors 
surrounding microorganisms, particularly the humidity, temperature and oxygen 
content, impact the chemical reactions. The metabolic activity of bacteria alters these 
conditions (Wan et al. 2021). The most prevalent and active microbes participating 
in the process are bacteria and fungi. Bacteria carry out the majority of decomposi-
tion and heat production, but fungi are also capable of degrading complex polymers 
(Akdeniz 2019). For instance, Proteobacteria are more prevalent in cattle manure, but 
Firmicutes frequently predominate in pig manure. Basidiomycota and Ascomycota 
are the main phyla of fungus found in chicken and cow manures. Such variations 
may result from the decomposition process. Still, they may also result from initial 
variations in the waste microbiota composition, which is influenced by the nutrition 
and microbiota of the animal’s gut (Teira-Esmatges and Flotats 2003). 

Animal wastes frequently carry high levels of disease-causing microbes from 
humans, spilled feed, bedding material, fur, process-generated wastewater, undi-
gested feed leftovers, faeces, as well as urine. These microorganisms are also involved 
in the degradation processes. The amounts and kinds of disease-causing agents seen 
in animal wastes differ depending on the animal species, state of health, animals’
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age, physical/chemical features of the dung generated and the manure’s storage 
installations (Burkholder et al. 2007; Hutchison et al. 2005). 

1.5.2 Nitrogen Cycle and Microorganisms 

Microbes (bacteria and fungi) play crucial functions in the nitrogen cycle in the 
natural environment. Nitrogen is the nutrient most susceptible to changes that 
increase the likelihood of wasteful losses. Mineralization to ammonium, immobi-
lization, oxidation (nitrification) and denitrification are among the changes. It has 
commonly been recorded that total nitrogen is typically conserved amid the process of 
anaerobic digestion (Schievano et al. 2011). On the other hand, researchers compared 
biogas digesters’ nutritional inputs plus outputs and discovered gross nitrogen deple-
tion of 18% (Möller 2015). Net nitrogen losses of 5–10% were also recorded by 
Schievano and co researchers (Schievano et al. 2011). The biogas stream’s nitrogen 
content of the ammonium ion flux, which comprises methane, carbon (iv) oxide, 
water vapour, minimum amounts of ammonium ion, hydrogen sulphide, as well 
as other elements, accounted for only about 10% of the depletions; other factors 
like incomplete sedimentation of organic or inorganic matter, formation of stru-
vite, precipitation, as well as final reservation in the digesters, are ascribed to the 
remainder (Massé et al. 2007; Möller and Müller 2012). Moreover, following anaer-
obic digestion, animal manures slurry that has been digested rarely forms a “natural” 
top crust by suspended fibre particles in manure depots, as it does in undigested slurry 
reserves. Ammonia losses from the slurry that has been digested were comparable to 
those from the slurry that hasn’t been treated over the winter, according to Clemens 
and other scholars (Clemens and Huschka 2001). 

Nitrification has been observed in bacteria, archaea and fungi (autotrophs) 
(Laughlin et al. 2008; Leininger et al. 2006). Heterotrophic nitrification, on the 
other hand, occurs when NH3 is directly oxidized or organic materials decompose 
to nitrate by heterotrophic bacteria. This procedure is known to occur in a variety 
of bacteria, and some, like Paracoccus denitrificans and Pseudomonas putida, have  
amoA sequences that differ from autotrophic nitrifiers (Maeda et al. 2011). Normally, 
heterotrophic denitrifiers convert NO2

− or NO3
− produced by nitrifiers into nitrous 

oxide, dinitrogen, or just nitrogen gas before releasing it into the environment. Despite 
the fact that nitrous oxide depletion is thermodynamically advantageous and nitrous 
oxide is a good electron acceptor, certain denitrifiers create nitrous oxide as an end 
product. This could be due to the fact that nitrous oxide is nontoxic to some microbes 
but may be poisonous to some bacterial cells (Schneider and Einsle 2016).
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1.5.3 Systems of the Manure Recycle and Treatment 

Indiscriminate disposal of manure may result in pollution of surface and groundwater. 
In the light of the above, various manure recycling and treatment systems, including 
activated sludge systems, lagoons, compaction, composting and other methods, are 
required for the recycling and treatment of animal manure before its use in the soil 
(Malomo et al. 2018). 

An activated sludge system is one of the most predominant approaches to waste 
treatment. In the activated sludge, microbes absorb and assimilate nitrogen, phos-
phorus compounds as well as other nutrients in the wastewater. They as well nitrify 
as well as denitrify nitrogen compounds to nitrogen gas. The H2O can be recycled 
for agricultural or domestic usage, whereas sludge deposited in the system which is 
a biomass of microbial cells is recycled as the fertilizer (Waki et al. 2018). Physical 
techniques such as pelletizing and baling can help to improve the storage as well 
as management of heap solid manures. These approaches are aimed at delivering 
manure’s nutrients in a more cost-effective and dust-free manner, and dung condi-
tioning before bio-energy transformation. Compacting a loose material into pellets 
like poultry litter enhances its consistency dramatically (McMullen et al. 2005). 

The widely accepted standard practice for recycling waste is composting. It 
eliminates raw waste from areas where it could contaminate streams and ground-
water. Pathogens are eliminated, and a safe soil amendment is produced by effective 
composting (Teira-Esmatges and Flotats 2003). When a heap of garbage is created, 
composting begins. Microbes begin to decompose by consuming oxygen as well as 
transforming it to CO2, water vapours, plus heat (Sorathiya et al. 2014). It is possible 
to have an open or closed composting system, and compost can be piled or stacked 
in rows or deposited in a closed reactor or container (Haug 2018). Because of its 
technical complexity, the open system is seldom employed in low-income nations. 
The waste should ideally be piled and left for the same period of time in a four-pole 
fence that is surrounded by boards or chicken wire. This creates a rich compost that 
can be applied as a fertilizer for fields as well as gardens (Akdeniz 2019). Sanitation, 
odour elimination and safe storage are among the benefits of composting animal 
dungs over manure that has not been processed applied directly to the soil. On the 
other hand, the cost of installation and management, as well as the need for vast 
storage and operation spaces, is potential downsides of composting (Narula et al. 
2011). 

1.5.4 Microbial Flora of Animal Faeces After Excretion 

The microbial flora of fresh faeces from animals has been extensively studied. 
For example, the most common faecal bacteria in pigs include Bacteroidaceae, 
Peptococcaceae, Eubacteria, Lactobacilli, Bifidobacteria, Spirillaceae and Enter-
obacteriaceae (Cox et al. 2005; Dowd et al.  2008; Lim et al. 2018). In the
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rectum of chickens, Bacteroidaceae, Lactobacilli, Enterobacteriaceae and Strepto-
cocci predominate (Nodar et al. 1990). Similarly, Bacteroidaceae, Spirillaceae, Enter-
obacteriaceae and Streptococci are the most common microbial groupings found in 
bovine faeces (Dowd et al. 2008). Despite the fact that the microbial flora in faeces 
has been extensively studied, little research has been done on how the microbial flora 
alters after expulsion. Animal excretion microbial flora may affect the performance 
of microbiological treatment systems for animal wastes (Hagey et al. 2019). 

1.5.5 Microorganisms and Their Function in the Animal 
Waste Lagoon 

In animal waste lagoon that operate normally, acid formers as well as methane 
formers, are two noticeable types of bacteria. Biodegradable organic matter is trans-
formed to volatile acids by acid formers while methane and carbon dioxide are 
produced by converting these volatile acids by methane formers. Moreover, a level 
of equilibrium of biological responses by the two types of bacteria is attained under 
optimum conditions. This balance will be disturbed, and overweening odour and 
sludge accumulation are produced due to environmental variations (e.g. temperature 
fluctuations), indecorous design and lousy management. Consequently, anaerobic 
digestion is employed to stabilize manure, diminish pathogens plus emanations of 
odour and as well generate energy via production of biogas. The primary mechanism 
for natural animal waste treatment is anaerobic digestion, in open anaerobic digesters 
as well as anaerobic lagoons (MacSAFLEY et al. 1992; Nakai 2001). Anaerobic 
lagoons are typically designed for a storage period of twenty to one hundred and 
fifty days and for the treatment of wastewater. They’re normally eight to fifteen feet 
deep and function similarly to septic tanks. The effluent from an anaerobic lagoon 
will need to be treated further (Leffert et al. 2008). 

The lagoon system uses a combination of physical, biological as well as chemical 
approaches to treat waste. Although a few approaches employ aeration devices to 
provide O2 to the wastewater, the majority of the treatment is done organically. 
Aeration enhances treatment effectiveness and reduces the amount of ground area 
required. Soil type, size of available land, as well as weather have an impact on 
the layout of the system. Waste from a lagoon may require additional treatment or 
“polishing” to remove pathogens or nutrients before it is released into the environment 
(Deviney et al. 2020). 

1.5.6 Microorganisms in the Composting Process 

An aerobic method of converting organic waste into a humus-like substance through 
microbial activity is termed composting. Composting is as well an approach to
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produce soil conditioner or fertilizer. In a normal composting process, bacteria as 
well as fungi exist and function (Jusoh et al., 2013). Researches beforehand have 
unveiled that mesophilic organic acid-generating bacteria like Lactobacillus species 
as well as Acetobacter species are the considerable groups of bacteria in the baseline 
of the composting process (Pan et al. 2011). Thereafter, in the thermophilic stage, 
bacterial species (e.g. Bacillus species and Actinobacteria) predominate. However, it 
has been suggested that the most effective composting process is achieved by mixed 
communities of bacteria and fungi (Malińska and Zabochnicka-Świtek 2013; Zhang 
et al. 2010). 

Furthermore, composting is a three-phase process that involves microbes (e.g. 
bacteria and fungi), as well as mesophiles such as Streptomyces rectus and ther-
mophiles such as Actinobifida chromogena (Thermomonospora fusca), etc., ulti-
mately, transforming organic waste into humus. The substrate is depleted amid 
the first phase because of sugar as well as protein degradation by the mesophilic 
microbes’ activity, as well as a rise in carbon dioxide levels in tandem with a rise in 
temperature (Novinscak et al. 2008; Zeng et al. 2011). In the second phase, the 
temperature of the compost heap increases from 45 to 70 °C, and thermophilic 
microorganisms replace mesophilic microbes. Several harmful individuals are mini-
mized at this moment. The third process begins with the lowering of the temperature 
of the compost heap (Schloss et al. 2003). 

1.6 The Microbial Community Profiles of Different Animal 
Waste 

Animal wastes are home to a diverse spectrum of microbial communities, including 
both beneficial and pathogenic microorganisms (Mawdsley et al., 1995). Despite 
its extensive usage in agriculture, there is a variation in microbial diversity as a 
result of various treatment processes, which also vary based on the waste source 
(Table 1.2). For example, at various handling stages, manure from a dairy farm in 
the California Central Valley was sampled for 16S rRNA study of composition and 
diversity of microbial communities. The study revealed that there are variations in 
microbial population between the solid and liquid waste. For example, the bacterial 
genus Thermos was only present in the solid samples, while Sulfuriomonas was only 
observed in liquid samples. The genus Clostridium was abundant in both liquid and 
solid samples (Pandey et al. 2018).

1.6.1 Cow Waste 

Cow waste, particularly dung, contains a diverse group of bacteria including Kluyvera 
sp., Bacillus sp., Klebsiella pneumoniae, Lactobacillus sp., Corynebacterium sp.,
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Table 1.2 Some dominant microorganisms found in different animal wastes 

Waste 
source 

Type of 
microbes 

Microorganisms References 

Cow Bacteria Bacillus sp., Lactobacillus sp., Corynebacterium sp., 
Bacteroides, Paludibacter, Alistipes, 
Anaerovorax, Ruminococcus, Turicibacter, 
Lysinibacillus, Stenotrophomonas 

Randhawa and 
Kullar (2011), 
Girija et al. (2013), 
Mao et al. (2012) 

Fungi Candida, Saccharomyces cerevisiae, 
Aspergillus, Thermomyces, Myriococcum, Fusarium 
oxysporum, Alternaria, Ascobolus sp. 

Randhawa and 
Kullar (2011), Jiang 
et al. (2020), 
Thilagam et al. 
(2015), Tan and Cao 
(2013) 

Archaea Methanobrevibacter, Methanocorpusculum, 
Methanosphaera 

Cendron et al. 
(2020) 

Poultry Bacteria Bacillus, Lactobacillaceae, Brachybacterium, 
Azomonas agilis, Streptococcus sp., Proteus 
vulgaris, Aeromonas hydrophila, Proteus vulgaris, 
Echerichia coli, Sarcina maxima, Lactobacillus sp., 
Staphylococcus aureus 

Lovanh et al. (2007) 

Fungi Candida sp., Mucor sp., Cladosporium spp., 
Aspergillus sp., Penicillium sp., 
Saccharomycopsis, Sporendonema sp., Kloeckera 
sp., Zygosaccharomyces sp. 

Adegunloye and 
Adejumo (2014), 
Emmanuel-Akerele 
and Adamolekun 
(2021) 

Swine Bacteria Clostridium, Bacillus, Lactobacillus, 
Novibacillus, Planifilum, 
Corynebacterium, Virgibacillus, Terrisporobacter 
petrolearius 

Lim et al. (2018), 
Chen et al. (2017), 
Kumar et al. (2020) 

Fungi Aspergillus, Melanocarpus, Debaryomyces 
hansenii, Geotrichum sp., Acremonium 
strictum, Fusarium, Geotrichum sp, Mucorales, 
Wallemia 

Wan et al. (2021), 
Kumar et al. (2020), 
Kristiansen et al. 
(2012), Kim (2009) 

Archaea Methanobrevibacter, Methanosarcina, 
Methanobacterium, Methanothermobacter, 
Methanocorpusculum, Methanofollis 

Tuan et al. (2014), 
Qin et al. (2013) 

Sheep Bacteria Lysinibacillus, Clostridium, Enterococcus, 
Escherichia, Streptococcus, Bifidobacterium, 
Anaerocolumn, Tissierella, Anaerocolumna, 
Muricomes 

Shabana et al. 
(2020) 

Fungi Ascobolus, Preussia, Mortierella Tan and  Cao (2013) 

Goat Bacteria Escherichia, Anaerotignum, 
Ruminococcus, Prevotella, Butyrivibrio 

Shabana et al. 
(2020) 

Fungi Neocallimastix, Caecomyces, Piromyces Peng et al. (2021) 

Archaea Methanobrevibacter sp., Methanosphaera 
stadtmanae 

Peng et al., 2021
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Pseudomonas sp., Citrobacter koseri, Providencia stuartii, Staphylococcus sp., Kleb-
siella oxytoca, Morgarella morganii, Enterobacter aerogenes, Providencia alcali-
genes, Pasteurella sp., and Escherichia coli (Sawant et al. 2007; Randhawa and 
Kullar 2011; Gupta and Rana 2016). About 60 bacterial species are found in 
dung, generally dominated by Bacillus sp., Lactobacillus sp., and Corynebac-
terium sp. A culture independent 16S rDNA techniques identified dominant genera 
in cow dung as Bacteroides, Paludibacter, Alistipes (Bacteroidetes), Bacillus, 
Clostridium, Anaerovorax, Ruminococcus (Firmicutes), Pseudomonas, Acine-
tobacter, Rheinheimera, Rhodobacter, Stenotrophomonas (alpha- and beta-
Proteobacteria), and Akkermansia (Verrucomicrobia). About 87.5% of Firmicutes 
and 83.3% of Bacteroidetes constituted the unculturable bacteria (Girija et al. 2013). 
Mao et al. (2012) reported the abundance of Firmicutes, Proteobacteria, Actinobac-
teria, Bacteroidetes and Tenericutes in cow faecal bacterial community. The most 
dominant groups are Turicibacter, Lysinibacillus, Stenotrophomonas, Solibacillus 
silvestris and the family Lachnospiraceae. 

It also contains other microorganisms, such as yeast (Candida and Saccha-
romyces cerevisiae), about 100 species of protozoa (Randhawa and Kullar 2011), 
fungi (Trichoderma, Actinomycetes and Aspergillus) (Munshi et al. 2019) and 
archaea (Cendron et al. 2020). Jiang et al. (2020) identified Aspergillus, Ther-
momyces, Myriococcum, Mycothermus, Cladosporium, Scedosporium and unclassi-
fied Microascaceae as fungal communities in cow manure using high-throughput 
sequencing. Of all the 25 fungal species belonging to 20 genera recorded 
in dung samples from the Lawspet area of Puducherry Union Territory of 
India, Aspergillus fumigatus was the dominant species by Fusarium oxysporum 
and Alternaria alternata. Other species include Aspergillus clavatus, Penicillum 
sp., Cladosporium cladosporioides, Scopulariopsis sp., Arthrinium sp., Acremo-
nium sp., Arthrobotrys sp., Cephaliophora sp., Myrothecium sp., Trichoderma 
sp., Fusarium oxysporum, Drechslera sp., Pithomyces sp., Nigrospora oryzae, 
Paecilomyces sp., Phialophora sp. and Oidiodendron sp (Thilagam et al. 2015). Tan 
and Cao (2013) also reported that the fungal diversity in cow faeces is dominated by 
the phylum Ascomycota (Ascobolus sp. and Candida) followed by Basidiomycota, 
and Chytridiomycota. 

Various groups of archaea and methanogens belonging to the Methanomicrobi-
aceae have been detected in cattle manure (Kim et al. 2014). Cendron et al. (2020) 
reported archaeal phylum Euryarchaeota which includes five genera, Methanobre-
vibacter, Methanocorpusculum, Methanosphaera, unclassified Methanobacteriaceae 
and uncultured Methanomethylophilaceae. 

1.6.2 Poultry Waste 

Poultry waste contains a wide range of intestinal microbiota, primarily 
Proteobacteria-derived species, which may contain pathogens that pose a health 
risk. A taxonomic analysis of the 16S rRNA sequences showed that it is
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dominated by Firmicutes followed by Proteobacteria and Bacteroidetes (Zhang 
et al. 2018). The 16S rRNA sequencing identified Bacillus, Lactobacillaceae, 
Brachybacterium sp., Arthrobacter sp., Corynebacterium sp., Enterococcaceae, 
Brevibacterium sp., Staphylococcus, Corynebacteriaceae, Aerococcaceae and Acti-
nomycetes (Lu et al. 2003; Lovanh et al. 2007). Bacillus cereus, Azomonas 
agilis, Streptococcus sp., Proteus vulgaris, Escherichia coli, Staphylococcus aureus, 
Sarcina maxima, Thiocapsa lumicola, Xanthomonas fragariae and Enterococcus 
sp. were isolated from turkey faeces. Other species found in duck samples 
included Bacillus cereus, Aeromonas hydrophila, Proteus vulgaris, Echerichia 
coli, Sarcina maxima, Lactobacillus sp., Streptococcus sp., Streptobacillus monil-
iformis, Enterococcus sp. and Staphylococcus aureus. Fungal species present in 
both samples were Candida sp., Mucor sp., Cladosporium spp., Aspergillus fumi-
gatus, Penicillium sp., Aspergillus flavus, Alternaria sp., Fusarium sp. and Vari-
cosporium elodea (Adegunloye and Adejumo 2014). Characterization and identi-
fication of bacteria from poultry droppings showed the presence of Pseudomonas 
picketti, Streptococcus pluranimalium, Micrococcus holobium, Cellobiococcus 
sciuri, Enterobacter agglomerans, Bacillus pumilus, Staphylococcus aureus, Staphy-
lococcus alrettae, Salmonella enteritidis and Staphylococcus saprophyticus. The 
identified fungal species were Saccharomyces sp., Candida tropicalis, Aspergillus 
fumigatus, Aspergillus niger, Saccharomycopsis, Sporendonema sp., Kloeckera 
sp., Fusarium oxysporum, Candida sp., Zygosaccharomyces sp. (Emmanuel-Akerele 
and Adamolekun 2021). Nauanova et al. (2020) also reported cellulose-degrading 
bacteria from poultry manure, such as Bacillus megaterium, Lentzea chajnantorensis, 
Burkholderia xenovorans, Enterobacter hormaechei and Sphingomonas trueperi. 

1.6.3 Swine Waste 

Pig waste contains a diverse group of microorganisms that play an important role in 
the waste decomposition, including Clostridium, Bacillus and Lactobacillus. Firmi-
cutes (Clostridium, Lactobacillus, Streptococcus and Turicibacter) and Actinobac-
teria (Corynebacterium) have been found to be the most abundant phyla in swine 
manure at different temperatures and storage times (Lim et al. 2018; Chen et al. 
2017). According to most studies (Wan et al. 2021; Kumar et al. 2020), Firmicutes are 
commonly the most abundant phylum in pig and chicken waste. The bacterial genera 
profile of pig manure showed the presence of Bacillus, Novibacillus and Planifilum. In  
the same samples, the fungal group was dominated by Aspergillus and Melanocarpus. 
In another pig manure, Bacillus, Corynebacterium, Virgibacillus, Actinobacteria, 
Pseudomonas, Pediococcus and Lactobacillus were the predominant genera (Chen 
et al. 2017). A compositional analysis of swine slurry at different times using 
16S rRNA metagenomic sequencing approach identified Clostridium saudience, 
Clostridium leptum, Terrisporobacter petrolearius, Butyrivibrio hungatei and Lacto-
bacillus ultunensis as the most significantly abundant bacteria (Kumar et al. 2020).
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Similarly, a liquid swine manure studied using DGGE/PCR of 16S rDNA iden-
tified Clostridium disporicum, Clostridium butyricum, two  Rhodanobacter sp., 
a Pedobacter sp., a spirochete and seven uncultured eubacteria (Leung and Topp 
2001). The microbial composition analysis of the pig particulate matter (faeces, 
hair, bedding particles, feedstuff, and animal skin) also showed that Clostridium was 
the most predominant followed by Bacillus and Terrisporobacter. Other abundant 
species were Lactobacillus, Turicibacter, Prevotella, Curvibacter, Staphylococcus, 
Blautia, Weissella, Roseburia and Sediminibacterium (Hong et al. 2021). 

The archaeal community commonly found in swine wastes are members of the 
genera Methanobrevibacter, Methanosarcina, Methanobacterium and Methanother-
mobacter (Tuan et al. 2014). Qin et al. (2013) reported the detection of Methanocor-
pusculum, Methanofollis, Methanogenium, Methanoculleus, Methanocorpusculum 
labreanum Z, Methanosaeta concilii, Methanosarcina siciliae and Methanofollis 
ethanolicus in swine manure. 

Fungi are also part of the microbial communities in swine waste and a 
diverse species have been identified, including Debaryomyces hansenii, Geotrichum 
sp., Acremonium strictum, Fusarium sporotrichioides, Fusarium sporotrichioides, 
Monographella nivalis, Cladosporium sphaerospermum, Acremonium alternatum, 
Pleurotus eryngii, Malassezia globosa, Myriangium durosai, Rhodotorula glutinis 
and Malassezia restricta. Geotrichum sp. (Saccharomycetes) was the most abundant 
species, followed by Acremonium strictum, Monographella nivalis and Pleurotus 
eryngii (Kim 2009). Kristiansen et al. (2012) also identified Mucorales, Wallemia 
and Russulales as the most abundant fungal. 

1.6.4 Sheep Waste 

Firmicutes and Bacteroidetes have been found to be the most prevalent bacte-
rial phyla in sheep faecal matter, accounting for 80% of the total population 
(Mamun et al. 2019). From a taxonomic standpoint, the sheep faecal bacteria 
appear to be comparable to that of other ruminants, with Firmicutes as the domi-
nant phylum (Tanca et al. 2017). Instead of Bacteroidetes, Shabana et al. (2020) 
found Proteobacteria to be the second most abundant core bacterial phylum in sheep 
6 months after birth, with Lysinibacillus being the most abundant genus, followed 
by Clostridium, Enterococcus, Escherichia, Streptococcus, Bifidobacterium, Anae-
rocolumn, Tissierella, Anaerocolumna and Muricomes. In ITS, 28S and 18S study 
of fungal community composition of sheep faeces, Tan and Cao (2013) reported that 
Ascomycota, Basidiomycota and Chytridiomycota are the most abundant phyla. The 
most detected genera were Ascobolus (ITS, 28S and 18S), Preussia (ITS and 28S) 
and Mortierella (ITS and 18S).
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1.6.5 Goat Waste 

The phylum Proteobacteria was discovered to be the most dominant community in 
goat faeces 6 months after birth, with Escherichia and Anaerotignum being highly 
prevalent. The goat faeces share the same core bacteria genera with sheep. At one year 
of age, goats had significantly higher abundance of the phylum Firmicutes than sheep, 
but sheep had higher abundance of the phylum Proteobacteria than goats. (Shabana 
et al. 2020). A metagenomic analysis of goat faecal microbial communities revealed 
that about 33.3% of the constructed metagenome-assembled-genomes (MAGs) were 
Firmicutes and Bacteroidetes, with more than half belonging to the Ruminococ-
caceae and Rikenellaceae families. Ruminococcus, Prevotella and Butyrivibrio are 
among the most abundant genera. The archaeal MAGs recovered were dominated 
by the genus Methanobrevibacter sp. as well as the class Thermoplasmata and the 
species Methanosphaera stadtmanae. The fungal MAGs studied in this research are 
members of the subphylum Neocallimastigomycota, with the majority belonging to 
the genus Neocallimastix. Other MAGs recovered from only the first generation of 
enrichment cultures are from the Caecomyces and Piromyces genera (Peng et al. 
2021). 

1.7 Composting Process 

Composting simply enhances the process of decomposition by creating an ideal envi-
ronment (nutrients, warm temperatures, moisture and sufficient oxygen) for bacteria, 
fungi and other decomposers (such as worms, nematodes, and sow bugs) (Bernal 
et al. 2009). Mesophilic bacteria (Bacillus sp., Streptococcus, Pseudomonas, Strep-
tosporangium sp, Proteus, Seratia, Streptomyces, Actinomyces, Methylomonas sp 
and some faecal coliforms) and fungi (Rhizopus and Trichothecium sp) that flourish 
in temperatures of 20–45 °C begin physical breakdown of biodegradable materials 
a few days after composting begins (Chinakwe et al. 2019). These mesophiles are 
supersede by thermophilic bacteria (Bacillus sp, Seratia sp, Methylomonas sp, Strep-
tosporangium sp) and fungi (Aspergillus fumigatus) after a few days and can last for 
some days or even several months (Taiwo and Oso 2004). At this point, temperatures 
have dropped sufficiently for mesophiles to reclaim dominance of the compost pile 
and complete the breakdown of the remnant organic materials into useful humus 
(Neher et al. 2013; Mingyan 2011). 

1.7.1 Types of Composting 

Depending on the nature of decomposition process, composting can be divided into 
two types.
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Aerobic composting 

Aerobic composting occurs when there is adequate oxygen in the system. Aerobic 
microorganisms decompose organic matter, producing ammonia, carbon dioxide, 
water, heat and humus in the process (Kim et al., 2015). These microorganisms 
continue to break down intermediate compounds such as organic acids, despite the 
fact that aerobic composting produces them (Cai et al. 2018). The intermediate prod-
ucts are relatively unstable, and the compost is completely safe. The heat generated 
in the process accelerates the degradation of complex carbohydrates (cellulose and 
hemicellulose), proteins and lipids. As a result, processing time is shorter and many 
pathogenic microorganisms that may infect humans and plants are killed, as they 
are not adapted to these environmental conditions (Millner et al., 2014). The heat 
also aids the growth of beneficial bacterial species such as mesophiles, psychrophiles 
and thermophiles. Although aerobic composting leads to more nutrient loss from the 
waste, it is considered more efficient and beneficial for agricultural production than 
anaerobic composting (Cai et al. 2019; Mehta and Sirari 2018). 

Anaerobic composting 

In anaerobic composting, decomposition occurs in the absence of or with a limited 
supply of oxygen. Anaerobic microorganisms thrive and take control of the commu-
nity in this situation, resulting in the production of chemical intermediates such as 
carboxylic acids (–COOH), CH4, H2S and other toxic pollutants. In the absence of 
oxygen, these compounds build up and are not digested. Most of these compounds 
have a foul odour, and some of them may be harmful to animals and plants. Because 
anaerobic composting is a low-temperature process, organic materials and pathogens 
do not decompose. Moreover, the procedure usually takes longer than aerobic 
composting. These drawbacks typically overshadow the method’s advantages (Eze 
and Okonkwo 2013; Mehta and Sirari 2018). 

1.7.2 Factors Affecting the Animal Waste Composting 
Process 

The composting of animal waste is influenced by a number of parameters, each of 
which has the potential to significantly affect the process. Such parameters (Fig. 1.2) 
include the size of the feedstock, pH, temperature, C/N ratio, moisture, the inter-
action of oxygen and aeration and other parameters (Bernal et al., 2009; Guo et al. 
2012; Ameen et al., 2016; Chen et al. 2020). Controlling these elements helps speed 
up the natural composting process.
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Fig. 1.2 Some parameters that affect animal waste composing process 

1.8 Animal Waste Biodegradation 

1.8.1 Bacterial Degradation Potential 

Animal wastes include organic materials, decomposing animal body parts, urea (in 
the case of mammals), uric acid (in the case of birds), faeces and waste feed (Dinh 
Tuan et al. 2006). These components of organic wastes can be broken down by anaer-
obic and or aerobic bacteria such as Escherichia coli and Salmonella spp., and there 
are three ways to introduce microorganisms to the waste for degradation processes 
(Jang et al. 2017). The first method involves spreading an isolated bacterium over the 
accumulated animal excreta. Animal wastes will be combined with soil and broken 
down by soil microorganisms if there is no microbial isolate available for this purpose 
(Briški and Domanovac 2017). This soil is best obtained from a moist, shaded area, 
such as beneath trees, as moist soil has more microorganisms than dried dirt (Hoitink 
and Boehm 1999). To save time, money and effort, the wastes should be stacked adja-
cent to the organic matter source, such as a field or a harvesting area (Dobermann 
et al. 2000). The final method uses bacteria linked to animal faeces. Animal faeces are 
a source of varying-quality organic nutrients, which puts microbial communities in a 
resource-contest and changes the structure and makeup of the soil microbiome. This 
is achieved by the excretion of specialized enzymes that convert complex polysaccha-
rides, proteins and fats, such as cellulose, into simple nutrients that are ingested, such 
as sugars, amino acids and fatty acids. The heat produced by the biological process 
also aids in the stability and biodegradation of animal manure as the temperature 
rises. The other elements of animal manure are also taken into consideration. For 
example, the enzyme urease catalyzes urea hydrolysis, which is typically finished
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within one day of urine output, as opposed to the enzyme uricase, which takes longer 
to catalyze uric acid breakdown (Rastogi et al. 2020). 

It is feasible to use these species for biological stabilization and treatment to 
produce valuable end products by altering the ambient and physio-chemical condi-
tions (Brandelli et al. 2015). Anaerobic bacteria have been found to be useful in the 
production of value-added products from the processing of animal waste, including 
minerals, volatile fatty acids, fertilizer, biogas and feedstocks. In contrast, Anaer-
obic Digestion (AD) is also helpful in the biological treatment of animal wastes 
using outdoor anaerobic ponds or bioreactors, allowing for the sustainable utiliza-
tion of animal wastes (Li et al. 2021). In the absence of oxygen and in the pres-
ence of nutrient-rich medium, anaerobic digestion converts organic matter into 
volatile organic molecules, such as methane, ammonia, hydrogen sulphide and carbon 
dioxide. Around the world, AD is used to stabilize animal wastes like manure, lower 
pathogen and odour emissions and produce energy through biogas (Durán-Lara et al. 
2020). The energy in the biogas produced is substantially greater than what is needed, 
even though additional heat may be needed to maintain the proper temperatures 
(Chibuike 2013). The biogas synthesized from animal waste can be processed and 
utilized as fuel, injected into the transmission lines or used to produce heat and/or 
power. 

1.8.2 Degradation by Plant and Animal Feed-Associated 
Bacteria 

The environmentally responsible treatment of animal manure has benefited from 
plants. Animal faeces, which are a source of nutrients for plants, really promote plant 
growth far more than synthetic fertilizer does. Through their roots, plants primarily 
take up nutrients from animal waste and transform the soluble chemical components 
into plant tissues. Considering this, it is feasible to use plants to treat animal waste, 
which would have the twofold advantages of accelerating development and biochem-
ical transformation while also recycling necessary animal wastes into plant feed, 
berries or dry materials. Based on the plant’s species, growth stage, root length and 
dispersion, soil moisture, temperature and a variety of other parameters, the propor-
tion of total absorbed by the roots varies (Ramachandra et al. 2018). In contrast, 
decomposers, which are often found in animal feed, absorb simple sugars and easily 
digested carbon compounds. They also bind soluble chemicals like nitrogen in their 
cell membranes, which helps with the organic recycling of carbon (Jambon et al. 
2018).
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1.8.3 Microfungal and Mycorrhizal Degradation 

Roots of vascular plants and fungi have a symbiotic interaction known as mycorrhiza 
(Al-Maliki and AL-Masoudi 2018). The plant gives the fungi glucose, and the mycor-
rhizal fungi increase the roots surface area, enabling plant roots to absorb more water 
and nutrients from the soil and boosting the plant’s resistance to disease (Jacoby et al. 
2017). Free-living saprophytes and ectomycorrhizal or arbuscular mycorrhizal (AM) 
fungi are both well known for their substantial degradative abilities and effects that 
promote plant growth, making them appealing candidates for use in organic matter 
degradation (Jansa et al. 2013). AM fungus assists in the decomposition of animal 
dung by enhancing the activity of bacteria. Based on their capacity to stimulate 
the creation of bio-catalysts like pectinases, cellulases and hemicellulases, which 
are in charge of the breakdown process, mycorrhizal fungal species can decompose 
animal waste (Toljander et al. 2008). Because AM fungi lack saprotrophic abilities 
and depend on saprotrophic microorganisms to digest organic materials like animal 
wastes, this demonstrates that the breakdown of organic wastes by AM fungus is 
not considered direct (Etesami et al. 2021). As a result, there is a greater amount of 
organic nitrogen available for AM fungi to absorb (Wilkes 2021). 

Furthermore, the AM fungus may indirectly affect the decomposition process by 
producing significant amounts of bio-compounds that aid the soil’s microbial commu-
nity in degrading organic waste. The bacterial population in soil is increased by low 
molecular weight carbohydrates and organic acids released by AM fungi, according 
to prior research (Jdruchniewicz 2018). However, Filion et al. found that some soil 
microbes were stimulated while others were inhibited by the hyphal exudates of AM 
fungi (Batstone et al. 2002). This suggests that instead of seeding microorganisms, 
earth could be used as the source of microorganisms for treating animal waste with 
microfungi. 

1.8.4 Degradation by Algae 

Algae and other aquatic plants’ photosynthetic ability has proved successful in recy-
cling carbon and other nutrients from animal wastes, as well as in environmental 
bio-remediation. According to this theory, diluted nutrients from animal excreta are 
converted into higher and lower plants by photosynthetic processes (Fernández et al. 
2018). Animal waste can be effectively reused or converted into usable products and 
energy through the process of algal degradation. Algae could help people economi-
cally by using the energy and chemicals in animal waste (Puyol et al. 2017). Despite 
decades of algal seeding on animal waste effluent, just a few projects have reached 
commercial scale (Shah et al. 2014). Methane biosynthesis is the end product of 
several biological breakdown processes, including hydrolysis, acidogenesis, aceto-
genesis and methanogenesis. The products from previous phases are transformed into



24 J. A. Nweze et al.

methane and carbon dioxide through the hydrogenotrophic and acetotrophic path-
ways (Phillips et al. 2017). Algae’s capacity to break down animal waste can result in 
the production of significant biofertilizers in addition to methane. Additionally, a pilot 
plant that can transform pig poo into single cell protein has been created. It consists 
of a group of bacteria and algae. A high-temperature strain of Chlorella vulgaris was 
utilized the generating organism. According to research, 30–35% of the nitrogen 
waste from animal waste can be converted into single-cell protein. Algae biomass 
production, on the other hand, is more difficult than bacterial biomass production. 
This is due to the fact that algae biomass production necessitates control over culture 
depths, retention time and the amount of nutrients in the solution (Ozi et al. 2022). 

1.9 Recovery of Nutrients and Energy from Animal Waste 

There are many strategies or new technologies to recover high-value products and 
low-value by-products from animal waste in terms of environmental sustainability, 
which can also be incorporated into the value chain (Table 1.3). The anaerobic diges-
tion can be used to convert waste into biogas for energy production and into a nutrient-
rich digestate for use as fertilizer. Microbial technologies have the ability to convert 
waste into animal feed. Currently, processes such as anaerobic digestion, composting, 
worm culture and lime stabilization are used to process waste as well as to recycle 
and recover nutrients from the waste, and these can establish supply chains that are 
part of the bioeconomy. The use of treated digestate or organic waste as fertilizer and 
the CH4 produced by anaerobic digestion for energy is considered waste recycling 
methods. 

Table 1.3 Beneficial high- and low-value by-products of animal wastes 

By products Description 

Biogas It is produced through anaerobic digestion of animal waste. It has various 
applications in cooking, drying, cooling, heating, electricity generation, etc. 

Digestate It is a nutrient-rich material left at the end of anaerobic digestion and can be used 
as a fertiliser 

Animal feeds Animal wastes can be used as source of feed nutrients for, aquaculture, livestock, 
pig and poultry. To maintain the nutrient composition and increase the 
palatability and feeding values of the waste, dehydration, ensiling, chemical and 
physical treatments can be used. With proper treatment, animal waste is rich in 
nutrients and the worms can be the source of proteins
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1.9.1 Recovery of Energy from Animal Waste 

Animal waste with a high organic content is degraded by microbes in both natural 
and artificial environments. These methods stabilize the waste, reduce pathogens 
and odours and convert waste streams into biogas, which are rich in methane. In 
the context of the circular economy, the biogas produced can be used to generate 
heat or electricity (Arshad et al. 2022). The economic worth of biogas is mainly 
determined by its ability to produce heat. The biogas produced by a biodigester can 
be combusted on-site in a low-treatment processing plant to offset the plant’s heat and 
energy needs. According to Fredheim et al., biogas produced at an animal processing 
plant can offset on-site heating needs (20–50%). This equates to an 83% reduction in 
carbon emissions and savings in energy costs (Fredheim 2017). A modelled scenario 
for producing biogas from swine wastewater resulted in a comparable reduction in 
fossil fuel use (25%) (Wiedemann et al. 2016). The uses of biogas are not limited 
to on-site energy production, as we have described in other chapters. Biogas can 
be upgraded to increase CH4 content and injected into flexible and easily storable 
fuel as biomethane, or it can be stored in cylinders as an alternative to liquefied 
natural gas (Wiedemann et al. 2016; Malomo et al. 2018; Girotto and Cossu 2017). 
In addition, biochar, a valuable soil conditioner, can be produced as a by-product of 
waste treatment processes such as pyrolysis and liquefaction (Maroušek et al. 2019). 

1.9.2 Animal Waste as a Source of Animal Feeds 

As mentioned earlier, anaerobic digestion of waste is not only an effective treat-
ment method and fertilizer source, but it can also be used to propagate microorgan-
isms to produce nutrient-rich biomass. Slaughterhouse waste, including blood, can 
also be used as animal feed. The market for microbial-based proteins is growing 
due to the protein-rich biomass from microbes, which can be used as high-protein 
livestock feed or as high-performance feed additives for livestock (Ramirez et al. 
2021). Microbes are chosen based on their lipid and protein contents, ability to 
thrive, productivity and efficiency in extracting nutrients from wastes. In addition 
to microbes such as Chlorella sp., Lemna minor, Cladophora sp., Scenedesmus 
sp., Rhizoclonium sp., Rhodopseudomonas sp., Rhodobacter sp. and Ulothrix sp., 
rumen microorganisms from rumen wastes rich in lignocellulosic plant fibres could 
be used in solid-state fermentation as a substrate to produce a product rich in protein 
that can be used directly in animal feed (Ramirez et al. 2021; Vadiveloo et al. 2019; 
Nwoba et al. 2017). According to studies, microbial biomass products are supe-
rior to both animal and plant feeds in terms of probiotic potential, protein content, 
essential vitamin or amino acids content, conversion efficiency and land footprint 
in different climates. The use of animal waste as feed for livestock and aquaculture 
has been shown to be cost-effective and straightforward and can meet the nutritional 
needs of animals (Delamare-Deboutteville et al. 2019; Ramirez et al. 2021; Matassa



26 J. A. Nweze et al.

et al. 2015). Enzymatic digestion of solid animal waste such as cattle hair or wool 
residues has been shown to provide amino acids or peptides that can be used as 
feed supplement. In the animal production cycle, fermentation of waste materials 
to produce the required amino acids is an important method of recovering nutrients 
from waste (Navone and Speight 2018; Ramirez et al. 2021). 

1.10 Conclusion 

Scientists are focusing much of their attention on the current challenge of environ-
mental sustainability. It is recognized as necessary at the highest levels and requires 
urgent attention at the global level because it is essential for progress. Animal waste 
management is a critical issue that requires the most incredible attention if sustain-
ability is to be ensured. As society struggles to find a sustainable way to reme-
diate polluted environments and wastes, interest in using various microorganisms 
has recently increased and gained importance. The potential of microbes for specific 
applications has attracted more attention and speculation with the development of 
biotechnology. The nature of microorganisms is unusual and even unpredictable. 
Diverse microorganisms can effectively solve numerous environmental problems. 
They can help decompose animal manure and return nutrients to the soil. The 
primary nutrients and vital components for plant health—nitrogen, potassium and 
phosphorus—are released through nutrient recycling. The successful development 
and application of microbiological waste management techniques are essential for 
environmental remediation and value creation. 
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Chapter 2 
Slaughter Wastes-A Curse or Blessing: 
An Appraisal 

Kashif Nauman, Atif Nauman, and Muhammad Arshad 

Abstract Slaughterhouses are designated premises for slaughtering and processing 
of animals for meat. During processing, many edible and inedible by-products are 
produced. On further processing, these by-products could produce extra revenue 
for the facility vice versa and have a harmful effect on the environment. In devel-
oping countries, some edible by-products are utilised differently, while inedible 
by-products go wasted without technological interventions. Under these processing 
conditions, these wastes can cause adverse effects on the environment in the short 
and long term. During meat processing, ruminal contents in red meat, while feathers 
in poultry processing, are produced in high percentages. Different procedures like 
biogas production, rendering, composting, and biodiesel production could help deal 
with these wastes, while wastewater could be processed through physicochemical, 
biological, and advanced oxidation processes. These processes play a critical role in 
the BOD, COD, and TSS value of the treated water and make it acceptable for the 
regulatory institutions. In this chapter, a detailed description of these techniques and 
technologies is discussed to understand the use of different components of slaugh-
terhouse waste for society’s benefit, including revenue generation and, subsequently, 
environmental protection.

K. Nauman (B) 
Department of Meat Science and Technology, University of Veterinary and Animal Sciences, 
Lahore 54000, Pakistan 
e-mail: drkashif@uvas.edu.pk 

A. Nauman 
Department of Environmental Sciences, Quaid-I-Azam University, Islamabad, Pakistan 

M. Arshad 
Jhang-Campus, University of Veterinary and Animal Sciences Lahore, Lahore, Pakistan 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
M. Arshad (ed.), Climate Changes Mitigation and Sustainable Bioenergy Harvest 
Through Animal Waste, https://doi.org/10.1007/978-3-031-26224-1_2 

35

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-26224-1_2&domain=pdf
mailto:drkashif@uvas.edu.pk
https://doi.org/10.1007/978-3-031-26224-1_2


36 K. Nauman et al.

Graphical Abstract 

Slaughterhouse 
Waste 

Liquid 
Waste 

Solid 
Waste 

Gut Contents, 
Horns, Bones, 

Manure, Inedible 
Fat,  

Blood, 
Wastewater, Urine, 

Disinfectants, 
Dissolved Solids  

Rendering, 
Composting. 
Incineration, 

Anaerobic 
Digestion, Biodiesel, 

Treatment 
Plant 

Liquid 

Solid 
Waste 

Agriculture use 
and into rivers 

Keywords Slaughterhouse · By products · Economics · Value addition ·Waste 
management · Processing 

2.1 Introduction 

The waste from the slaughterhouse consists of different parts of the animals generated 
during meat processing and production; blood and other by-products of animals are 
among this waste. This inedible waste includes animal tissues like ligaments, blood 
vessels, organs, integuments, bones, tendons, and feathers, contributing up to 45% 
to the waste of animals. Pet food manufacturing companies purchase these wastes 
from slaughterhouses in large amounts, which can be used as a supplement to animal 
and pet food (Salminen and Rintala 2002). A large amount of organic waste is 
also generated from the slaughterhouse, including fat, highly suspended solids, and 
liquids (Adeyemi and Adeyemo 2007). It is assessed that 52% of meat from goats 
or sheep, 50–54% from cows, 78% from each turkey, and 68–72% of every chicken 
is consumed, and the remaining animal waste is dumped (Tolera and Alemu 2020).
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The solid waste generated from the bovine slaughterhouse is 27.5% of the animal’s 
total live weight (275 kg/ton). During the sheep and goats slaughtering process, 17% 
of the animal weight and waste is produced, which is about 2.5 kg/head. The poultry 
shops and slaughtering plants generate about 32.5 to 37% of waste. Moreover, half 
of the animal by-products are unsuitable for further reuse (Mozhiarasi and Natarajan 
2022) (Table 2.1). 

A large volume of waste is generated from slaughterhouses globally. Primarily, 
slaughterhouse waste includes solids like rumen contents, bones, contents of the 
intestine, dung, feather, ligaments, hooves, and skin. Liquid waste includes urine, 
blood, internal fluids of the body, and water generated during the washing and 
cleaning of the animal. If the slaughterhouse waste is not managed correctly, it 
can contaminate the whole local environment by polluting soil, surface, and under-
soil water resources. Poor waste management at landfill sites can raise health issues. 
Less awareness about slaughterhouse waste management resulted in poor and illegal 
waste management activities, which can further increase airborne waste, air pollution, 
highly contaminated wastewater, and infectious stormwater runoff and waste. 

Animal by-products are a valuable source of protein at the industrial stage, 
which can be used in different processed products and applications. Nowadays, such 
resources are not fully utilised in producing high-value applications, resulting in low-
value products. Slaughterhouse waste is highly proteinaceous, a significant source 
of protein, but currently, there are some hurdles in using feedstock from the valuable 
protein resource as bio-based product production. The reason is the often mixing of 
non-homogeneous material with non-proteinaceous material, which results in poor 
solubility and limited processibility. During the advanced utilisation of the proteina-
ceous slaughterhouse waste, protein is extracted and combined in the bio-based 
industrial production of valuable goods. 

The waste with its by-products generated from the slaughterhouse can be sold out 
to increase the revenue of the slaughtering facility and lower operation costs. The 
practical use of waste trend is expected to increase in coming years because everyday 
industry searches to find new ways to utilise organic waste like biogas and compost.

Table 2.1 Waste generation 
(per cent) from animal 
slaughtering processes 
(Adhikari et al. 2018a; 
Mozhiarasi et al. 2020; 
Jayathilakan et al. 2012; 
Meeker and Hamilton 2006) 

Type of waste Waste generation (%) 

Chicken slaughtering process 

Skin and feathers 57.37 

Legs 14.8 

Intestines 20.35 

Other waste <1 

Lambs/cattle slaughtering process 

Manure 12 

Ruminal contents 80 

Blood 5 

Other waste 3 
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The waste used for the industrial production of food for pets, animal food, and bone 
meal by the rendering industry is gaining attractiveness every day. From the rendering 
processes, poultry meal, meat, blood meal, a hydrolysed meal of feathers, animal fat, 
and fish meal are among the primary products generated during these processes. 
This waste can be further used for medical purposes. From the slaughtering facility, 
the generation of animal by-products and their processing in animal and pet foods 
production is an effective strategy for adopting the reuse concept. So, in the coming 
sections, various wastes, their processing, and utilisation are discussed. 

2.2 Operations During Slaughterhouse and Waste 
Production on Each Step 

Slaughterhouse operation consists of many steps, from the lairage to initial examina-
tion, slaughtering, de-hiding/deskinning, evisceration, post-mortem, deboning, and 
secondary and tertiary processing steps. In these processing steps, different wastes 
are produced, which could be divided into two categories as (Table 2.2). 

During animal receiving, washing, and staying in lairage, manure, urine, odour, 
and wastewater are produced. Generally, these wastes are mixed with washing water 
and go into the sewage system. During slaughtering, animals are usually slaughtered 
in a killing box, hind limbs used for hanging, and then moved down through the over-
head railing for slaughter procedures. During this operational step, a large volume 
of wastewater containing blood is produced as waste material. 

Before starting the de-hiding, the head, hooves, and horns are removed as waste 
material. After this process, the skin/hide of the animal is removed, which is one of 
the most valuable wastes produced in a slaughterhouse. In another crucial processing 
step, evisceration, blood, the visceral organs, liver, intestines, pancreas, heart, lung,

Table 2.2 Edible and inedible parts of animals generated during the slaughtering process (Awan 
et al. 2015) 

Edible parts Inedible parts 

Liver, heart, kidneys, and tails Horns, hides and hair 

Lungs, tongue, and tripe (stomach) Blood vessels, fats, and bones 

Chitterlings, fries (testicles), melt (spleen), 
natural casing (intestine), sweetbreads, and 
thymus or pancreatic gland, which depends on 
animal age 

Teeth, blood integuments, and tendons 

Lips, rinds, and fats Feet, trimmings, ligaments, manure, and 
rumen contents 

Trimmings and certain bones Cartilage, feathers of glands, and glands 

Edible by-product yield is around 12% of the 
live weight 

Inedible parts can cover up to 45% or more of 
the slaughtered animal 
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stomach contents, paunch manure, digestive system, excretory systems, and wastew-
ater are produced. This process removes white, green, and red offal for further 
processing or waste. 

Deboning and cutting operations are performed in the secondary processing 
section. In this operation, bones are removed from the carcass and meat is cut into 
different cuts. During the deboning process, bones, tendons, ligaments, and fat are 
removed as waste material. Post-mortem inspection examines dressed carcasses and 
their organs, including head, pluck, and intestines, immediately after slaughter to 
produce hygienically wholesome meat under adequate light by a qualified meat 
inspector. During post-mortem, abnormalities and disease conditions noted during 
the ante-mortem are correlated in deciding to accept and reject the carcass. Only 
safe and wholesome meat will be provided to the market. In this operation, trimmed 
carcasses, rejected organs, carcass parts, or carcasses could be presented as waste 
(Mozhiarasi and Natarajan 2022). 

2.3 Types of Waste and Their Handling 

2.3.1 Solid Waste Process 

In the meat industry, by-products that are in solid form and not further processed 
can happen are considered solid waste. It includes the remaining material that is in 
non-edible form and can be sold out, including bones, hoofs, horns, integuments, 
skin, ligaments, and cartilage tendons, the contents of the gastrointestinal tract and 
internal body organs. The most significant by-products obtained from the animals 
are intestinal products used as sausage casing, sports gut, musical string, and surgical 
sutures. Bone products are used in the gelatine formation, row bone, crushed bone, 
bone meal, bone ash, handicrafts, livestock feed fertiliser, and biodiesel. 

2.3.1.1 Solid Waste Management 

Solid waste management consists of several processes such as at the point of waste 
generation, handling of on-site waste, collection, processing and storage of waste, 
their transformation, transport to other locations, resource recovery, recycling, reuse, 
and final disposal (Mozhiarasi and Natarajan 2022). Different processes can manage 
solids produced in the slaughterhouse, including rendering, composting, incinera-
tion, anaerobic digestion, pyrolysis, landfilling, and biodiesel production. Among 
these processing processes, rendering, composting, and anaerobic digestion are well 
studied and recommended for application in the field as it destroys many pathogenic 
and public health significance bacteria, viruses, and parasites.
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2.3.1.2 Liquid Process Waste 

Liquid waste includes urine, oils, wastewater, fats, sludge, used oil, grease, unsafe 
household liquids, and gases. Unsafe disposal of this liquid waste is dangerous to 
human health and the environment. The water requirement on average to produce 
one-ton cattle meat is 15,500 m3, for sheep 4000 m3, for pigs 4800 m3, and poultry 
meat production 4000 m3 (Hoekstra and Chapagain 2006). 

2.3.1.3 Liquid Waste Management 

A large volume of wastewater is generated while processing meat in the slaugh-
tering facility. Slaughterhouse wastewaters have high organic matter content like fat, 
protein, and several microorganisms. Mostly, the wastewater from the slaughtering 
facility is directly discharged to the municipal sewage system without any treatment. 

Different processes and technologies are used during the treatment of slaugh-
terhouse wastewater. The first process in the handling of wastewater is preliminary 
treatment. This step is inexpensive and effectively removes the large particles using 
specific size screens. These screens stop the large fat particles, feathers, and meat 
pieces. This step protects the downfall treatment machinery. These steps also help 
reduce the wastewater biological oxygen demand (BOD), which removes large parti-
cles of organic content during this treatment step. The primary treatment method 
removes the small particles of organic content. During this step, heavy particles are 
sedimented, and light particles are floated using inexpensive equipment. 

In the next step, different techniques like dissolved air flotation, coagulation-
flocculation and sedimentation, advanced oxidation process, etc. 

2.4 Usage of Slaughterhouse Waste 

2.4.1 Blood as a Resource of Bioactive Compounds 

In the meat industry, during the slaughtering of animals, the generation of blood is an 
inevitable by-product and primary waste (effluent). The percentage of blood in the 
wastewater is 4.5% of live weight, which equals the 10% of the protein available in a 
slaughtering animal. It is estimated that 75% of blood is allowed to drain during the 
slaughtering of an animal from the body, which is 4% of the animal’s live weight and 
6–7% of the carcass meat content. Dried blood contents are rich in lysine, high in 
protein (80–90%) and have a reasonable reuse price (Wismer-Pedersen 1988). So, it 
appears as a significant waste that can cause contamination if not removed properly. 
As per the description of the resultant product, collection methods are adopted. Blood 
is collected directly from the animal’s slaughtering site for medicinal products so 
contaminants can be minimised.
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In contrast, for a blood meal and relevant products, blood is collected through 
underground pipelines from where blood moves out of the slaughterhouse/industry 
to blood collection tanks for rendering plants situated nearby or transported to the 
blood processing units present in other areas through trucks. Blood is a readily 
available source of protein from the slaughtering animal. From the slaughterhouses, 
blood supply offers economic, nutritional, and environmental benefits. 

There are some religious restrictions on the use of blood; for example, in Jewish 
shechita and Islamic sharia, there is a prohibition on the use of blood. In some 
cultures, there are hurdles in using whole blood in food. The hydrolysis process for 
transforming blood into useable products may present a way for the blood products’ 
acceptability in these cultures. The opinion about using blood products from religious 
scholars is yet to be presented. 

Bioactive food molecules are naturally occurring non-essential elements from 
plants, animals, and marine that influence biochemical, physiological, and metabolic 
processes and other valuable effects beyond fundamental nutritious activities (Kris-
Etherton et al. 2004). Bioactive compounds include oligosaccharides, peptides, 
enzymes, biopolymers, fatty acids, and water-soluble minerals. These substances 
can be naturally present in food sources (gastrointestinal digestion) by microbial 
fermentation or industrial enzymatic digestion (Hernández-Ledesma et al. 2011). 
These substances are absorbed primarily through the small intestine or into circu-
lation. These chemicals may function as antioxidants or antimicrobials, cholesterol 
and blood pressure reducers, and antithrombotic agents. Some bioactive may have 
many functions (Korhonen and Pihlanto 2003). 

The bioactive chemical compounds have the therapeutic and preventative capa-
bility for diseases of humans, work as modulation of bio-system function, play the 
role as substrates for biomolecule and bio-structure creation, antimicrobial prop-
erties, the capacity to transport medications, enzymes, and nutrients (Bah et al. 
2013). 

Due to their various biological effects, such as lowering cardiovascular disease 
risk factors and antioxidant, antimutagenic, antithrombotic, anticarcinogenic, antial-
lergenic, anti-inflammatory, antibacterial activity, blood pressure and cholesterol-
lowering, and immunoregulatory effect, thus bioactive substances are crucial for the 
health of humans (Parvathy et al. 2009). In preventing chronic diseases, their role 
as bioactive substances is significant, including carotenoids, organic acids, vitamins, 
polyphenols, phytosterols, omega-3 fatty acids, nucleotides, and nucleosides have 
gained considerable attention. 

2.4.1.1 Application of Animal Blood in Food 

Animal blood and its components are used as a food or additive in different parts 
of the world. Some examples of the use of blood as a whole are as the source of 
protein in blood sausage (Spanish) (Santos et al. 2003), fortification of iron by using 
bovine haemoglobin in cookies (Walter et al. 1993), use of fat replacer in ham pate 
by bovine plasma and globin (Viana et al. 2005), fat replacer in Bologna sausage
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by using animal plasma (Cofrades et al. 2000), production of binder in restructured 
meat products from thrombin, fibrinogen and porcine transglutaminase (Tseng et al. 
2006), protease inhibitor from plasma porcine (Visessanguan et al. 2000), generation 
of protease inhibitor from porcine plasma and its use in the Surimi (Rawdkuen et al. 
2004), plasma of bovine as a white replacer of eggs in cakes (Myhara and Kruger 
1998), and plasma of bovine in the cakes as egg white replacer and the use of a 
stabiliser in the minced meats produced from processed bovine plasma (Furlán et al. 
2010). 

2.4.1.2 Medicinal Applications of Blood 

Several medically significant proteins, such as albumin, plasmin, thrombin, 
prothrombin, fibrinogen, immunoglobin M, immunoglobin G, haemoglobin, 
prothrombin, and transferrin, are present in blood as components (Bah et al. 2013). 
Animals who lose blood or fluids might be given purified bovine albumin to compen-
sate for it. It is a vaccine stabiliser used to screen for the Rh factor in human 
subjects. Additionally, testing for antibiotic sensitivity employs it (Tanaka et al. 
2001). The porcine plasmin enzyme dissolves blood clots in heart attack victims. 
Bovine thrombin aids in blood coagulation, the healing of wounds, and the retention 
of skin grafts (Jayathilakan et al. 2012). In serology laboratories, bovine fibrinogen 
is used as a standard reagent for blood coagulation. Bovine prothrombin is active 
in topical surgical haemostatic treatments and is a precursor to thrombin generation 
and purification. 

Bovine plasma is utilised as a growing medium in laboratories for porphyrin 
and probiotic lactobacilli, which are employed in human medicine. Blood prod-
ucts nourish the tissue culture medium (Hyun and Shin 1998). Heme iron polypep-
tide tonics derived from animal haemoglobin are widely offered by businesses to 
cure an iron shortage. Bio-peptide tonics assert to lower blood pressure, cholesterol, 
and blood sugar, improve mineral absorption, boost immunity, and act as opioids 
(Opioid peptides that bind to opioid receptors as short sequences of amino acids in 
the brain). The best antigenotoxic impact was shown by bovine blood albumin peptic 
hydrolysate. Commercial food and nutraceuticals contain peptides from animal blood 
(non-medicinal nutrients used as supplements). Some businesses openly state that 
their dietary supplement contains bovine serum, yet many conceal it. 

2.4.1.3 Animal Blood in Other Applications 

The use of animal blood other than in food can be used in industrial applications. 
Examples of blood used as a protein source are generated from the slaughtering of 
sheep, cows, and chickens, which use in the production of pet and animal food. 
Animal blood has medical field-related applications like plasmin and thrombin, 
which are recovered from the blood of a slaughtered animal (Tanaka et al. 2001; 
Pierce et al. 2005; Jayathilakan et al. 2012).
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2.4.2 Composting 

Organic materials (such as waste from slaughterhouses) are destroyed through the 
actions of a subsequent set of bacteria during the controlled biological process known 
as composting (Dees and Ghiorse 2001). The composting slaughterhouse waste 
may consist of inorganic and organic wastes, paunch, municipal solid waste, pig 
or poultry manure, sewage sludge, and garden waste (Asses et al. 2019). Sanabria-
León et al. (2007) describes that compost made from slaughterhouse waste is often 
a stable product that may improve soil quality and provide plants with nutrients. 
Understanding compost’s chemical and microbiological characteristics can help to 
comprehend the composting process that organic leftovers undergo. This method 
has several advantages, including decreasing environmental pollution, valuable by-
products, and eradicating most infections (NABC 2004). The survival and spread of 
pathogens in animals, people, and plants during the composting process is a common 
worry. 

Composting should not harm people’s and animals’ health when done under strict 
care (Franke-Whittle and Insam 2013). Prions and bacteria that generate spores are 
pathogens that cannot be eliminated. Composting is used to serve as an accept-
able, inexpensive, potentially eco-friendly approach to the disposal of was generated 
from the slaughterhouse. This process significantly lowers the number of pathogens 
during decomposition due to the temperature rise. The microbial community which 
takes part in the organic content breakdown is usually fungi and actinomycetes. 
During breakdown, the microorganisms convert the organic matter into water, carbon 
dioxide, humus, and heat (Epstein 1997). In this process, anaerobic digestion of waste 
material takes place, reducing the chance of disease separation by microbes and 
parasites. Composting technique has certain disadvantages, including space require-
ments for the remote site, which increases transportation costs. This is challenging 
to maintain the high-rate conditions of the compost turning ratio; when the required 
conditions are not met, the compost will be coarser and have a significant oversized 
fraction of compost. Mainly composting produces leachate, dust water, odour, litter, 
contamination, vectors, pests, fire, and noise under less control. It is more difficult 
to achieve consistent results. 

There are two types of composting exits; one is windrow composting, while the 
other is in-vessel composting. Windrow composting is also called aerated (turned) 
composting (Cekmecelioglu et al. 2005). This composting involves converting 
organic content into long piles called windrows. Windrows are aerated occasionally 
by mechanical or manual turning. Windrow composting facility requires equipment, 
large tracts of land, and labour. In warm, arid climates, windrows are covered to 
prevent water evaporation. Leachate is a liquid produced during composting that can 
contaminate groundwater, while odours must also be controlled. There is a modi-
fied type of windrow composting called aerated static windrow composting. In this 
composting type, layers of organic matter are loosely piled so air can pass from top 
to bottom. Air blowers might be activated. Compost is relatively quickly produced 
in 3–6 months during the static pile process (da Silva Vilela et al. 2022).
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While in other composting types, in-vessel composting involves adding organic 
content into a silo, drum, or concrete line reactor. It processes a large amount of waste 
without taking up much space and offers better control and efficiency than windrow 
composting. This method produces compost within a few weeks. While on the other 
side, this method is expensive, requires technical expertise to operate correctly, and 
requires insulation in extremely cold weather (Hoitink and Boehm 1999). 

2.4.3 Anaerobic Digestion 

Anaerobic digestion is the process in which controlled biological degradation occurs 
in the absence of oxygen but in the presence of different types of microorganisms 
inoculated for their specific functions and degradation of organic waste. The products 
of the procedure are a generation of added value products such as volatile fatty acids, 
bio manure, biohydrogen, biogas, and alcohols (Moukazis et al. 2018), used as an 
energy source and fertiliser, respectively. Activities from slaughterhouses generate a 
large volume of organic wastes in a biodegradable form, such as blood, animal faeces, 
fat, urine, paunch contents, and animal trimmings. In developing countries, non-
availability of technologies and infrastructure, these wastes become part of landfills 
responsible for water, soil, and air pollution through heavy loads of microorganisms, 
if untreated or poorly managed. The quantity of these wastes is produced according to 
the slaughterhouse size and species of the animals slaughtered (Urlings et al. 1992). 

Mainly slaughterhouse waste consists of the rumen, stomach, intestine contents, 
lipids, protein, and blood contents which are ideal for anaerobic digestion, thus 
elevating the quantity of biogas that could be produced (Chen et al. 2008). Feedstock 
should be used from different sources to avoid fat flotation, ammonia production, 
and biomass washout. Certain waste components consist of long-chain fatty acids, 
primarily responsible for upsetting the digestor working and resulting in desired 
products. 

The technology of anaerobic digestion has been for many years. Renewable energy 
production and material recovery are aided by anaerobic digestion. Anaerobic diges-
tion occurs throughout four sequential stages: methanogenesis, acidogenesis, hydrol-
ysis, and acetogenesis. Different types of microorganisms’ interactions drive and 
complete these four steps. All collected waste is added at once in the single-stage 
batch reactors, and these processes are sequentially permitted to take place in the 
reactor. The final produced compost is then evacuated after a predetermined retention 
period and when biogas production stops. 

Different components of the slaughterhouse waste have different carbon-to-
nitrogen ratios (C/N ratio), which show distinct characteristics like blood has and 
low carbon-to-nitrogen ratio and high protein contents; due to this, it needs to be 
processed with high C/N ratio contents. In contrast, ruminal contents have high C/N 
rations along these factors, temperature, pH, volatile fatty acids, alkalinity, carbon-to-
nitrogen ratios, solid and volatile solids, solid retention time, and hydraulic retention 
time that are essential to be considered (Selormey et al. 2021).
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Organic material found in anaerobic digesters generally contains polymers in a 
complex form that are difficult for microbes to degrade without further pre-treatments 
and hydrolysis. Therefore, hydrolysis breaks down organic macromolecules into 
smaller parts (Castellucci et al. 2013). Much focus has been placed on ways to speed 
up hydrolysis in anaerobic digesters because of how crucial it is to the kinetics of 
anaerobic digestion. 

By absorbing hydrolysis by the cell membranes during acidogenic and acidoge-
nesis, bacteria can create fatty acids in volatile form (VFAs) and other compounds. 
Organic acids like acetates and more powerful organic acids like propionate and 
butyrate belong to the class of VFAs. Even then, trace levels of lactate and ethanol 
may exist. Methane is produced during the digestive process of methanogenesis 
by methanogenic microbes by consuming available intermediates. It was discovered 
that 99% of Methanococcus vannelli and Methanococcus voltae cells had been killed 
within ten hours when exposed to oxygen takes place while showing methanogenic 
microorganisms’ rapid sensitivity to oxygen. 

Methanosarcina spp. are thought to withstand pH shocks and are relatively resilient 
and withstand higher levels of sodium, acetate, and ammonia concentrations that can 
harm methanogenic microorganisms, although methanogenic species in the anaer-
obic digestion are among the sensitive microbial groups. When in the reactor, biogas 
production stops, and methanogenesis ends; this process takes up to 40 days. The 
volatile solids content in the sludge and dewatering capacity can be used to assess 
how much digestion has taken place. 

2.4.4 Rendering 

Animal waste that is inappropriate for human consumption is transformed into stable, 
value-added materials like bone meal and refined fats like lard and tallow through the 
rendering process. Several drying and separation procedures are primarily used for 
this. Additionally, the procedure produces bone and poultry meals used to make pet 
food. The significant steps in the rendering process include removing water from the 
waste, isolating fats, and applying heat. In the first step, the waste is reduced, put into 
a cooking vessel, and cooked. The melted fats are subsequently separated from the 
protein by pressing this waste. Bone fragments and moisture are also taken out. After 
then, fat can be kept for later use. While the raw material is dried in dry processing, 
the addition of boiling water or steam causes the fat to surface in wet processing. 
It is significant to note that the length of the heating process and temperature is 
essential to the outcome. The rendering benefits include lowering the amount of 
generated waste dumped directly in landfills, killing protozoa, bacteria, parasites, 
and viruses, and producing a high-quality product that may be sold to create more 
cash. Disadvantages of rendering include high energy costs, the need to treat effluent 
water, and odour annoyance. Removing water from condemned trash also results in 
high energy expenditures.
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Integrated rendering plants work alongside slaughterhouses or poultry processing 
facilities, whereas independent rendering plants are off-site facilities that gather raw 
materials from multiple sources. Independent plants can get animal by-product mate-
rials from the following places: slaughterhouses, supermarkets, butcher shops, animal 
shelter restaurants, poultry processors, farms, ranches, fast-food chains, and feedlots. 
These sources supply complete animal blood, carcasses, offal, grease, feathers, and 
other by-products. 

Food-grade and non-food-grade animal rendering are the two categories of proce-
dures as these facilities are typically run in combination with meat processing facil-
ities, fatty animal tissue converted by edible rendering plants into palatable proteins 
and fats. Independent renderers or integrated processes that include rendering run 
inedible rendering plants. Typically, these facilities gather trash from slaughterhouses 
from facilities nearby. These factories create non-edible grease and tallow that is 
further used in poultry and animal feed, bone and meat meal, fatty acid production, 
chicken meat, fish meal, blood meal, hydrolysed feather meal, soap, and biodiesel 
manufacturing (Meeker and Hamilton 2006). In the nineteenth century, when animal 
by-products were predominantly used in the large-scale manufacturing of fertiliser, 
the rendering business underwent tremendous development. They were not necessary 
economically before it. Nowadays, the rendering sector creates hundreds of valued 
goods (MLA 2009). 

Most solid slaughterhouse wastes were once rendered, giving the facilities an 
additional source of revenue. However, the commercial worth of such goods has 
drastically decreased due to the possibility of TSEs and treated as garbage in many 
situations (Palatsi et al. 2011). As a result, properly disposing of slaughterhouse 
waste prices has significantly increased lately. This is partly because the bacteria in 
such wastes pose a health danger. 

It is possible to render by using a dry batch system and other technologies, in 
which the system has a cooker with steam-jacketed walls that keep the steam from 
coming into direct contact with the material inside. Water and fat are expelled as a 
result of the procedure. Due to no direct live steam contact, the fat is not substantially 
damaged. The cooling substance is eliminated, and the freely flowing fat is removed. 
The humid form material is subsequently squeezed using a continuous screw press, 
hydraulic press, and decanter centrifuge. 

The autoclave system contains a cooker loaded with already-ground raw materials 
that are sealed prior to a steam injection (about 140 °C). Typically, this procedure lasts 
three to four hours and begins with high pressures (such as 360 kPa) that eventually 
drop to roughly 100 kPa of ambient pressure. A continuous dry system operates 
continuously, much like a dry batch system. Under specific atmospheric pressures, 
it operates. Heat is generated inside the cooker using steam jackets. To drain the 
water and fat, the automated process used by a continuous low-temperature system 
is frequently referred to as a dewatering system (mechanical). In general, the by-
products in the uncooked form are squeezed and then placed in a wet or dry cooker 
at low temperature, where they are held at 60–90 °C for 10–30 min.
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2.4.5 Incineration 

It is a waste treatment process by destroying something like waste and useless things, 
burning to convert waste into ash, flue gas, and heat. In this process, waste volume 
is reduced to less than 5%, which is easy to maintain and reduces the need for 
landfill space. Heat can be covered during this process; it is the only solution for 
specific waste types. Most gases are burnt-well-designed systems produced. In the 
incineration process, relatively simple devices can achieve high removal efficiency. 
At sufficiently high temperatures and residence time, any hydrocarbon vapour can 
be oxidised to carbon dioxide and water. 

After animal slaughtering to lower the danger of disease, animal by-product incin-
eration is a quick, affordable, and secure disposal option. Abattoir and slaughterhouse 
waste is a possible breeding ground for pathogens that can infect humans and animals, 
including bacteria, viruses, prion diseases, and parasites. Heavy metals, dioxins and 
furans, particulate matter, and acid gases are the pollutants produced by this process. 
The waste is first received, sorted using an overhead crane, and placed into the 
incinerator’s combustion chamber to begin the burning process. During the burning 
fuel and waste materials, the heat from the waste produced is collected and can be 
used to turn water into steam to produce electricity. A high-efficiency filtering system 
captures emissions 34 from the combustion process, and leftover ash from the system 
is collected and processed before transportation to a landfill using covered and waste 
leak-proof vehicles. 

Typical waste produced by slaughterhouses and abattoirs is a biosecurity risk and 
must be disposed of immediately and thoroughly. By-products, including offal, hair, 
bone, fat, blood, and corpses, can all be efficiently burned in incinerators. It is okay to 
incinerate any of these waste types. Pollution from this procedure is lower than that 
from burning. Although it is believed that all viruses and bacteria will be destroyed 
during incineration, bovine spongiform encephalopathy (BSE) can withstand a high 
temperature in this incineration procedure not achieved (Franke-Whittle and Insam, 
2013). 

The incineration process has various advantages, including generating heat to 
create steam, which generates power and lowers the demand for fossil fuels. 
Pathogens and waste are destroyed during high-temperature treatment, which results 
in rising prices for collecting animal by-products but annual cost savings because 
there are no longer rendering or fallen stock expenses. There is no chance of contam-
ination because trucks carrying potentially hazardous materials are not allowed to 
enter the site, boosting overall biosecurity. Storage is unnecessary because garbage is 
burned every day. There are certain obvious advantages that an incinerator provides, 
such as biosecurity, a decrease in garbage volume, lower expenses, and in some 
circumstances, a way to produce electricity. Due to the massive amounts of air pollu-
tion produced by the smoke released, other drawbacks include the need for high 
start-up costs, regular maintenance, and proper operation.
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2.4.6 Biodiesel Production 

The production of biodiesel from vegetable oils, cooking oils, yellow grease, or 
animal fats is sustainable, biodegradable fuel. Biodiesel is described by the American 
Society for Testing and Materials (ASTM) as a blend of long-chain monoalkylic 
esters from fatty acids from renewable resources used in diesel engines. Due to their 
high lipid content and availability, vegetable fat, animal, or slaughterhouse waste are a 
possible substitute source for biodiesel generation. One of the most acceptable biofuel 
options is biodiesel, which is produced using biological materials rather than fossil 
fuels. Using biodiesel could lessen emissions of hydrocarbons, suspended particulate 
matter, oxides of sulphur, and carbon monoxide, in addition to potentially extracting 
valuable products (lipids) from the wastes during this process (Mahyari et al. 2021). 

Animal fats used to produce biodiesel include lamb/goat tallow, fish, and chicken 
fat, lard. Animal fat is the by-product of the rendering process of animal slaughter 
waste for meal production. Its drawbacks in biodiesel production could be removed, 
and the transesterification process could be used for production. Animal fat consists 
of saturated and unsaturated fatty acids, whereas saturated and monosaturated fatty 
acids are ideal for biodiesel production and polyunsaturated fatty acids make diesel 
heavy. 

Animal waste is heated at 60 °C, and it breaks down the fat elements. Then, the 
extracted fat will be washed with water. The resultant oil will be filtered/centrifuged 
and decanted to remove the suspended particles and contamination. The processed fat 
is separated and stored. The content of free fatty acids, water, iodine number, peroxide 
value, saponification value, and acid number is vital to achieve high conversion 
efficiency. The efficiency of the reaction diminishes with the increase of the oil’s 
acidity. 

The composition knowledge of the chemical mixture is helpful while performing 
a reaction. Chemical process reactions take place in the first few minutes. The three 
stages required for forming esters from triglycerides are supported by the lack of 
mono- and diglycerides at the start of the chemical reaction and the rise and fall in 
their concentrations throughout the reaction. Fatty acid methyl esters (FAME) and 
glycerine are separated by decantation in two phases due to their different densities. 
In the separator chamber, this occurs in contrast to the majority of fatty acid methyl 
esters, glycerine, and excess alcohol concentrate in the upper phase. 

There are two distinct phases. Decantation is the only method of separation, and 
because it relies on gravity, it could take several hours to complete. A quicker but 
more costly alternative is centrifugation. Fatty acid methyl esters have contaminants, 
including catalyst and methanol residue left over after the separation of glycerine. 
These raise cloud points; hence, a purification procedure is required. The combination 
of fatty acids and methyl esters must be purified to meet the appropriate quality 
standards for biodiesel. Because of this, it is cleaned, neutralised, and dried. The 
catalyst, methanol, and glycerine remnants are eliminated through repeated washings 
with water. The production of emulsions during the washing steps must be avoided 
because these contaminants are water-soluble, decreasing effectiveness. A series
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of washing procedures are used, with the first washing step using acidic water to 
neutralise the esters combination. After that, just water is used for two more washing 
steps. Finally, a drying procedure is required to remove any remaining water residues. 
The refined product is ready to be used as biodiesel once it has dried. 

Glycerine (By-product): Glycerine is also known as glycerol, glycerine, or glycol 
alcohol. Chemically, it is alcohol with high viscosity at room temperature, odourless, 
transparent, colourless, low toxicity, and sweet taste. The boiling point of glycerine 
is high, 290 °C, and its viscosity increases noticeably at low temperatures. Glycerine 
is hygroscopic and has humectant properties. Glycerine is obtained as a sub-product 
of soap and biodiesel production. It is purified further to eliminate contaminants. 

One of the primary benefits of using biodiesel is energy efficiency. Biodiesel is 
environment friendly as it emits a low number of sulphur oxide (Sox) and other 
harmful gases. Biodiesel is highly renewable. Biodiesel is sourced from natural 
organic matter like plants and animal oils. 

Biodiesel is a non-toxic fuel producing lower emissions than fossil fuels when 
burnt. This lessens the risk of respiratory illnesses due to reduced air pollution. It 
helps ease the movement of engines as it has a more significant lubricating effect, 
extending engine lifespan. 

On the contrary side, slightly higher fuel consumption than diesel fuel while emit-
ting slightly higher nitrous oxide. Higher freezing point than diesel, while biodiesel 
is less stable than diesel fuel and therefore cannot be stored for the long term. These 
disadvantages are significantly reduced when biodiesel is used in blends with diesel 
fuel. The use of biodiesel as an alternative to diesel fuel has many benefits. After the 
raw ingredients have been processed, a reaction known as transesterification creates 
a mixture of fatty acids methyl esters (FAME) and glycerine as a by-product. The 
glycerine must be removed, and the mixture must be purified for the mixture of 
methyl esters to meet the specifications defined by global biodiesel standards. Since 
glycerine is a valuable material with numerous uses in the chemical, cosmetics, and 
pharmaceutical sectors, it is typically recovered and refined in large-scale production 
facilities. 

2.4.7 Wood Adhesives 

Slaughterhouse produces a large quantity of water containing a wide variety of 
components. Generally, these wastes are utilised for manufacturing meals, pet food 
other products. However, according to different legislative requirements in developed 
countries, these materials cannot go into animals’ feed as a disease hazard caused 
by prion protein named bovine spongiform encephalopathy (BSE) is humungous. 
So, a significant amount of proteinaceous material goes into landfills or is incin-
erated, causing a financial burden and wastage of limited resources in this circular 
economy. Different methods are implemented to recover usable and value-added 
protein-based waste; one is thermal or alkaline-based hydrolysis. This method helps 
recover hydrolysed-based protein fragments from hydrolysate, which could further
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be utilised for value-added products, including biocomposites and bioplastics, which 
could replace formaldehyde-based resins identified as carcinogens (Adhikari et al. 
2018a, b). 

According to some research publications, the covalent bonds that develop due to 
the functional group’s interaction in the adhesive formulation with those in the wood 
provide protein-based adhesive systems with their high sticky strength. These adhe-
sives are thought to operate better under low moisture conditions. Peptides combined 
with synthetic resins or denatured/hydrolysed protein cross-linking are two potential 
solutions to this problem. 

A large portion of the phenol is replaced by the protein component from traditional 
phenol–formaldehyde resins in the adhesive systems of protein-phenol–formalde-
hyde. One such formulation, which was created using hydrolysed protein recovered 
from poultry industry waste, was performed as well as wood glue based on phenol– 
formaldehyde resin. These applications show a considerable possibility for wood 
adhesives using a hydrolysed protein recovered from waste streams. 

2.4.7.1 Major Types of Adhesive Systems 

Adhesive system based on protein-phenol–formaldehyde 

In the adhesive systems of protein-phenol–formaldehyde, the components of 
formaldehyde-based resins are co-reacted with protein through co-polymerisation 
with the pre-polymers of phenol and formaldehyde or by irreversible incorpora-
tion into the phenol–formaldehyde network. This method substitutes phenol from 
phenol–formaldehyde resins with protein, a sustainable feedstock. 

Development of formaldehyde-free adhesive systems by hydrolysed/denatured 
protein cross-linking chemical modification 

The denatured protein is chemically altered or crosslinked in the formaldehyde-free 
proteinaceous adhesive systems by utilising peptide/protein cross-linking reagents. 
For these applications, the cross-linking reagents are multifunctional compounds 
with highly reactive functional groups with peptides and proteins. 

In a recent US patent (Patent No. US9522515 B2), Wu and Wang (2016) went 
into more detail on the embodiments of wood adhesive preparation from spent hen 
protein and its use for the manufacture of wood specimens from birch veneer. 
The patent further states that wood glue made from denatured chicken protein 
had water resistance and greater strength when compared to denatured canola and 
soy proteins. Under dry conditions, the hydrolysed protein recovered from poultry 
industry waste used to make wood adhesives was shown to have excellent adhesive 
strength. However, the formulations created from hydrolysed protein did not achieve 
water resistance. 

By tertiary protein structures partially destroyed with denaturing agents like 
sodium dodecyl sulphate and urea, water resistance and adhesive strength of protein-
based adhesives derived from chicken by-products can be improved. A significant
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drawback is the water resistance ability of adhesive compositions created only from 
denatured protein as competitive with commercial wood adhesive resins. In order 
to identify commercial uses, enhancing the water resistance of such formulations is 
essential for peptides recovered from the poultry industry in wood adhesives. 

2.4.7.2 Bone and Meat Meal 

From the meat and bone meal, the disease spread potential is extensive, and relevant 
institutions strictly monitor this slaughterhouse waste segment and its processing. 
Although, until now, no such case has been reported concerning paratuberculosis, 
BSE, and salmonella from slaughterhouse waste, zero tolerance of these disease-
causative agents are forcing to explore new value-adding ways (Park et al. 2000). 
The bone and meat meal consists of 56% crude protein generally. As a constituent 
of this crud protein, 0.32% tryptophan, 2.87% lysine, and 0.58% cysteine are among 
the polar amino acids which can further interact with wood (Goedeken et al. 1990). 

A patent is the only scientific document developing adhesive formulations for 
wood bonding from bone and meat meal protein applications (Yang and yang 2010). 
This patent also describes the potential use of bone and meat meal protein in preparing 
flocculating agents and bioplastics. 

While (Adhikari et al. 2018a, b) worked on the development of plywood adhesives 
which are hydrolysed protein-based derived from slaughterhouse waste, and their 
effect on moisture resistance of formulated adhesives by chemical modification of 
hydrolysed protein (Park et al. 2000) heating suspensions of bone and meat meal 
protein developed the adhesive formulations at pH values from 5.0 to 9.0, in water 
for 30 min and at temperature setting ranging from 60 to 90 °C. 

Different testing criteria were used using pH values between 6.0 and 7.0 and 
formulations, in which adhesive performed better than those with lower or higher 
pH. The best adhesive efficacy was found at pH 6.0 and 7.0, probably due to 
increased secondary contact between the wood surface and protein in bone and meat 
meal. Additionally, the effects of partially hydrolysed bone and meat meal protein 
being chemically crosslinked with glutaraldehyde and glyoxal were investigated. 
Compared to the control adhesive made from protein concentrate but without cross-
linking, the adhesive strength by about 8% is boosted by glutaraldehyde-crosslinked 
bone and meat meal protein concentrate. This process helps to increase water resis-
tance by up to three times the formulated adhesive. Protein molecules form stiff 
three-dimensional structures with better water resistance and binding strength due 
to the addition of cross-linking agents to the formulation. 

2.4.7.3 Blood and Blood Meal 

Blood-based adhesives are historically highly significant for the adhesive industry 
since blood and soluble blood meal have been used for ages to manufacture adhesives. 
Blood albumin glues were the most significant water-resistant glues for the plywood
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industry until the development of synthetic resins. In the past, blood-based glues 
were offered as dry powders that could be dissolved in water and other chemicals 
to create an alkaline, homogenous substance that could be easily dispersed. Sodium 
hydroxide, lime, sodium silicate, or a mixture of these substances were the chemicals 
utilised for this. 

Typically used as dry extenders, sawdust, wood flour, or other lignocellu-
losic ingredients were included in conventional blood-based adhesives prepara-
tions. Extenders were used to minimise the adhesive price by reducing the quan-
tity of primary binder required per unit area and enhancing the adhesive system’s 
void-filling capabilities. In order to assure uniform loading of the adhesive on the 
adherend, defoaming agents like terpineol were typically used in wood adhesives. 
This is because protein solutions generate stable foams that might affect volumetric 
measurements. 

The bond strength and water resistance of the final adhesive system were studied 
by Yan et al. (2016) after combining acrylic latex- and cow blood-based adhe-
sives. Although they lost market dominance after introducing synthetic adhesives, 
blood protein-based adhesives from water-soluble blood meal have long been recog-
nised for manufacturing waterproof composite wood panels. However, the emer-
gence of various studies and patents in the recent years suggests increased interest 
in using blood and blood meal to create proteinaceous adhesives. Some adhe-
sive formulas made from scratch have demonstrated adhesive strength and water 
resistance on par with industrial resins used to make composite wood goods. 
Blood protein-based formulations containing up to 70% (w/w) blood protein have 
been produced by blending and co-reacting the protein with acrylic latex-based 
glues and partially condensed phenol–formaldehyde resin. These formulations have 
shown adhesive performance comparable to phenol–formaldehyde resin-based wood 
adhesives (Adhikari et al. 2018a). 

2.4.8 Agriculture Water 

After treatment, wastewater from the slaughterhouse could irrigate cultivated land. In 
many developed and developing countries, effluent water from the slaughterhouse is 
regulated through different standards to protect the environment, land, and sewerage 
systems. Slaughterhouse wastewater is heavily loaded with fat, ruminal contents, 
meat trimmings, disinfectants, cleaners, blood, and disposal from washrooms. For 
the utilisation of slaughterhouse wastewater as agricultural water, separation of these 
contaminants through physical and chemical separations needs to be adopted, other-
wise irrigated land upper layer respiration will be blocked, and chances are there 
that it gets barren along with this spoilage of organic matter will cause a nuisance 
smell for the nearby population. Generally, agriculture after treatment could be a 
good source of extra income as sweat water availability is getting scared due to a 
drop in underground water and increasing cost of fetching it, so the mutual benefit 
for slaughterhouse, environment, and irrigation for cropped land.
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2.5 Environmental Challenges Related to Slaughterhouse 
Waste 

The location of the slaughtering facility and its planning is critical issues in an 
urban setting. The leftovers from animal slaughter end up in our lakes and canals, 
contaminating the water and becoming a part of our bodies. Untreated slaughterhouse 
wastewater contains paunch, faeces, urine, blood, lint, fat, carcasses, undigested food, 
pharmaceuticals, oil and grease, suspended particles, loose meat, disinfectants, and 
facility cleaners. This results in a high organic matter content and contaminates 
rivers and drainage systems. Municipal wastewater is not as strong as effluent from 
slaughterhouses. Such waste products raise phosphorus, nitrogen, sediments, and 
BOD levels in the receiving water body when dumped directly into it, which may 
cause eutrophication. All slaughterhouses regularly release enormous amounts of 
wastewater, an environmental problem. 

Land contamination, which occurs due to slaughterhouse waste, is an aesthetic 
issue rather than one relating to pollution. The slaughterhouse wastewater mainly 
contains ruminal contents that are a rich source of fibre and could have an effect 
as a fertiliser and aeration of the internal layers of the land for better root growth 
and having a positive impact on the nodules of the nitrogenous crops. However, 
generally, on the negative side, rotten contents could irritate nearby passers. Other 
contents of the wastewater consist of blood, which will also harm the environment, 
but the richness of its nutrients may positively impact the irrigated land. 

A minute quantity of wasted fat and protein-based trimmings could attract pests 
and birds in the facility, which could spread disease in the outskirts of the facility. 
Usually, it is observed that by-products are processed inside the vicinity of the slaugh-
terhouse, in a separate location; this facility is managed with fewer safety measures 
than the meat processing facility, so resultantly, hazards, particularly biological ones, 
could slip into the meat processing facility. Slaughterhouses not following local and 
internationally implemented good hygiene practices because severe environmental 
and health damage due to discrete waste disposal, highly polluted effluent discharge, 
burning of bones and hooves, etc. Illegal slaughtering and practices pose a significant 
environmental risk in developing countries, where the implementation of laws and 
standards is weak compared to developed countries. 

2.5.1 Slaughterhouse Wastewater 

Slaughterhouse wastewater contains blood, animal body parts, fat, and animal dug. In 
a slaughterhouse, no toxic chemicals are used during the operations, but natural mate-
rial can cause bacterial contamination. Slaughterhouse wastewater contains different 
compounds such as sulphates, nitrates, and phosphates. These compounds are in high 
concentrations of wastewater, contaminating the receiving water bodies and leading 
to environmental contamination (Mees et al. 2009). In developed countries, where
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water in and out quality is strictly monitored, water treatment plants are installed to 
minimise the BOD and COD of the disposed water. This water then becomes part 
of the nearby running canal or rivers, while generally, it is observed in developing 
countries that slaughterhouses are established near the municipal sewerage system 
to get rid of environmental obligations. 

Such materials are present in slaughterhouse wastewater, which have oxygen 
demand, i.e. BOD and COD. When discharged to the receiving water bodies, such 
materials cause severe water quality damage. When discharged, these materials 
consume dissolved oxygen and cause oxygen deficiency in the streams, killing living 
organisms (Kundu et al. 2013). Nitrogen and phosphorus also go to the receiving 
bodies as nutrients and cause eutrophication, resulting in vegetation growth in exces-
sive amounts. In 2019, slaughterhouses in the USA released 28 million pounds of 
nitrogen and phosphorus into nearby rivers and streams. Excessive vegetation blocks 
the path of slaughterhouse wastewater and causes overflooding in the path. If from 
the slaughterhouse, several pathogens are released into the streams, which can be 
transmitted to humans via water-ground leaching. 

Pollutants present in the slaughterhouse can be leached into the underground 
water resources and cause alteration to the water quality. Humans consume this 
groundwater, causing several types of diseases like viral diseases in the community. 
Raw slaughterhouse wastewater is irrigated with polluted groundwater, causing soil 
pollution again. The presence of pollutants in organic nature can be known by several 
indications like odour, taste, and foaming. In a study, a soil profile of 4 m was 
analysed for nitrate concentration irrigated by the slaughterhouse wastewater, and 
the concentration was 3783 kg in high amounts (López and Borzacconi 2010). 

Another vital aspect of slaughterhouses themselves is that they rely heavily on 
underground water for in-facility utilisation. It is observed that slaughterhouse waste 
also contaminates the underground water, and resultantly, obtained water is heavily 
contaminated with pathogenic microorganisms like E-coli. When this water is used 
for cleaning the facility, equipment, utensils and particularly meat, it will cause 
contamination and control measures like reverse osmosis plants to be installed. In 
meat processing facilities, where meat is mainly exported, this condition causes 
significant losses and sometimes bans the facility from exports. 

2.5.1.1 Biodegradable Organic Compound 

Activities at the slaughterhouse generate biodegradable material in large volumes, 
including blood, paunch contents, animal faeces, blood, and urine. Suppose the 
biodegradable material is not managed correctly and treated and becomes the primary 
source of water, soil, and air pollution. This organic material is characterised by high 
concentrations of carbohydrates, mainly in the form of lipids, lactose, and protein. 
Biodegradable organic material is considered energy rich. Slaughterhouse organic 
waste comprises long fatty acid chains, ammonia, and hydrogen sulphide (Limeneh 
et al. 2022).
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2.5.1.2 Eutrophication 

When released, the direct and indirect discharge of partially and untreated effluent 
causes eutrophication, a global problem. When the nutrients like phosphorus and 
nitrogen are in high concentrations and released into the waste bodies, plants and 
algae growth block the path of sunlight to the water body (Yaakob et al. 2018). The 
amount of dissolved oxygen in the water bodies consumed by the plants for their 
excessive growth and, finally, water bodies become water deficient. This process 
decreases the water quality, and living organisms die, like fishes. Eutrophication 
causes severe damage to environmental health because water uses become limited 
and causes outbreaks of diseases when used by living organisms (Sieng 2019). 

2.5.1.3 Toxic Compounds 

Slaughterhouse wastewater may contain toxic compounds like unionised ammonia, 
decontaminants, cleaners, disinfectants, surfactants, and steriliser agents, which are 
highly toxic to aquatic life. Due to improper slaughterhouse wastewater treatment, 
these surfactants, a component of detergents, can cause short- and long-term effects 
on the environment, resulting in increased environmental challenges (Yarandi et al. 
2021). 

2.5.2 Solid Waste 

Annually, slaughterhouses produce thousands of tons of solid waste. Slaughterhouse 
waste generally contains unutilised animal by-products, which need to be accounted. 
With the growing population in urban areas, the demand for meat is also increasing 
and putting pressure on slaughterhouses. More solid waste will be generated when 
more animals are slaughtered, which will be one of the significant problems of 
handling and dumping. It is estimated that one-third or one-half of the total weight 
of the slaughtered animal is considered unusable and dumped as solid waste. When 
the solid waste does not dump with management, this will cause challenges to 
environmental components, such as degrade the soil, air, and water (Loganath and 
Senophiyah-Mary 2020). 

2.5.2.1 Waste Open Disposal and Landfilling 

Solid waste disposal in the open environment is defined as open dumping. When 
the waste is dumped openly on the empty without following proper waste disposal 
guidelines, it causes harmful effects on the environment and its components. On the 
other side, landfilling is the disposal of waste by following the disposal rules, but if 
proper landfill design is not followed may have a profound effect on the environment
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(Omole and Ogbiye 2013). In developing countries, slaughterhouse solid waste is 
dumped openly in empty spaces. On such dumping sites, organic material degradation 
contaminates the space, further leaching down and affecting the environment. In 
the landfills, slaughterhouse waste is dumped properly to generate energy from the 
organic waste. If dumping guidelines are not followed, flies and insects become a 
pathway of disease transmission to nearby areas, and viral diseases become common. 
From the open dumping, nutrients and contaminants with rainfall runoff to the nearby 
water bodies cause severe environmental conditions such as eutrophication, killing 
fish, and degrading water quality. Improper slaughterhouse waste disposal when 
takes place causes the release of greenhouse gases which are responsible for global 
warming (Selormey et al. 2021). 

2.5.3 Air Pollution 

Besides, the soil and water pollutions from slaughterhouses also cause air pollution. 
Greenhouse gases like carbon dioxide and methane are released in high concen-
trations. These gases are a contributor to climate change. These gases are produced 
during the degradation of slaughterhouse wastewater and in the slaughtering process. 
Improper disposal and burning of slaughterhouse waste generate contaminants, 
affecting the ambient air quality (Mozhiarasi and Natarajan 2022). Slaughterhouse 
waste contains high concentrations of nitrate, phosphorus, and sulphides, which are 
released into the air when the waste is burnt out, causing air pollution. When the 
slaughterhouse works in residential areas, these greenhouse gas emissions create 
health issues for nearby residents and damage the local air quality. From the disposal 
of slaughterhouse waste, foul odour is also released, affecting the air quality. 

2.5.3.1 Pollution of the Slaughterhouse Environment 

The slaughterhouse generates such waste, which generates such odour, which can 
be a source of local air pollution and disturb the daily tasks in life. Several odorous 
compounds are stubborn, like mercaptans, organic acids, sulphates, amines, etc. 
These compounds can attach to clothes, persist for longer, and cause issues (Sweeten 
1980). 

2.5.3.2 Impact of Solid Slaughterhouse Waste Exposure on the Air 
Quality 

When the slaughterhouse wastewater is disposed of improperly and burnt at the 
disposed site causes severe damage to the local air quality. Waste burning releases 
several noxious air pollutants such as carbon dioxide, sulphur dioxide, particulate 
matter, and nitrogen oxides. When released into the atmosphere, these pollutants
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affect human health and cause several diseases like cardiovascular diseases, colds, 
cancer, respiratory diseases, and allergies (Kundu et al. 2013). From the dumpsite, 
pollutants and pathogens can leach and contaminate the nearby surface and ground-
water resources from which water is supplied, which further results in the risk to living 
beings. When the nutrients-enriched animal faeces and blood is released illegally 
into the environment cause accumulation of toxic compounds in the environmental 
components and becomes part of the life cycle of living beings. 

2.6 Measures Proposed to Improve the Slaughterhouse 
Wastewater Management 

Proper management of slaughterhouse solid waste and wastewater is vital because 
it contains a high amount of organic waste that needs to be managed as produced. 
Wastewater from the slaughterhouse is highly loaded with degradable materials that 
must be treated before being released to the receiving water bodies. Different wastew-
ater treatment techniques must be applied to meet the National wastewater discharge 
limits and make wastewater reusable (Bustillo-Lecompte et al. 2016). Different treat-
ment technologies like the coagulation/flocculation process are highly used for the 
abattoir’s wastewater treatment. Abattoir wastewater mainly contains a substantial 
quantity of solids that can settle down. Settling wastewater has an extended effect 
on COD and suspended solids reduction, which is helpful for the coagulation and 
flocculation process. When the wastewater is settled down for 30 min, the 75–79% 
suspended solids are reduced. The suspended solids settling is further reduced when 
the settling time exceeds 30 min. On the other side, COD removal in the first 30 min 
was thirty-two per cent, and when the settling time increased to one hour, COD 
removal per cent further increased to thirty-eight per cent. In the following treatment 
stage, biological settling is essential. Chemical treatment of abattoir wastewater is 
also reported in the literature. Aluminium and ferric salts are also used in the abat-
toir’s wastewater chemical treatment. Different coagulants are used in the treatment 
(Baker et al. 2021). 

The use of common coagulants does not completely flocculate the abattoirs 
wastewater. The development of alternative treatment methods like anaerobic diges-
tion, media filtration, aerobic and anaerobic sequencing batch reactors, enhanced 
media, and biofilter systems could be beneficial. On the other side, the coagula-
tion and flocculation methods are energy-saving, easy to operate, and cost-effective 
compared to other methods for abattoir wastewater. Due to the insufficient treatment 
facilities, wastewater from the abattoir is deposited on land and finally goes into the 
water channels, which further causes pollution. In many countries, pollution caused 
by meat production activities results from the failure of good hygiene practices and 
good manufacturing practices (Hilares et al. 2021). 

To prevent this pollution, it is suggested to seal the gut of slaughtering an animal 
to avoid the leakage of organic contents. Abattoir wastewater effluent has complex
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nature, due to which this type of wastewater is harmful to the environment. For 
example, when the wastewater contains slaughtered animals, blood released into the 
water channel causes dissolved oxygen (DO) depletion. Due to the paunch manure’s 
improper disposal in the receiving environment, this can exert oxygen, and due to 
this, large population of decomposers can breed, which can cause a pathogenic effect. 
Animal waste improper disposal can depletion of oxygen in receiving environment. 
This situation further causes the enrichment of nutrients in the receiving environment, 
and toxins in the biological system can accumulate (Musa and Idrus 2021). 

The concentration of organic matter in the meat processing plant’s effluent is high, 
and the remaining residues are solubilised, leading to pollution due to the pathogens 
and organic content in the abattoir’s wastewater. Abattoir wastewater is also consid-
ered a bulk parameter because various pollutants are derived from the facility and the 
slaughtering of animals, which fluctuate in the meat industry. In treating the abattoir’s 
wastewater, anaerobic treatment is the preferred biological treatment. On the other 
side, in the anaerobic treatment, post-treatment requires the discharge to comply with 
the discharge limits because organic matter stabilisation alone is not possible with 
the anaerobic treatment. The effluent of anaerobic treatment contains organic matter 
in solubilised form, which can be done using aerobic processes. So, in contrast with 
anaerobic processes, aerobic treatment is frequently used because aerobic processes 
operate at higher rates than conventional processes (Meiramkulova et al. 2020). In 
the aerobic treatment processes, the treatment time and oxygen demand are directly 
proportional to the wastewater quantity and pollutant load. Aerobic treatment is used 
for post-treatment of the effluent of anaerobic treatment but also the removal of 
nutrients. 

The biological processes not only help to produce effluents from the highly organic 
contain wastewater that complies with local discharge limits, but on the other side, the 
biological processes like aerobic and anaerobic treatment processes have the poten-
tial for resource recovery from the abattoir wastewater with high-level treatment 
(Filali-Meknassi et al. 2004). Abattoir wastewater also contains bio-resistant, non-
biodegradable, recalcitrant, etc. These substances in the abattoir can be removed or 
transformed using advanced oxidation processes (AOPs) and improve the biodegrad-
ability of wastewater. AOPs could be an alternative treatment for the abattoir’s effluent 
and can be attached to biological processes to improve treatment. By combining the 
AOPs and biological processes, we can achieve an economical and easy operation 
method with several advantages. For resource recovery, we can use these processes 
in the abattoir’s wastewater (Ng et al. 2022). 

2.6.1 Preliminary Treatment 

Preliminary treatment is the primary and first step in every wastewater treatment 
process. This treatment’s main objective is to remove large particles and solids from 
the slaughterhouse wastewater. Effluent quality is improved by primary treatments,
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including traditional screens, sieves, fat separators, and settlers. In the slaughter-
house wastewater, solids of 10–30 mm diameter are retained on the mesh or sieve 
screen. In order to avoid clogging and fouling in the other treatment processes, rotary 
screeners are used to separate solids of a diameter of more than 0.5 mm. To compact 
and transport the separated solids from the screens, screw screen compactors are 
used, which further minimise the moisture content and volume of solids treated as 
solid waste. This process removes about a BOD of 30%. In preliminary treatment, 
several operations are included, like screening and sieves. Large solids of diameters 
10–30 mm are separated while wastewater passes (Bustillo-Lecompte and Mehrvar 
2015). 

2.6.2 Physicochemical Treatment 

After the preliminary treatment, it is recommended that the wastewater should be 
treated with primary and secondary treatment depending on the characteristics of the 
raw wastewater. To reduce the BOD, fat and total suspended solids in slaughterhouse 
wastewater (SWW) dissolved air flotation (DAF) are considered a typical method for 
primary treatment. The solids are separated from the liquid in the physiochemical 
treatment methods. Physicochemical methods which are mainly used are given below. 

Membrane processes: For treating the abattoir industry wastewater, using 
membranes are an alternative method. To remove the organic matter, pathogens and 
macromolecules, several membranes can be used, which include reverse osmosis 
(RO), ultrafiltration (UF), nanofiltration (MF), and microfiltration (MF) (Almandoz 
et al. 2015). The removal efficiency of membrane processes is up to 90%. To achieve 
nutrient removal from wastewater, membrane technology must operate or combine 
with conventional processes. There are several disadvantages of using membranes 
in abattoir wastewater treatment: the blockage of membranes and the fouling of 
membranes. These disadvantages restrict the treatment efficiency (Fatima et al. 2021). 
Yordanov (2010) used ultrafiltration technology for the treatment of slaughterhouse 
wastewater. Results showed that ultrafiltration is an effective tool to remove fats and 
total suspended solids with higher removal efficiencies of 99 and 98%. COD and BOD 
removal efficiency by UF was 94 and 97%. Bohdziewicz and Sroka (2005) evaluated 
the performance of RO technology in the treatment of slaughterhouse wastewater. 
Before using RO, raw wastewater was pre-treated by using activated sludge. TN, TP, 
BOD, and COD removal efficiency was 90, 97.5, 50, and 85.8% using RO treatment. 

2.6.2.1 Dissolved Air Flotation (DAF) 

Dissolved air flotation (DAF) is considered a primary treatment in wastewater treat-
ment processes. This DAF process includes introducing air at the pressure of 4–6 bar, 
which aids the liquid and solid separation. The supplied dissolved air escapes from 
the liquid in the form of bubbles. Bubbles attach to the targeted solids and make a
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sludge blanket on the surface containing grease and fat with some light solids. This 
surface blanket can be removed by scraping. Flocculants can be added to the DAF 
treatment method to denature the protein present in the slaughterhouse wastewater. 
Before using biological treatment processes, the DAF system was ideal for removing 
fatty objects and suspended solids. This process addition increases the BOD and COD 
removal efficiency to 75%. DAF system at a large scale can remove total phosphorus 
(TP), total nitrogen (TN), grease, and oil by 70%, 55%, 85%, and 70% (Dlanga-
mandla et al. 2018). Combining dissolved air flotation with a membrane reactor 
(MBR) in slaughterhouse wastewater treatment seems promising to meet discharge 
limits. If reverse osmosis technology is used as a final step after the previous process, 
wastewater can be reused in the facility. 

2.6.2.2 Coagulation-Flocculation and Sedimentation 

In the coagulation process, particles in the form of the colloidal present in slaughter-
house wastewater are grouped to form large particles called flocs. Negatively charged 
particles that are resistant and stable are present in the abattoir wastewater. For this 
reason, coagulants are added, and positively charged ions destabilise these colloidal 
particles and flocs. Aluminium potassium sulphate is mainly used as a coagulant. 
The flocculation process makes the suspended colloidal particles into flocs after 
settling down. To increase the efficiency of treatment, coagulation and flocculation 
are both processes used (Mahtab et al. 2009). Ferric chloride, aluminium chloro-
hydrate, aluminium sulphate, and ferric sulphate are the coagulants used to treat 
wastewater. Using poly aluminium chloride as a coagulant, the removal efficiency of 
COD, TN, and TP was 75, 88.8, and 99%. When the inorganic coagulant is used, the 
volume of the sludge produced can be reduced by 41.6%. Amuda and Alade (2006) 
used the coagulation-flocculation technology to treat the slaughterhouse wastew-
ater at the lab scale to remove COD, TSS, and TP. Different coagulants, like alum, 
ferric chloride, and ferric sulphate, were used. Results showed that the alum coag-
ulant effectively removed the TSS and TP by 34 and 98%. Tariq et al. (2012) used  
coagulants to treat the slaughterhouse wastewater, i.e. lime and alum. When each 
coagulant was used in combination, the removal efficiency of COD was 85%, but 
sludge generation was low in these conditions. 

2.6.2.3 Electrocoagulation 

In the slaughterhouse wastewater treatment processes, electrocoagulation (EC) is 
considered cost-effective and advanced treatment. Electrocoagulation is considered 
effective technology for removing nutrients, organics, heavy metals, and even the 
removal of pathogens. An electric current is induced without adding any chemicals in 
the electrocoagulation process. Using different materials electrodes, the EC process 
generates M3+ ions, mainly Al3+ and Fe3+. Different types of electrodes are used, 
like TiO2, SnO2, and Pt, which can be used in alkaline and acidic conditions with a
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high removal efficiency of TSS, BOD, COD, TN, and colour (Emerick et al. 2020). 
For removing COD from wastewater using electrocoagulation, Bayramoglu et al. 
(2006) used sacrificial electrodes of Fe and Al with a focus on the operating cost. 
Results showed that Fe sacrificial electrodes perform better and cost-effectively than 
the Al electrode. The operating cost of using the Fe electrode is also 50% less than 
the Al electrodes. Operating costs include sludge handling, electricity, maintenance, 
etc. Asselin et al. (2008) used the EC process to evaluate its economic cost for 
removing organic compounds from the slaughterhouse wastewater. In the EC process, 
Al sacrificial and mild steel electrodes were used for lab scale study. The study result 
showed that by using steel electrodes, the removal efficiency of BOD, COD, turbidity, 
TSS, and oil grease was 87, 84, 94, 93, and 99%. 

2.6.3 Biological Treatment 

To meet the local discharge limits, abattoir wastewater cannot be treated entirely with 
the primary and physicochemical processes. Biological/secondary treatment methods 
remove soluble organic compounds to eliminate this limitation. In the biological treat-
ment methods, aerobic, and anaerobic methods include anaerobic digestors, anaer-
obic lagoons, anaerobic filters, baffled reactors, biological contactors, and sequencing 
batch reactors. The secondary treatment’s primary focus is reducing BOD concen-
tration in slaughterhouse wastewater by removing the remaining organic compounds 
that are not removed by primary treatment. Biological treatment is considered a 
secondary treatment, whereas aerobic and anaerobic digestion in combination or 
individually depends on the characteristics of slaughterhouse wastewater (Mittal 
2006a, b). In biological treatment, using microorganisms, organics are removed with 
pathogens. By using the anaerobic and aerobic processes in the biological treat-
ment, BOD removal efficiency is up to 90%. Biological treatment may include other 
processes in the combination, like trickling filters and aerobic, anaerobic, and facul-
tative lagoons. Anaerobic treatment is considered ideal in all biological processes 
when the target is to treat highly contaminated wastewater. In the anaerobic treat-
ment, organic compounds are degraded without oxygen with the help of different 
bacteria into CH4 and CO2. In the aerobic treatment, the organic material is degraded 
in the presence of oxygen. Aerobic treatment is mainly used after physiochemical 
treatment to decompose and remove nutrients (Musa and Idrus 2021). 

2.6.4 Advanced Oxidation Processes 

Advance oxidation processes are becoming alternatives to the complimentary and 
conventional treatment processes, either pre-treatment or post-treatment to the 
current biological processes. Compared to using chlorine as a disinfection chem-
ical which can cause the formation of other by-products, AOPs are a cleaner option
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to inactivate microorganisms. Due to these benefits, AOPs are considered handy 
for pollution control, water reuse, and advanced degradation processes with better 
results than complementary processes. Ozonation, gamma radiation, and UV/H2O2 

are among the AOPs widely used in slaughterhouse wastewater treatment. Wu and 
Doan (2005) used ozonation in the treatment of slaughterhouse wastewater, and the 
results showed that the disinfection of wastewater was achieved to 99% by using the 
ozonation process for 8 min, and the ozone dosage was 23 mg/min per litre. The 
removal of BOD and COD was low, with the removal efficiency of only 23.06 and 
10.7%. The use of UV/H2O2 in slaughterhouse wastewater is considered effective 
in this process; the degradation and oxidation of the pollutants mainly depend on 
the hydroxyl radicals (*OH), which is a highly reactive species that are produced 
from the reaction between H2O2 and UV (Hamad et al. 2014). Compared with other 
treatment methods, UV/H2O2 is considered effective, with an optimal removal effi-
ciency of up to 50%, but the operating cost is high. To lower the operating cost, it is 
recommended to use this method with biological processes (Besharati et al. 2020). 

2.6.5 Treatment System Maximum Removal Efficiency 

Every slaughterhouse wastewater treatment system has separate removal efficiency. 
The removal efficiency depends on decreased biological content, BOD, COD, and 
nutrients on the input and output concentration difference. Each treatment system has 
a minimum and maximum removal efficiency for every pollutant. Figure 2.1 shows 
the maximum removal efficiency of every treatment system. 
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2.7 Conclusion 

Different types of waste are generated in solid and liquid form during the slaugh-
tering process, which needs to be handled timely because the organic material starts 
degrading quickly and cause environmental pollution, such as the processing of 
fat which constitutes most of the slaughtering waste. Slaughtering facilities release a 
high volume of wastewater containing blood and organic content that also needs to be 
treated; otherwise causes severe environmental challenges. Different products can be 
produced by processing organic material, blood, and wastewater to increase revenue 
and solve environmental concerns. In the treatment of slaughterhouse wastewater, 
different techniques are used with a separate removal efficiency of pollutants like 
primary and secondary treatment methods, DAF, coagulation/flocculation, advanced 
oxidation processes, and electrocoagulation. These methods can effectively treat the 
slaughterhouse wastewater and release the treated water, which can be used as agri-
cultural water or goes into canals/rivers. Solid waste from slaughtering facilities is 
processed by incineration, composting, rendering, and anaerobic digestion steps and 
valuable products like wood adhesive and biodiesel are produced, which also increase 
the return revenue. If we process the slaughtering waste in time, this can be a blessing 
for us as the source of revenue, but on the other side, if not processed and dumped 
openly without any treatment can be a curse to the environment and cause serious 
environmental and health issues and challenges. In developing countries, mostly 
slaughtering solid and liquid waste is dumped/released without any treatment and 
causes environmental degradation and health issues in the nearby community. 
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Abstract This chapter’s primary goal is to discuss the current problem of manure 
wastes, which are dangerous to the environment and agricultural systems due to 
their rapid growth. Using scientific and eco-friendly methods can assist to reduce 
waste by reusing manure. However, one of the big challenges to reuse is pathogenic 
risk. Additionally, vermicomposting and composting’s usefulness in recycling crop 
nutrients, notably nitrogen, is assessed (N). It covers the guidelines and practices of 
advances for the control of tainting, starting from normal wastes like human waste, 
serious areas of strength for wastewater, animal fecal matter, and agro-current waste, 
and the reusing of these regular wastes into critical things like fertilizer, biofuels, 
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3.1 Introduction 

Animal farming is essential for food supply, nourishment, and economic stability. 
Ruminants, non-ruminants, and aquatic species are the most commonly bred 
domestic animals in many countries. Cattle, pigs, poultry, and pets are exam-
ples. Animal agriculture contributes to the supply of nutritious food, job creation, 
income generation and family income, the economy of funds, economic output and 
taxes, divestment agricultural production, wildlife traction, reproduction, and soil 
transfer, as well as the economic system of resources, economic production and 
taxes (Swanepoel et al. 2010). One of the significant issues confronting domesticated 
animals cultivating all over the country is meeting the food needs of a developing 
total populace, as most would consider to be normal to reach north of 9 billion by 
2050. It isn’t quite as basic as growing assembling ability to increment food yield. 
Terrains and water utilization, the ecological outcomes of creature creation, and 
limitations are factors that can restrict makers’ ability to just add more creatures 
to fulfill future need for animals. Creature horticulture ought to be completed in 
a manner that doesn’t endanger future use of regular assets while endeavoring to
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satisfy the dietary needs of people and creatures. In some creation frameworks, crea-
tures are raised basically for food, as opposed to for friendship, stows away, or even 
compost (Romney et al. 1994). Side-effects are made during the creation, handling, 
transportation and selling of creatures, and while possibly not accurately taken care 
of, they can become squander. Feed waste or, sewage, incubator squander, slaugh-
terhouse squander, are a portion of the potential squanders created during creature 
creation exercises. Bedding, pee, wash water, precipitation, spilled feed and spilled 
water are normal outside inputs in creature excrement. Before the presentation of 
natural composts, creature excrement assumed a focal part in further developing 
soil fruitfulness. Job of natural composts in horticultural creation, excrement stays 
a significant manure asset, particularly in regions where natural manures are not 
promptly accessible or open to ranchers. 

Current ecological issues are because of high creation and neighborhood gather-
ings of natural squanders for the essential corruption processes in nature. With satis-
factory application rates, creature compost is an important asset as a dirt manure, 
as it gives high full scale and micronutrient content for crop development and is a 
cheap and harmless to the ecosystem elective. with mineral manures (Swanepoel 
et al. 2010). Every year more than 1500 million tons compost has been genearted 
in EU 27 due to escalation of creature cultivation (Romney et al. 1994), which 
should be reused productively because of the natural issues related with their aimless 
and untimely application to farming fields. Exorbitant utilization of hurtful follow 
metals, inorganic salts, and microorganisms; expanded loss of supplements, prin-
cipally nitrogen and phosphorus, from soils through filtering, disintegration, and 
overflow brought about by inability to represent the wholesome requirements of 
harvests; and vaporous emanations of scents, hydrogen sulfide, alkali, and other 
harmful gases are possible adverse consequences of such unpredictable applications 
(Malomo et al. 2018). To be sure, agribusiness represents around 10% of generally 
speaking ozone-depleting substance discharges, with creatures contributing alto-
gether through methane outflows from intestinal maturation and compost age. The 
overall creature creation chain represents around 65% of anthropogenic N2O and 64% 
of anthropogenic NH3 (Zhang et al. 2017). The presentation of proper administration 
advancements could in this way alleviate the well-being and natural dangers related 
with the overproduction of natural waste from domesticated animals by balancing out 
it before its utilization or removal. Adjustment includes the deterioration of natural 
material with the end result of disposing of risks and typically brings about diminishes 
in microbial biomass and action and in groupings of labile mixtures (Malomo et al. 
2018). Animals are raised on pastureland, field, yearly grass, and bought grain, with 
non-domesticated animals cultivating activities representing under 10% of absolute 
creation costs. Non-animals exercises incorporate families with a portion of those 
creatures took care of natural waste, clippings from road borderlines, and other non-
domesticated animals organizations. Touching, blended, and modern structures are 
separated into three classes by the Food and Agribusiness Association (FAO). 

• Grazing systems: The animals are fed in accordance with the animal manufac-
turing techniques described above. The graze machine is defined by animals that
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go to get food (mobile), rely on regional common pasture (nutrient deficient), or get 
enough food inside the farm’s boundaries (ranching and grassland). Every hectare 
of agriculture productivity, stock quotes are fewer than 10 cattle gadgets per year. 
Grazing manufacturing techniques are used in dry, semi-arid, sub-humid, humid 
areas, as well as tropical and temperate highlands. In terms of total production 
rate, grazing systems only provide 9% of world wide meat consumption. 

• Half and half frameworks: There non-domesticated animals rural creation 
contributes for over 10% of the absolute expense of creation, or where farming 
items (for example dinner from modern food fabricating) and additionally stubble 
represent definitely over 15% of the dry matter took care of to creatures. Eating 
publicly, rural squanders and harvests, cut-and-convey exercises, on-ranch result, 
and outside feed are completely used to take care of dairy cattle in these arrange-
ments. In Europe, ranch proprietors should possess more than 1.5 ha of land per 
animal unit to guarantee that enough developed land is accessible to utilize the 
micronutrients created in excrement. The creation comes into the blended class 
of animals fabricating strategies in light of the fact that these fields give most of 
the feed for the cows. 

• Industrial systems: The average stocking charge per hectare of agricultural land 
in industrial plants is larger than 10 animal units, and so less than 11% of the drying 
count given to farm animals is produced on the farm. The manufacturing tech-
niques discussed here are the poultry industry (meat and eggs), pig productivity, 
animal feeding meat manufacturing, and dairy product manufacturing. Because 
commercial cattle production practices rely heavily on outside nutrition, power, 
and other inputs, the use of those inputs may have an impact on the environment 
in areas other than where production takes place. More than half of the world’s 
hog and chicken meat, as well as 10% of the world’s red meat and mutton, is 
produced by agricultural infrastructure. Those manufacturing structures are char-
acterized by landless pig and chicken farms. In addition to bright orange meat and 
dairy farm that have almost a hundred thousand head of animals, pigs farm with 
slurry sprays on landscapes of several hectares that acquire waste from animal 
dwellings supporting manufacture of thousands of pigs come into this magnifi-
cence in America. Feces is sprinkled on plains to fertilize crops, used in fish ponds 
to feed algal and fresh water (which plant-eating fishes devour), or used in other 
ways. Climate, energy generation traditions, and farming methods all influence 
how manure is collected, stored, and used. 

3.2 Historical Background 

Occasionally American agriculture commonly contains a concept of a farms some of 
animals and of chickens, in adding to unique labour wishes of the crop productivity 
sector. The farm partner was expected to hold the fowl flock and sell eggs and fryers 
on a normal basis as a deliver of revenue (Miner et al. 2000). The average dairy farm 
in USA is a small scale family farm with 20 cows. On the farm’s grounds, hen flocks
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graze. Manure was used to offer high nutrition values in a slow-release way. The 
farm’s feed production reassets are placed to the take a look at manner of draught 
animals. Agricultural waste was no longer an essential issue due to the highest price 
of the operations. Manure was regarded as an agricultural useful resource at a few 
level withinside the early year, from the 18th to the nineteenth centuries. Manure 
treatment aids to generate the soil herbal matter (SOM), which brought about better 
water invasion and bounty considerably less soil disintegration. This made it less 
challenging for the rancher to raise feed and one-of-a-kind subjects for off-ranch 
send out. As a surrender final product of The Second Great War, ways of life and 
horticulture withinside America changed immensely. Ranch work was in a nutshell 
supply at a couple of level withinside the conflict. 

Additional fuel and nitrogen-based weapons creation capacity stayed after the 
conflict, which may be changed over into inorganic compost creation capacity. In 
view of the commitment of ordinary hours and better compensation, city populaces 
developed at amazing expenses withins ide the twentieth 100 years. Urbanization, 
horticultural work deficiencies, American ranchers’ resourcefulness helped through 
way of Land Award Rural Trial Stations, copious energy and supplements, great soils, 
and a reasonable environment prepared for excellent generally speaking execution 
withinside the creation of feed, food, and fiber. American ranchers and clients lately 
have a normal and tremendous stockpile of meat, dairy, and hen items in light of the 
truth to unpracticed creation techniques. 

• The excrement interest that results has the ability to hurt the biological system. 
These worries were issue withinside the establishment of the Perfect Water Act 
in 1972. In light of the enormous nitrogen unevenness in fertilizer comparative 
with adjoining crops, it’s miles currently broadly seen as a removal danger in a lot 
of farming locales. Conflicts over water and air high-pleasant, similarly to odors, 
often arise because of metropolis boom in historically animal-producing areas. 
Some have confused whether or not or now no longer land software program is 
a remarkable manure manipulate method because of the ones concerns. By some 
distance, the most principal byproduct of animal production is animal feces. The 
production of manure within America is expected to be over 60 million, roughly 
1.12 million Mg of nitrogen (N) and 0.60 million Mg of phosphorus (P) in each ton. 
The whole amount of amassed manure generated withinside America is expected 
to be over sixty a million tons steady with year, with each tonne containing form of 
1.12 million Mg of nitrogen (N) and 0.60 million Mg of phosphorus (P) (Gollehon 
et al., 2001). According to the Department of Agriculture and the Environmental 
Protection Agency, land software program of manure at maximum extraordinary 
agronomic costs is the most favored method for utilizing manure reassets with-
inside America. While there are benefits to using manure, along with better soil 
fertility and high-pleasant, reduced runoff and soil erosion, and the possibility 
of C sequestration, flawed software program may grow to be worse water high-
pleasant and convey odour and air high-pleasant problems. According to a research 
of manure’s capacity fertiliser price, recoverable nitrogen in manure money owed 
for about 15% of the N and 42% of the P consumed withinside the US. These
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pollutants contaminate water resources and reduce recreational potential of lakes 
and rivers, destroy wildlife habitat, and eliminate drinking water supplies for 
people and livestock. Manure, on the other hand, can impair water high-pleasant. 
This chapter summarizes the benefits of recycling of manure and also discusses 
the problems related to manure application to mitigate the climate change. 

3.3 Accommodations and Activity Area 

In different climates like cold and damp, livestock homes or sheds provide a hot 
indoor living, but in the equator, a cool and dry atmosphere. Housing design is 
influenced by a variety of factors, including the environment, the animal category 
being housed, and the production goal. 

3.3.1 Cattle 

Calves, heifers, bulls, and cows are the four types of cattle. These classifications are 
based on the animal’s age, gender, and role in farm productivity. Air flows via gaps 
in the walls or through doors opening in most livestock houses, providing natural 
ventilation. In hot regions, ventilation can be pushed through the use of fans to 
provide an open air flow, or through the use of tunnel ventilation systems with fans 
of vantilation located at the end of the house. These produce a continuous air flow 
throughout the cattle home, with air entering through slots in outer edge (Pain and 
Menzi 2003). The cattle classification is given as 

• Cow: A female cattle delivered; a calf becomes a cow after birth to her 1st animal. 
• Calf is newly born cow child 
• Feminine calf is considered to as a heifer calf. 
• An in-calf heifer is a heifer which is pregnant. 
• Dairy cow: A dairy cow is an animal that is raised to produce milk and to rear 

calf for a dairy animals. It’s important to remember what cow needs to calves in 
order to generate milk. 

• A bull: one male cattle is called as bull. 
• A male newborn is referred to as a bull kid. 
• Beef cattle: Livestock retained for slaughtered at a body mass of 450–550 kg, 

which can be as young as 14–15 months for intensive grassland or 18–29 months 
for grazed animals, and which can be as early as 13–16 months for intensive and 
17–30 months for grazing living creatures. 

• A bull that has been rendered sterile, often known as a steer or bullock. 
A loose housing, during which animals are absolve to wander around within the 

same house, could be a way more frequent style for cow housing. Manure in these 
dwellings may be managed with suspension (mixed feces) gathered to a lower place
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the horizontal plane. A slatted floor is typically created out of one to 1.5 m long 
concrete slabs with many centimeter-wide gaps. Excrement, piddle samples, and 
spilt potable run through the perforations and roll up a entice or funnel as liquid 
beneath the slatted surface. A residence with wood floors throughout is referred to 
as “completely perforated.” In residences wherever the perforated floor is reduced to 
the walking alleys, a part perforated floor is gift. These barns are separated into rows 
of individual stalls or cubicles where placental will sleep however not be confined. 

The compartments have a high top constructed of stone or other sturdy, waterproof 
material. Solid soil can be sprinkled with straw, sawdust, wood chips, sand, or peat. 
Walkways can have solid concrete floors, asphalt concrete floors, or rubber-coated 
concrete floors. In general, once a day, pedestrian paths with solid floors are scraped 
(Monteny and Erisman 1998). Dairy cows in tethered systems are tied to a neck feed 
fence with cables, chains, or plates and have limited mobility in their residential area, 
which is usually a hard floor lined with litter like grain, dust, or dirt. The back of the 
animal, there may be an iron grill tube or perforated cement floor. For large cattle, 
such procedures are becoming increasingly popular in Europe due to animal welfare 
concerns (heifers, beef cattle, and dairy cows). 

In Scandinavian nations, private frameworks that hold both watery and strong 
excrement are being eliminated because of creature government assistance issues. 
Since the deck on which the creatures walk is shrouded in a weighty covering of dung, 
strong floor houses are frequently planned with the residing space subterranean. 
Steers meander beneath the superficial on a litter layer of 30–35 cm toward the 
beginning of a creation period, yet when extra trash is stored regularly, the creatures 
are probably going to wind up going on a thick layer of profound waste compacted 
by their hooves. The profound litter gives solace to the pets while likewise holding 
water. Destroyed straw, dust, wood shavings, and dirt are the materials used for the 
cattle bedding (Fig. 3.1).

When the deep waste layer is thin, the submerged floor with steps allows easy 
access to the feed area. Cattle farms are closed, external animal production systems 
with no infrastructure to collect liquids or rainwater. Each farm has a number of 
fenced pens where livestock or dairy farming is housed at the rate of 2.5 animals in all 
forms of animal husbandry. The animals, that may variety withinside the thousands, 
are unfastened to stroll at the ground (McGinn et al. 2010). Straw may be scattered 
across the feedlot to offer resting regions. Most feedlots are determined in semi-
arid regions of North America, Antarctica, and numerous components of Europe 
(Examples consist of regions outdoor the milking chamber in which dairy farm 
animals congregate earlier than being pressed, in addition to an exercising backyard 
for dairy calves raised in tethered stalls, that is required in some nations for animal 
rights safety reasons.
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Fig. 3.1 (1) A dairy cows 
house with consistent deck in 
sitting regions, pathways, 
and disposal paths, as well as 
the taking care of region, 
where the dung/pee 
combination is scratched to 
the channel on the right 
peak. (2) Yearling home with 
stable ground in resting 
region and punctured ground 
in exercise path and taking 
care of region. (3) Calf house 
with strong floor with free 
moving calves on profound 
litter
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3.3.2 Poultry 

Sow homes will be worked with semi-escalated courses of action, like how bulls 
are housed, in which body fecal matter and are kept inside the natural material that 
covers the floor. Pigs uncover and fabricate homes in various regions of the serious 
litter while crapping in one part of the pen. Shallow water bowls are implicit the rear 
of the pig pens in Asian nations where water is copious. They are used by the pig 
to resit and discharge waste. Pigs enjoy to cool themselves in pools in their natural 
environment, so the layout is ideal for them. The liquid is pipeline or gravity-fed into 
lagoon from these watersheds. The resulting liquid excrement is extremely diluted 
and hard to handle. The remainder of the area should be used as a perforated pit to 
catch droppings, with at least a third of it coated with feed ingredient. To keep the 
trash dry, giving birth eggs, feed, and a water supply are placed over the perforated 
area. The bodily collection of waste in a completely watertight hole beneath the 
bottom surface. Laying hens are kept in layer cells that are commonly made of steel 
cable and arranged in rows upon rows in battery cage homes. Excrement is either 
expelled very cheaply from the cells and captured and processed in an extremely 
deep hole beneath the cells, or they are retrieved using a transport belt or manual tool 
technique. 

3.4 Integrated Manufacturing Technology 

Animal waste material is recycled to fish ponds in Asian farming methods that involve 
crop cultivation, gardening, fish farming, and animal breeding, whereas gardening, 
fish farming, and husbandry give the principal outputs for consumption or sale, waste 
from one system is employed as an input within the others, eliminating the necessity 
for external chemicals and pollution. Fish are fed directly from the dung, or indi-
rectly through phytoplankton, zooplankton, and zoobenthos, which are after fed to 
baccivorous fish (Vu et al. 2007). One example is pigs housed in concrete-floored 
pens, wherever excretion is scraped off the ground and excretion and water are chan-
nelled into fishponds. Solid manures are often thrown into the ponds without being 
processed or composted but it should be processed before putting in the fishponds 
for good harvesting (Fig. 3.2; Table 3.1).

3.5 Types of Animal Manure 

Feces and urine, in addition to bedding, spilt feed, spilt consuming water, and washing 
water from animal housing, make up animal manure. As an end result, the compo-
sition is quite variable, and manure elimination generation has an impact. Manure 
classifications are generally associated with the shape of the animal domestic or the
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Fig. 3.2 VAC system (garden–pond–animal) is depicted 

Table 3.1 Total amount of nutrient elements, carbon, and liquid in excretion and crop residues in 
manure production within the animals were housed and in manure transmitted to the sphere from 
Bos taurus deep litter management and animal suspended management: one farm animal produces 
fifteen tons of deep waste per year1 and one pig place in the pig house (producing three finished 
pigs per year1) produces 1.5 tons slurry per year1 

Dry 
matter 
(kg) 

Phosphorous 
(kg) 

Nitrogen 
(kg) 

TAN 
(kg) 

Potassium 
(kg) 

Carbon 
(kg) 

Water 
(kg) 

Dairy 
cow 
deep 

In 
house 

4600 23.1 128 29 35 175 1765 

Litter To 
field 

2500 22.2 69 15 14 175 739 

Pig 
slurry 

In 
home 

100 3.8 11.2 9 8 6.5 38 

To 
field 

73 3.8 7.9 4.8 5.7 5.8 33

out of doors manufacturing device in which the manure is accumulated, so defini-
tions of farm animals manure may also fluctuate through country. Manure may be 
controlled in ways: liquid or stable. Manure with a dry be counted percent of much 
less than 12% is stated as “liquid manure.” This may be moved the use of drainage 
or pumps. Solid manure is described as manure that can be stacked and has a dry 
be counted content material of more than 12%. Due to deposition of washing water, 
slurries recovered from under slatted floors have a low dry be counted concentration. 
Cattle slurry may also have a bigger dry be counted content material than pig slurry
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in general, but there is lots of range among farms inside every animal category. As 
an end result of the excessive water intake in Asia, the dry be counted of pig slurry 
is best 0.21%. 

Urine and washwater drain from the ground and collect as slurry, an aggregate of 
washwater, urine, and dissolved fecal components. These facilities produce farmyard 
manure (FYM) with excessive dry matter content and slurry with low dry matter 
content material. 

In Asia, liquids and part of the excretions are transported to a pond where the 
fattening pigs are raised in solid-bottomed berries and the pee is deposited in a deep, 
high-dry-matter well-organized bed. Build nests and dig, which makes it easier to start 
composting in the barn. Composting is the aerobic microbial breakdown of organic 
material that creates heat. The garbage in the upper layers (1015 cm) of the barns can 
start to compost, and eventually the garbage will cover and bury the new litter, which 
over time and regularly will be compacted. Adding straw and excrement. A conveyor 
belt transports the manure to an external dry manure deposit (Koerkamp 1994). The 
dry matter composition of manure and dry chicken manure is significantly different 
(i.e., 5–27% in manure and 31–67% in dry solid manure). Cause of change in dry 
matter content of solid manure (Kroodsma and Scholtens 1988). After removal from 
the barn, the manure content changes depending on storage and processing. Most 
systems transport manure and animal manure to a concrete or steel pond or tank. 

Anaerobic storage conditions result from a lack of air in manure, which means 
that the composition of the population changes relatively slowly over time. Chicken 
droppings have a tall structure and begin to compost during storage. This allows 
solid manure to be naturally composted during storage or by artificial ventilation. 
The nutritional value of cow manure is higher than that of manure. Cow manure has a 
higher concentration of dry matter, which explains the difference in manure. Liquids 
pigs are monogastric animals that do not absorb nutrients from plants as efficiently 
or use energy from feed as efficiently as ruminants. 

Liquid pig manure is diluted by washing or watering pigs with water in warmer 
climates (which reduces the nutrient content).In addition, the liquid in Asia is poor in 
vitamin A and plant vitamins, because the sediment is removed before miles from the 
ground. Cleaning the house is justified by the fact that it reduces the risk of disease 
and odor emissions. Broiler chicken manure is often extremely dry due to the low 
moisture content of chicken droppings, the large amount of sludge eaten up, and 
internal drying processes. Therefore, of all animal fertilizers, chicken dung has the 
best attention of vegetable vitamins. In some countries, the combination of manure 
classes has various preferred values. Some versions are due to variations in animal 
production procedures, as well as the composition of the feeding plan, water use, 
and waste management.
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3.6 Livestock Manure Attributes 

Numerous accommodating and reusable parts can be tracked down in fertilizer. Crea-
ture compost’ physical and synthetic characteristics can impact its expected use, 
essentially as a manure, additionally that can be dealt with. Creature excrement is 
separated into compost (five% solids), suspended and semi-strong fertilizer (some-
where in the range of 5 and 25% solids), and strong fertilizer (over 25% solids) with a 
helped consistency or dampness content. A definitive properties of excrement created 
by normal creature creation exercises are examined. Given the extraordinary change-
ability in consistency, body, and substance synthesis of creature excrement, starting 
with one area then onto the next, inclination ought to be given to the properties of 
compost of homegrown beginning (Table 3.2).

3.6.1 Particle Size 

Since no rules have been laid out for this request, investigations of molecule size 
in creature slurry have utilized an extensive variety of channel sizes. Accordingly, 
the biohazardous material molecule orders are erratic. A progression of strainers 
with diminishing cross-section sizes is many times layered on top of each other, 
with the best molecule sizes on top. The granules are riveted down the rack by a 
progressive splash of water of reused fluid until they’re gathered on a sifter with a 
lattice size more modest than the molecule size. Fertilizer is poured to the highest 
sieves, and as a result, Because particles with a diameter less than 1 m one m are 
considered soluble dispersed solids, a very affordable sieve with a size of one m is 
appropriate. Brownian (diffusive) motion is a problem for colloids in a very liquid 
environment, because they can either not descend or resolve very slowly by gravity. 
Because colloidal particles are difficult to remove during solid–liquid extraction, 
the number of colloids is crucial. Despite the fact that there are a few strategies for 
police work molecule size (for instance, different light-weight dispersing methods), 
movement is trying because of the expansive pore size dissemination and sporadic 
construction of the particles. Pig suspension has a more prominent level of dry matter 
in the division underneath 0.17 mm than cow suspensions, with 66–70% and 50– 
55% dry matter, correspondingly. Microorganism change of the natural pool, like the 
transformation of natural parts to ozone-harming substance carbon dioxide (CO2), 
methane (CH4), and ammonium [NH4 + (aq)], alters the particle size distribution. 
the particle size distribution. As a result, fermentation process in a biogas decreases 
particle concentration in animal slurry. Particles smaller than 10 m can account for 
64% than ten m can account for sixty-four percent of dry matter in raw slurry, but 
in anaerobically digested suspension, this proportion jumps to eighty-four percent. 
Information on the plant dietary organization of molecule size divisions is basic once 
action no homogeneity of hang on creature slurry happens (for instance, almost 70% 
of unmelted N and P occurs inside the 0.45-to 250-m molecule size part of bulls
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Table 3.2 Farm animal manure characteristics (per 1000 lb animal unit per day) 

Manure Uses Advantages 

Nutrients Nutrients include compost, fertilizer, 
and bioenergy conversion 

Fertilizer savings and revenue 
generated from sales of fertilizer 

Organic matter Soil reorganization Improves the soil’s structure and 
water-holding capacity. Effects on 
agricultural yield 

Solids Thick bedding Savings of up to $50 per cow per year 
on bedding supplies, for example 

Energy Energy Syngas and bio-oil are all 
examples of renewable energy sources 

Farm-specific energy; less dependency 
on fossil fuels sales of energy; fossil 
fuels; revenue generation 

Animals 
category 

Weight 
(lb) 

Moisture 
(percent) 

Solids 
(lb) 

Volatile 
solid (lb) 

O 
(lb) 

N 
(lb) 

P (lb) K (lb)  

Lactating 
cow 

100–130 87 15–17 8.2–15 3.1 1.0 0.22–0.25 0.41–0.45 

Calf 90 85 8.2 6.6 1.2 0.5 0.04 0.22 

Heifer 60 85 8.6 6.2 1.3 0.3 0.04 0.13 

Dry cow 55 90 5.5 6.5 1.0 0.4 0.053 0.20 

Beef cow 108 70 12 12 3.5 0.4 0.09 0.32 

Growing 
cow 

88 77 8.8 8.3 2.7 0.5 0.09 0.35 

Finishing 
cattle 

68 95 5.4 5.0 3.2 1.2 0.4–0.5 0.3 

Gestating 
sow 

28 95 2.8 3.0 0.9 0.2 0.04 0.3 

Layers 58 75 18 3.2 3.2 1.2 0.4 0.4 

Broiler 89 76 23 5.4 5.0 0.8 0.3 0.6 

Turkey 
toms 

35 76 8.0 2.0 2.3 0.4 0.2 0.50 

Turkey 
hen 

45 76 15 3.5 3.0 0.8 0.4 0.31 

Duck 100 76 26 4.0 5.5 0.4 0.45 0.45

slurry). More than 80% of the absolute N and P in dairy cattle slurry is found in the 
division under 0.125 mm (Meyer et al. 2007). 

3.7 Technologies for Animal Waste Treatment 

Animal manures are commonly a combination of excrement, urine, wasted bedding, 
and waste feed, with various quantities of water. As a result, relying on whether the
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manure is solid, semi-solid, slurry, or liquid, a few manure remedy structures can be 
appropriate for dealing with manure than others. The technology mentioned on this 
segment are opportunity withinside the feel that they minimize pollutants greater 
correctly than conventional untreated manure land application. These changes in 
waste control technology can also additionally necessitate extra remedy strategies to 
growth the system’s overall performance and acquire on-farm nutrient discount goals. 
These extra nutrient discount and recuperation procedures are mentioned in addition 
in this text below the segment on nutrient discount and recuperation strategies. 

3.7.1 Compaction 

Actual procedures, for example, granulation and bundling can assist with working 
on the capacity and treatment of mass compost solids. These methodologies plan to 
convey supplements to fertilizer in a more practical and without dust way, as well as 
condition the manure before change to bioenergy. The granulation of a mass material, 
for example, poultry litter, extraordinarily builds its thickness. Granulation of poultry 
litter blended in with 3% vegetable oil, for instance, quadrupled the mass thickness 
of oven litter, from 200 to 790 kg m3 (McMullen et al., 2005). 

The water content material and strength expected to conservative chicken litter 
the utilization of pelletizing gear choose the most proficient compaction of chicken 
litter (Bernhart and Fasina 2009). Notwithstanding, the high energy utilization and 
gear costs make the buy and activity of a pellet plant on a homestead unreasonable 
for grill makers. Chicken litter squander bundling was created as an energy-effective 
option in contrast to granulation as a compaction technique. Pressure and wrapping 
are consolidated in this strategy (Bernal et al. 2009). 

3.7.2 Aerobic Degradation 

Vigorous biodegradation is the breakdown of regular contamination via microorgan-
isms when oxygen is available. All the more explicitly, it alludes to being or dwelling 
exclusively within the sight of oxygen. Mechanisms of treating the soil and vermi-
composting under cardio conditions, regular depend debasement is an exothermic 
strategy wherein oxygen highlights as a terminal electron acceptor, revising normal 
particles into more prominent secure mixtures, delivering carbon dioxide and water, 
and delivering heat. In the field, cardio corruption happens gradually on the dirt 
surface without accomplishing inordinate temperatures; in any case, this home grown 
breakdown technique might be hurried through heaping the texture into windrows 
to confine warmth misfortunes and as needs be license for temperature increments. 
Albeit each cardio strategies, fertilizing the soil and vermicomposting, had been 
broadly utilized for handling various sorts of creature fertilizer, both consistently 
or joined, practically all the exploration aren’t far and wide thought about, because
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of varieties in exploratory plans, regular count content, worm species, test length, 
and assessment boundaries, among various things. In spite of those restricts, those 
explorations have considerably supported a higher data of the changes that emerge 
withinside the texture at some stage in those natural adjustment strategies, that is 
significant for their improvement and, eventually, the assembling of an extraordi-
nary stop item. In like manner, a couple of synthetic capacities of creature fertilizers, 
comprising of an extra of dampness, low porosity, an unreasonable N consideration 
rather than the regular C substance, or unnecessary pH values, can limit the viability 
of those strategies (Bernal et al. 2009). 

3.7.3 Composting 

It is a bio-oxidative method that involves the mineralization and fractional humifica-
tion of normal matter; following in a balanced out absolute last item this is liberated 
from phytotoxicity and microbes and has positive humic homes and might be utilized 
to improve and keep soil brilliant and richness (Zucconi 1987). Ranchers have gener-
ally treated the soil animal composts after series with a reason to improve taking care 
of, transportation, and the executives (Bernal et al. 2009). The squanders have been 
much of the time heaped high, with little respect for the strategy conditions (air 
circulation, temperature, alkali misfortune, and so on) and the use of crude proce-
dure. Consistent fertilizing the soil tasks might be thought of as a succession of 
constant societies, each with its own special arrangement of physical (temperature), 
synthetic (to be had substrate), and biological (composition of the microbial popula-
tion) capabilities and comments effects. These fluctuations make it hard to observe 
the procedure, which is almost not possible to duplicate withinside the lab due to 
the fact temperature, moisture, aeration, and different elements are all depending on 
the surface/quantity ratio. Composting, in general, may be defined as a four-segment 
procedure wherein fungus and microorganism (known as number one decomposers) 
ruin strength-rich, plentiful, and without difficulty degradable materials consisting 
of sugars and proteins in the course of an preliminary segment referred to as the 
mesophilic segment (25–40 °C). 

Despite the truth that each microbial agencies combat for with ease to be had 
substrates, fungus are speedy outcompeted due to the fact microorganism’s most 
precise boom costs are one order of importance more than fungi’s (Griffin 1985). 
Because mycelial organisms are extra visible, the significance of microorganism 
(except for Actinobacteria) at some stage in the composting procedure has lengthy 
been overlooked offers a precis of the microbial agencies engaged withinside the 
preliminary mesophilic segment (Ryckeboer et al. 2003). Manure fauna which inte-
grates night crawlers, vermin, and millipedes can likewise in addition do as impetuses, 
adding to mechanical breakdown and providing a gastrointestinal home for partic-
ular microorganisms, provided that mechanical powers (which consolidates turning) 
are unobtrusive. The commitment of these creatures might be immaterial or crit-
ical, as withinside the instance of vermicomposting The colossal style of mesophilic
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life forms withinside the exact substrate is three sets of importance higher than the 
immense style of thermophilic organic entities; be that as it may, essential decom-
posers’ advantage thought processes a temperature climb, and resulting thermophiles 
debase the mesophilic microbiota, further to the last without inconvenience degrad-
able builds. During this 2nd segment of composting, referred to as the thermophilic 
segment, the temperature rises swiftly and speedy hurries up as much as a temper-
ature of approximately 62 °C. When a compost pile reaches a temperature of over 
55 °C. Fungal improvement is typically hindered, and thermophilic microorganism 
and Actinobacteria are the number one degraders in the course of this peak-heating 
period. Furthermore, fungi are extra laid low with oxygen transport than microor-
ganism, or even in force-aerated systems, short anoxic conditions can arise. As a 
result, besides for the composting of lignocellulosic wastes, fungi play a bit function 
at some stage in this segment. When the temperature is among 50 and sixty-five tiers 
Celsius, Bacillus microorganism are commonly dominating. Furthermore, contrib-
utors of the Thermus/Deinococcus institution had been found in biowaste composts 
(Beffa et al. 1996), with most excellent improvement temperatures of sixty-five to 
seventy-five tiers celsius. Composts have yielded a whole lot of autotrophic microor-
ganism that get their strength from sulfur or hydrogen oxidation. Their most excel-
lent temperature is seventy-five tiers Celsius, and that they extensively resemble 
Hydrogenobacter species formerly found in geothermal settings. 

What’s more, the fundamental anaerobic microorganisms are notable withinside 
the fertilizer, but there might be regardless a comprehension opening roughly this 
microbial species. It is accepted that the more extended increment occurrences of 
archaea, when contrasted with microorganism, made them defective for the always 
changing over environmental elements of the treating the soil strategy. Be that as 
it may, a huge assortment of cultivable (Methanosarcina termophila, Methanother-
mobacter sp., Methanobacterium formicicum, among others) and regardless crude 
archaea had been found in treating the soil strategies in most recent exploration the 
utilization of the legitimate methods (Thummes et al. 2007a, b). The very last temper-
ature upward push can be extra than eighty levels celsius, because of the impact of 
abiotic exothermic techniques related to thermostable actinobacteria enzymes. Such 
excessive temperatures are required for sanitizing compost to kill weed seeds and 
bug larvae, in addition to human and plant pathogens (Vinneras et al. 2010). Temper-
atures above 70 levels Celsius have the drawback of killing maximum mesophiles, 
delaying the restoration of the decaying populace after the temperature peak. Inocula-
tion with mesophilic first-degree materials, on the alternative hand, can be capable of 
clear up this problem. When thermophilic organisms stop their pastime because of the 
shortage of substrates, the temperature starts off evolved to drop. This marks the begin 
of the cooling segment, additionally referred to as the second one mesophilic segment, 
of composting. The recolonization of the substrate via way of means of mesophilic 
organisms, each from surviving spores, via way of means of diffusion of blanketed 
microchials, or via way of means of outside inoculation characterizes it. During 
this segment, the variety of organisms that could degrade cellulose or starch will 
increase, specifically microorganism inclusive of Cellulomonas, Clostridium, and 
Nocardia, in addition to fungi inclusive of Aspergillus, Fusarium, and Paecilomyces
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(Ryckeboer et al. 2003). Finally, the fungus/microorganism ratio will increase for 
the duration of the maturation segment, way to the aggressive benefit of fungi in situ-
ations of decreased water capacity and much less availability of the substrate. Some 
researchers have proposed a 5th segment of composting, referred to as the hardening 
segment (or garage segment), wherein the physicochemical parameters stay regular, 
however, the microbial groups change (Danon et al. 2008). Therefore, the chemical 
and microbiological modifications that arise withinside the substrate at some stage in 
the one-of-a-kind levels of the composting method will mostly outline the stableness 
and adulthood of the very last product, in addition to its suitability to be used as 
a natural soil amendment. Due to the aggressive benefit of fungi in conditions of 
decreased water capacity and decrease substrate availability, the connection among 
fungi and microorganism emerges. 

Compounds which could not be damaged down, inclusive of lignin humus 
complexes, increase and end up dominant. Some researchers have proposed a 5th 
segment of composting, referred to as the seasoning segment (or garage segment), 
wherein the physicochemical parameters stay regular, however, the microbial groups 
change (Danon et al. 2008). Therefore, the chemical and microbiological modifica-
tions that arise withinside the substrate at some stage in the one-of-a-kind levels of 
the composting method will mostly outline the stableness and adulthood of the very 
last product, in addition to its suitability to be used as an natural soil amendment 
(Dominguez et al. 2010). 

3.7.4 Mechanism of Vermicomposting 

Detritivore earthworms react directly with bacteria and other members of the anaer-
obic microbial community during the organic process of vermicomposting, which 
significantly modifies the biochemical and biological characteristics of organic matter 
and boosts its stability. Their home-grown ability to colonize normal waste, exorbitant 
levels of regular material utilization, processing and osmosis, resistance to various 
natural variables, fast presence cycles, unnecessary conceptive rates, and strength and 
flexibility to dealing with (Dominguez et al. 2010). The homes are shared through the 
night crawler species Eisenia andrei, Eisenia fetida, Perionyx excagus, and Eudrilus 
eugeniae, that have been used appreciably in trojan horse composting plants. Reci-
procity, predation, and alleviation are examples of biotic interactions. The dating 
among decomposers (microorganism and fungi) and earthworms in addition to the 
speedy adjustments in each the useful variety and the substrate first-rate are the 
primary functions of those structures (Sampedro and Domínguez 2008). Microbes 
are particularly chargeable for the biochemical decomposition of natural be counted, 
Since they can influence microbial decomposer movement by brushing on microor-
ganisms straightforwardly and extending the surface region accessible for microbial 
assault after the comminution of natural matter, night crawlers are critical to the 
cycle (Monroy et al. 2009) and developing the area of the microbial area attack. 
Certain microbial organizations respond another way to the gastrointestinal climate
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(Schönholzer et al. 1999). For instance, a couple of microorganisms develop to be 
energetic at some stage in the stomach. They visit by means of the digestion tracts 
even as others are unaffected and others are processed withinside the gastrointestinal 
system, primary to a general population decline (Monroy et al. 2009). These outcomes 
substantiate a new report (Gómez-Brandón et al. 2011a, b) that found solid proof for 
a bottleneck impact brought about by worm processing (E. andrei) on the microbial 
populaces of the underlying eaten material. This demonstrates that the worm stomach 
is a vital participant in molding microbial networks. It fills in as a specific channel 
for microorganisms in the substrate and supports the improvement of a microbial 
local area that is capable at processing synthetics created or delivered by the night 
crawlers in the materials they ingest. 

Since digestive tract organisms send off normal be counted into the dung, wherein 
the discharged regular be included is moreover harmed down, such specific outcomes 
on microbial gatherings as a result of gastrointestinal entry can change the break-
down pathways at some stage in deception fertilizing the soil, greatest likely through 
changing over the structure of the microbial gatherings concerned withinside the 
arrangement of rot. For sure, as prior expressed, purple diversion projects consol-
idate totally exceptional microorganism populaces than the ones found withinside 
the decide fabric, and it is guessed that security the ones bunches into present day 
regular be counted can reason changes like the ones noticeable when worms are 
available, cleansing microbial organization levels of leisure activity and upgrading 
the practical assortment of microbial populaces in vermicomposting structures (Aira 
and Domínguez 2011). Past assessment has incontestable that vermicompost capa-
bilities a greater microbial assortment than the fundamental substrate (Sen and 
Chandra 2009). Following the delegated magnificence of Holes, the accompanying 
night crawler projects get through projected related strategies (Covers), which may 
be various eagerly concerning aging, the existence of unworked fabric, and area 
change of the egested material (weeks to months; Fig. 3.1). At some stage in those 
methodology, the impacts of purple worms are for the most part sideways and gotten 
from the Holes (Aira et al. 2007). In general, there are two segments to worm side 
interest in vermicomposting: I a lively present that night crawlers framework the 
normal substrate, dynamic its substantial nation and microorganism organization 
and (ii) a development area wherein worms are uprooted to first-year recruit layers 
of undigested substrate, permitting microorganisms to expect over the decay of the 
worm-handled substrate (Gómez-Brandón et al. 2011a, b). 

The time of the development area is variable and is overwhelmed through the 
productivity with which the enthusiastic period of the procedure is completed, not 
entirely set in stone through the purple diversion species Partner in Nursing, addition-
ally because of the reality the rhythm at which the buildup can be applied (Domínguez 
et al. 2010). Vermicompost should accomplish a most satisfying in expressions of 
nutritionary substance material and unhealthful burden at some stage in this aging 
period, helping plant improvement and predominant plant sicknesses (Domínguez 
et al. 2010). Vermicomposting, then again, is a mesophilic system (Monroy et al. 
2008). This changed into in sync with the genuine truth that totally remarkable 
microorganism bunches respond to the viscus environmental elements in some other
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case contingent upon the night crawler species. Another key feces regulation the 
unhealthful burden markdown at some stage in the procedure is that the irresistible 
specialist being thought of. Worms neglected to diminish the recognition of enter-
obacteria pneumoniae Partner in Nursingd Morganella morganii; however, excep-
tional microbes like enterobacter aerogenes and Enterobacter cloacae have been 
totally killed, in sync with (Parthasarathi et al. 2007). At some stage in an ongoing 
report (Aira et al. 2011) the wealth of waste enterococci, waste coliforms, and E. coli 
diminished all through the layers of a modern scale vermireactor took care of with 
cow fertilizer, while general coliforms, Enterobacteria, and clostridia stayed equiv-
alent. In spite of the spearheading examinations of (Riggle 1996) and industrialist 
(Eastman et al. 2001), practically zero is idea with respect to the vermicomposting 
framework in modern scale structures, this is, vermicomposting structures intended 
to take care of significant amounts of junk. This microbespecific impact shows that 
night crawlers alter now presently not clearly how much unhealthful microorganism, 
yet in addition their one of a kind organization. in sync with, unaffected microbes 
ought to very much like the markdown in microorganism and plant biomass all 
through the layers of the reactor, ability to diminish helpful asset rivalry (Aira et al. 
2011). 

3.7.5 Anaerobic Digestion 

In the absence of oxygen, microorganisms utilize anaerobic assimilation to separate 
natural squanders including creature fertilizer, wastewater natural squanders, and 
food scraps is called anaerobic processing. The technique for anaerobic processing 
(Promotion) has been concentrated on eminently in plant-essentially based absolutely 
and designed environments for more than 100 years. In home grown propensities, 
anaerobic corruption of home grown addictions happens in residue, waterlogged 
soils, and the digestive system of creatures, wherein get right of passage to oxygen 
is restricted; simultaneously as in designing conditions (Teglia et al. 2011). Biotech-
nology strategy the utilization of counting techniques wherein normal medication (for 
example spice waste, sewage, and/or a sustainable helpful asset) is corrupted into 
the shortfall of oxygen for the minimal expense assembling of biogas which might 
be utilized as an inventory of unpracticed energy (Insam et al. 2010). According 
to Massé et al. (2011), biogas changed into created at typical spot charges of 0.30, 
0.25, and 0.48 L/g dangerous solids from the anaerobic processing of pig, live-
stock, and chicken excrement, separately. since, comparably to creating biogas and 
bringing down nursery gas outflows (Insam and Wett 2008), anaerobic processing is 
transforming into uncommonly well known as a systemic opportunities for reusing 
excrement, the sort of anaerobic bioreactors at scale rural assembling achieving 4200 
in important and northerly Europe. Microbes make up around 80% of the general 
assortment of anaerobic digesters (Krause et al. 2008), anaerobic eukaryotes, princi-
pally parasites and protozoa, have obtained a huge amount significantly less leisure
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activity than microorganisms, due to their more slow blast expense and diminishing 
pervasiveness in anaerobic reactors. 

The recurrence and by and large execution of cellulose hydrolysis are very relying 
upon the microbial biodiversity included, which happens gradually beneath anaer-
obic circumstances on account of non-public adaptations in cellulose administrative 
work saw in nature, notwithstanding the assortment of lignin and hemicellulose 
grids wherein it’s miles coordinated for a significant distance (Lynd et al. 2002). 
Protein hydrolysis gradually creates peptides and amino acids, but debasement of 
lipids speedy produces glycerol and extensive chain unsaturated fats, as contrasted 
and next aging or oxidation. Clostridium, Acetivibrio, Bacteroides, Selenomonas or 
Ruminococcus are magnificent examples of not entirely settled in anaerobic reactors 
(Ueno et al. 2001). Microorganisms are subsequently responsible for most extreme 
hydrolytic procedures. The phones of the microorganism will take up the monomeric 
synthetic compounds produced because of the substance response of the biopolymer 
and age or oxidize them anaerobically to alcohols, short chain unsaturated fats, CO2, 
and atomic H (H2). Maturation (acidogenesis) is the most common way of delivering 
an energy-rich moderate which is then used to consolidate ATP, bringing about an 
aging item which is ousted from the phone. Acidogenesis, the method involved with 
assembling a maturation item that is released from the cell, is the most common way 
of making an energy-rich middle that is then used to orchestrate ATP. Since these 
side-effects are much of the time acidic, the extracellular pH diminishes related to the 
fermentative responses. This reality, along with an ascent in short-chain unsaturated 
fats, are the most well-known explanations behind reactor disappointment. Hence, it 
is fundamental to reestablish the harmony between acidogenic maturation microor-
ganisms and corrosive disposing of organisms to keep the pH of the framework 
adjusted. 

3.8 Animal Manure Management Systems 

The expression “creature squander the executives framework” alludes to an arranged 
framework with fitting parts created and kept up with to direct and involve side-effects 
of creature creation in a manner that keeps up with and improves the nature of the 
air, water, soil, plant, and creature assets (adjusted from). The rural waste control 
machine comprises of a creature excrement control machine. Creatures are brought 
up in a lot of ways, which has an impact at the compost control systems and strategies 
utilized. Fertilizer delivered through creatures raised on assortment and field lands 
is routinely taken care of another way from compost delivered through creatures 
brought up in constrainment. Excrement control is fundamental as it diminishes the 
dangers related with compost overseeing and use. Compost or its parts may be limited 
or deflected from having unfortunate get right of section to the more extensive envi-
ronmental elements in the event that a wonderful excrement control machine is set 
up. Sound compost control works on human wellness notwithstanding the environ-
mental elements, monetary framework, and society. By the utilization of garbage as
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an asset, drawing out the ways of life pattern of valuable materials, and expanding 
utilizing optional materials, an asset green, socially comprehensive, and low-carbon 
financial framework might be achieved. The quests for creature compost control 
structures must be connected sooner than they might be purposeful and completed 
effectively. The fantasies of a fertilizer control machine should assortment from 
bringing down the ecological impact of compost making due, confining excrement 
supplement misfortunes, and offering its green use to administrative consistence, 
managing the planning of purpose close by various utilizes compost resources, and 
delivering income (Moreki and Chiripasi 2011) (Table 3.3).

Each manure control gadget has its specific set of challenges, extensively in 
phrases of nitrogen control. The major ingredient to be concerned about when it 
comes to animal feces are nitrogen, phosphorous, and potassium because of their 
importance in soil application. Potential nutrient losses in garage and for the duration 
of handling, in addition to ability nutrient overload for the duration of land applica-
tion, are the reassets of situation. Because of the shortage of land and the shortage 
of nutrient trying out to evaluate necessities previous to application, manure-carried 
out soils have extra nitrogen and phosphorus (Moreki and Chiripasi 2011). There is 
lots of proof that manure vitamins are misplaced plenty in garage (Rotz 2004). The 
primary manure management system operations of production, collection, storage, 
treatment, transport, and utilization must be managed holistically in order to prevent 
pollution, reduce nutrient losses, and avoid other potential hazards. 

Considering the model withinside the circumstances wherein the waste control 
instrument is consolidated, as an aide, the leaders’ interests, wants and targets should 
be respected in making arrangements the creature squander control contraption; 
the turns of events and yearly assembling of the waste that could require control 
notwithstanding conceivable predetermination changes withinside the size of activity 
not entirely settled; the decisions the chief is leaned to remember for utilization need 
still up in the air; the landowner’s decision for hardware and district of the capacity 
not set in stone; and the chart of the device need to cowl from the assembling to the 
use highlight degree and must be introduced area. These issues are fitting to making 
arrangements and planning the waste control structures for dairy, hamburger, pig, 
fowl and various creatures (Table 3.4).

3.9 Benefits of Manure Application

• Manure software at the land has many blessings for each farmers and society. 
• Manure is a splendid supply of each essential and secondary vitamins that plants 

want to grow. Furthermore, land software complements universal soil first-class, 
which gives oblique blessings to farmers withinside the shape of multiplied crop 
response, decrease inorganic fertilizer liming, and pesticide inputs, and decreased 
soil and water losses. 

• Green agronomic use of manure, society can advantage different blessings 
together with greater water first-class and carbon sequestration. This phase carries
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Table 3.4 Organic matter process management examples 

Type of system Description Associated nutrient loss challenges 

Feeding During grazing, animals deposit 
feces freely on the specific field 

Draining and evaporation cause 
significant loss of nutrients, 
particularly nitrogen 

Kraals Livestock are housed in a fenced 
landmass that will be used for 
different crops in the long term 

Losses of nutrients by the process 
of leaching 

Dry lot storage Bedding substances are used to 
capture excrement and pee 

Significant nutritional depletion 
could result, notably by urine. 
Draining and water run are further 
considerations 

Preservation of slime Human wastes are mixed with each 
other in the storage bin, and the 
excrement is frequently semi-liquid 

Evaporation loss are affected by 
airflow, holding tank depth, and 
duration of storage 

Lagoon Solids are removed from animal 
manure and processed in 
anaerobically lagoons 

Draining from the lagoon’s bottom, 
emission into the water, and stink. 
There could be a lot of nitrogen, as 
well as some methane (CH4) oxide 
emissions 

Energy or fuel Manure is either burned as fuel or 
processed anaerobically to produce 
biogas 

Burning results in ammonia, 
carbon, and sulphur losses. Slurry’s 
presence of water makes it tough to 
control 

Others Covering for residential 
construction and cattle feed are two 
examples. These possibilities are 
limiting, and using dung as 
livestock is discouraged 

Livestock use for the process of 
agricultural construction is a total 
loss

the medical proof for those blessings. Manure serves as a fertilizer manure is a 
high-quality supply of fundamental plant vitamins, together with N, P, and potas-
sium (K), and additionally gives most of the secondary vitamins that vegetation 
require (Table 3.5).

Table 3.5 Analysis of nutrient for exclusive structures first three non-liquid and subsequent three 
liquid gadget kg consistent with Mg and Kg consistent with 1000 L, respectively, Bates and Gagon 

Animal species N P2O5 K2O N P2O5 K2O 

Dairy 4–7 1–9 1–18 0.4–5.9 0.3–2.4 0.2–5.8 

Beef 3–11 2–8 2–18 0.6–4.5 0.2–3.4 0.4–3.4 

Swine 2–10 2–32 2–18 0.2–6.9 0.1–6.9 0.2–4.9 

Poultry 3–68 2–47 2–28 4.3–8.9 1.5–10.4 1.7–2.5 

From a specific operation will vary extensively because of the kind of animal, its meals ration, 
approach of series and storage, approach of software and climate
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• During treatment, storage, and handling, vitamins in manure can be misplaced or 
altered, decreasing their availability for utilization through developing plant life. 

• Animal waste are key reassets of nutrients for plant life, but software costs are 
regularly primarily based totally on the quantity of macronutrients like nitrogen, 
potassium, and phosphorous. Inorganic vitamins are the most effective ones that 
plant life can utilize. 

• Manure N and P may be located in each natural and inorganic paperwork, and 
that they are not constantly one hundred% to be had to plant life. Before plant life 
might also additionally appoint natural paperwork, they ought to be mineralized 
or converted into inorganic paperwork over time. 

• Because of potassium in waste is withinside the inorganic, its availability is akin 
to that of industrial fertilizer (Motavalli et al. 1989). 

3.9.1 Available Phosphorus 

Inorganic and mineralizable P make up the accessible P in fertilizer. A few exami-
nations have concluded that the convey accessibility of P in excrement is comparing 
to or better than that of inorganic composts (May and Martin 1966); others have 
concluded that excrement has lower reactions than manure P. Notwithstanding the 
absence of proof on excrement P accessibility, it is as of now imagined that 80 to 
90% of fertilizer P is plant available on the grounds that inorganic P represents 60 to 
90% of all out P (Sharpley and Moyer 2000). Since fertilizer is many times done put 
together absolutely generally with respect to establish N prerequisites, which prompts 
over-programming system of P and diminishes the need to exactly gauge plant to be 
had P, how much examine on compost P accessibility has been restricted. As current 
issues about P defilement of ground streams achieve compost programs put together 
absolutely generally with respect to P necessities, more exact assessments of plant 
to be had P in creature fertilizer can be required. 

3.9.2 Crops Response to Manure 

Creature fertilizer is a top-notch supplement supply as it integrates limit of the plant 
essential components. The capacity expense of compost as an inventory of plant 
nutrients for crop fabricating is astounding in spite of the way that the centraliza-
tions of nutrients withinside the fertilizer tends to be low. Over the excess 10 years, 
expanded quantities of obliged creature taking care of tasks have finished in a blast 
in the amount of excrement accessible. Many explores have demonstrated that land 
utility of compost will deliver crop yields equivalent or progressed to the ones got 
with synthetic manures (Motavalli et al. 1989). Crop quality has furthermore been 
progressed through compost application (Pimpini et al. 1992). At the point when crop
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improvements with compost had been extra than the ones accomplished with busi-
ness compost, response changed into typically ascribed to excrement gave nutrients 
or to cutting edge soil circumstances currently as of now not provided through busi-
ness manure (Zhang et al. 1998) found that 2 kg of fertilizer N had been equivalent 
to no less than one kg of urea-N in expressions of plant take-up and yield response at 
some stage in the livestock feedlot fertilizer application. Fertilizer advances the real 
situation of the dirt and will expand P and natural movement (Chang et. al. 1990). 
The regular matter, general N and micronutrient content material of the floor soil are 
improved due to fertilizer application. More exploration are difficult to measure the 
benefits of fertilizer nutrients beside N, and the financial increase connected with 
those improvements. 

Since it comprises of the main part of the plant’s significant nutrients, creature 
squander is an extraordinary compost supply. Although convergences of nutrients in 
fertilizer have a low propensity, it has various ability to supply nutrients to the plants 
for crop creation. The wide assortment of controlled creature taking care of tasks 
has expanded emphatically withinside the previous ten years, following in a vertical 
push in the amount of fertilizer open. Many examinations have demonstrated that 
excrement carried out to the floor produces crop yields which may be much the same 
as or higher than the ones delivered with engineered manures (Motavalli et al. 1989). 
Fertilizer cure has moreover expanded crop quality (Eck et al. 1990). 

3.9.3 Manure Maintains Soil pH 

The meaning of compost utilization of plant nutrients supply or soil supplement 
is broadly perceived, but the limit of excrement, exceptionally chicken tangle, to 
kill soil sharpness and improve soil pH is considerably less well perceived. Crea-
ture compost’s liming influence on corrosive and unbiased soils has been intro-
duced in long-lasting period subject and nursery studies. The Magruder Plots are 
experimental winter wheat field plots at Oklahoma State University established in 
1892. Researchers have conducted hundreds of experiments comparing various fertil-
izer treatments with manure applications and without such treatments. The plots 
became the center for wheat soil research in the region and provided constant data 
which helped farmers get maximum yield from their arid climates and naturally 
dry soils (Sharpley et al. 1993). As indicated by (Eghball 1999), red meat domesti-
cated animals feedlot waste and manure improve soil pH, but inorganic N compost 
programming brings down soil pH. The impact of long-lasting period (18 years) land 
programming oven obfuscate on natural associated soil boundaries became explored 
through Alabama specialists, who verified that dirt pH became 0.5 unit better to 
a power of 0.6 m under littered soils than unschooled companions (Kingery et al. 
1994). In an unpracticed home test, specialists in Hawaii tried the increment response 
of a tropical rummage vegetable to lime and regular fertilizer as corrosive soil added 
substances. Chicken excrement became demonstrated to be essentially basically as 
strong as lime in improving soil pH and diminishing aluminum (Al) harmfulness.
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This reviews found that tropical field vegetables can likewise also absorb additional 
calcium from compost than from lime. The fundamental reason excrement incre-
ments soil pH is that it incorporates minerals like calcium (Ca) and magnesium. On 
a dry weight premise, fowl tangle, for instance, incorporates cycle 50 kg of calcium 
as per Mg. 

3.9.4 Manure Enhance Soil Organic Matter 

According to research, the remedy of manure has a full-size effect at the chem-
ical, bodily and organic features of soil (Haynes and Naidu 1998). After 3 years of 
including hen bedding, observed will increase in soil organic matter (SOM) SOM 
of fifty-five to eighty percentage in loamy soils of northern Alabama. Most research 
display that manure additions ought to be made for at the least years to peer will 
increase in SOM. Manure remedy also can assist lessen losses of SOM in tillage 
systems (Kapkiyai et al. 1999). In small macroaggregates and microaggregates, the 
software of manure will increase the covered swimming pools of carbon. Fertilizer 
is additionally more prominent strong than plant deposits in recharging particulate 
SOM (Kapkiyai et al. 1999) this is connected with settled regular include in bunches 
of farming frameworks. Natural count is remembered to convince some of compound 
homes of the dirt. One renowned effect is a pH laid out extrade in cation substitute 
capacity (CEC) through the separation of carboxyl, phenolic, and hydroxyl organiza-
tions at the regular particles that form SOM (Tisdale et al. 1993). The shape and size-
part of SOM influences its commitment to CEC. Research from sandy sub-Saharan 
soils shows a development in CEC on account of fertilizer utility handiest while dirt 
estimated particulate regular count is available (Guibert et al. 1999). Because of the 
ability to buffer of normal count, in acidic soils, excrement tends to development soil 
and diminish pH in soluble soils (Wahid et al. 1998). In regions wherein P is lacking, 
excrement assets P and moreover makes P more noteworthy to be had with the guide 
of utilizing complexing Al. The normal complexing of Al furthermore lessens Al 
poisonousness. Excrement additionally can be utilized to improve crop fabricating 
in saline and sodic soils underneath sure circumstances (Haynes and Mokolobate 
2001). 

3.9.5 Manure Improves Physical Soil Properties 

The inclination of composts to invigorate the assembling of water-evidence totals 
(WSA) has a sizeable effect at the type of the dirt and thus at the real places of 
the dirt (Haynes and Naidu 1998). Various explorations have demonstrated that the 
helpfulness of fertilizer advances WSA. 

Roberts and Clanton (2000) determined that too excessive a share of waste stock-
pile area (WSA) will increase infiltration, porosity, and water retention Kirchmann
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and Gerzabek (1999) determined that too excessive a share of WSA will increase 
infiltration, porosity, and water retention capacity. WSAs also are associated with 
reduced compaction and erosion. Even in silty clay soils with an immoderate content 
material of herbal bacterial counts, the addition of fertilizer will increase macro 
aggregation and consequently prevents structural degradation, in step with Angers 
(silty clay marl) has been examined in numerous research to limit compaction and 
enhance accessibility. In a 90–12 months fertilization strive in Denmark, Schjonning 
et al. determined that fertilized soils below excessive hundreds display a far decrease 
compaction than fertilized or unfertilized inorganic soils with comparable water 
contents and bulk densities. According to this study, the quantity of SOM withinside 
the fertilized soil accelerated the fragility of the soil. Because of those modifications 
withinside the bodily houses of the soil, it’s far viable to color the ground in wetter 
conditions. The slurry minimizes the attempt required for soil cultivation and the 
resistance to seedling emergence and rooting with the assist of the development of 
the soil frame houses. 

3.9.6 Manure Pesticide Vulnerability 

Form and intricacy of soil food net are inspired through manner of way of the presence 
and forms of herbal C withinside the soil, which influences nutrient cycling similarly 
to plant ailments and parasites. The majority of research suggests that addition of 
manure may enhance microbial biomass (Estevez et al. 1996). Shifts in nutrient 
cycling rise up as microbial populations grow. Manure additives were demonstrated 
in many studies to enhance bacteria participating withinside the nitrogen cycle. After 
utilizing liquid swine manure, Lalande et al. (2000) observed a boom withinside 
the N mineralizer population. On a fallow field, Kubat et al. decided that manure 
addition prolonged nitrification greater than mineral fertilizers. These will growth 
can be high-quality in terms of giving crop nutrients, but if manure is performed at 
immoderate charges, they may be capable of make a contribution to nitrate leaching. 
Plant ailments can also additionally lower as microbial biomass and species range 
rise, due to the fact pathogen boom might be restricted with the aid of using opposition 
among microbial purchasers and a growth in predatory species. 

Modern investigations have decided that manure suppresses contamination 
through this route. 

Composted cow, sheep, or horse manure did not continuously reduce contami-
nation in this investigation. Extraordinary research shows that excess nitrogenous 
manure, including that of poultry and pigs, can reduce disease in soil by producing 
inordinate concentrations of NH3 and HNO2.ammonia and/or nitrous acid. Anhy-
drous ammonia and synthetic nitrite additions no longer offered the same treatment 
for the disease, according to preliminary research. Fertilizer unpredictable unsatu-
rated fats and acidic corrosive have likewise been displayed to lessen verticillium 
shrink and potato scab (Lazarovits 2001). Of these mixtures to restrain the illness. The 
consequences of fertilizer on plant parasitic nematode populaces have been referred
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to in more than one way. Both as vermin of plants and as people fundamental for 
supplement remobilization, nematodes assume a significant part in agrarian frame-
works (Coleman et al. 1984) concluded that chicken compost diminished plant para-
sitic nematodes, while dairy cattle excrement had no effect. In the most effective 
treatment frameworks, Neher and Olsen (1999) settled on a blast in plant parasitic 
nematodes. They said a selection of elements added to the overflow of plant parasitic 
nematodes, for example, the enormous measure of natural corrections, phenomenal 
soil ripeness factors, the utilization of pesticides, crop revolution and remarkable 
dealing with rehearses. A few examinations have related compost inputs with a blast 
in bacterivorous nematodes; this ought to expand how much supplements accessible 
for plant development. Side interest, debasement, and protection from pesticides 
are completely answered to be impacted by dependence on and positive expendi-
ture of the product fundamentally founded on information on SOM. Treated the soil 
excrement decreased the volatilization of methyl bromide and methyl isocyanate 
fungicides. Disarray in poultry has been displayed to cost two times the expense of 
atrazine debasement (Gupta and Baummer 1996). A microbial side interest, it tends 
to be of top notch as far as guarding against draining into groundwater. Excrement 
decreased draining of atrazine from coarse-finished soils, however is presently not 
generally so viable as actuated C from squander or processed metropolitan sewage 
slop, as per (Guo et al. 1991). According to a few investigations, treated the soil fertil-
izer enjoys preferable agronomic benefits over crude fertilizer. Enormous mixtures 
give humus to the dirt because of their steady spice content. Treated the soil compost, 
rather than smooth fertilizer, can possibly decrease the practicality of grass seeds and 
consequently the requirement for pesticides (Edwards et al. 2019). When contrasted 
with control plots took care of with same charges of N, P, and K found that consis-
tently bundles of spent mushroom fertilizer and hen excrement manure supported 
the yields of eight types of vegetables. 

The style of microbial and regular energizers in the manure likewise truly vaccinate 
soils, which can be one of the advantages it gives. 

3.10 Principles Associated with Manure Management 

Waste control and, with the aid of using extension, manure control are ruled with 
the aid of using some of principles. When growing manure control strategies and 
interventions, it is crucial to preserve those thoughts in mind. The following are a 
number of the principles: 

• Proximity precept: The proximity precept states that wastes must be dealt with as 
near wherein they may be produced as possible. 

• Sufficiency precept: The precept of sufficiency states that, if practicable, every 
country, and doubtlessly every condition, area must manipulate its personal 
garbage. If idea is carried out to animal manufacturing facilities, it method that 
farms should manipulate the waste they produce.
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• The polluter-will pay precept: states that folks that motive or make contributions 
to pollutants must go through the monetary burden. In this perspective, folks that 
produce manure must incur the fee of managing it as a way to keep away from 
capacity fitness and environmental problems. 

• Precautionary precept: This method is carried out primarily based totally at the 
impacted states’ capacities. According to the precautionary precept, the shortage 
of medical self-belief must now no longer be used as a justification for delaying 
fee-powerful efforts to preclude environmental deterioration, particularly whilst 
important or irreversible risks exist. 

• Sustainable improvement: This concept states that improvement projects aimed 
toward addressing modern-day wishes should now no longer jeopardize destiny 
generations’ cap potential to fulfill their personal wishes. As a result, manure must 
be dealt with and controlled in a manner that doesn’t damage the environment. 

• Intergenerational fairness precept: The precept of intergenerational equality states 
that waste must now no longer be controlled in this type of manner that destiny 
generations are accountable for the problems. 

3.11 Conclusion 

The significance of long-term animal manure management cannot be overstated. 
Consequently, the influence of manure created on the farm outweighs its basis of 
production. Organic matter pollution has been linked to a number of major global 
health outbreaks. A multi-pronged strategy to waste management is required for long-
term success. These methods are being used. Dietary techniques, legislative and legal 
framework, as well as physical, biological, and environmental factors organic matter 
treatment using chemicals manure policy, laws, and regulations that are effective 
will encourage. Especially with adequate enforcement and compliance, efficient and 
sustainable manure management procedures are possible. Manure management solu-
tions should effectively reduce the amount of manure produced. Organic matter has 
a harmful impact on the environment and the general populace. There are several 
advantages resulting from long-term fertilizers and manures (Fig. 3.3).
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Fig. 3.3 Flow sheet diagram of manure recycling and reuse 
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Chapter 4 
Anaerobic Digestion for Bioenergy 
Production Using Solid Animal Waste: 
New Avenues 

Iram Liaqat, Nazish Mazhar Ali, Muhammad Nauman Aftab, Sikander Ali, 
and Muhammad Arshad 

Abstract Waste production around the globe has become an essential topic of 
concern since this accumulated waste has resulted in environmental hazards. Anaer-
obic digestion produces biogas and increases methane production using an optimum 
substrate. The biogas production from anaerobic digestion of different wastes is 
highly dependent on process of biodegradation and operating at optimum conditions 
increases the process efficiency. In biogas production, feedstock composition is the 
key factor—more methane yields depending on the feedstock type. The digestion 
rate of organic wastes depends on the relative number of key components. Also, the 
quantity of the mixture includes physical factors like temperature and pressure. Little 
information is available for optimum conditions of anaerobic digestion. Therefore, it 
is suggested that optimum conditions for anaerobic digestion and co-digestion should 
be explored. Anaerobic digestion provides an alternative green and efficient solution 
for toxic waste management and energy production. So, this review emphasizes the 
anaerobic process, enhancement of biogas production, fermentation efficiency, and 
economic and environmental advantages. Further, the factors influencing anaerobic 
digestion and the effect of key and trace elements will be discussed.
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4.1 Introduction 

As a feedstock for biogas production, anaerobic digesters utilize various organic 
resources. However, there are scientific, technical, and legal restrictions adhere to 
some restrictions whether feedstock is animal manures, food waste, or wastewater 
effluents (Algapani et al. 2018; Tabatabaei et al. 2010). Furthermore, the feedstock 
should be a liquid mixture with high moisture content. Common digesters, such as 
mesophilic complete mix tank digesters, work best with a solids-in-water ratio of 4– 
8%. Depending on the system’s functional architecture, different moisture contents 
are necessary. Anaerobic digestion (AD) has grown in popularity as more renewable 
energy sources have been available worldwide. AD results in the generation of biogas 
in two phases. Hydrolysis phase is first phase in which organic matter is transformed 
of into CO2, fatty acids, and hydrogen. Second phase is methanogenic phase which 
involves decomposition of fatty acids into methane. Biogas is made up of methane, 
CO2, and other trace components. The essential technique is the same for both large 
plants and tiny reactors. Pre-treatments and substrate co-digestion are becoming more 
common to improve biogas output. The installation location also influences reactor 
design and substrate choices. Biogas upgrading aids in boosting the gas’s utility for 
various applications. The economic advantage is determined by multiple parameters,
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including location worldwide and the quality and amount of accessible substrate. 
To remain lucrative, AD processes rely substantially on government subsidies. AD 
profitability is especially important in developing countries because this technology 
improves human life in these locations. The chapter takes a detailed look at AD 
technology, discusses AD economics, and suggests future studies to improve the 
technology (Arshad et al. 2018). 

4.1.1 Anaerobic Digestion 

Anaerobic digestion is a sequential process in which microorganisms degrade 
biodegradable material in an anaerobic environment. It is used in both industries 
and domestic purposes for the production of fuels or to manage waste materials. 
Primarily fermentation is used in industries to produce food products. For yoghurt 
production in home fermentation, anaerobic digestion is used. Anaerobic diges-
tion naturally occurring in soil lakes and ocean basins is usually termed anaerobic 
activity. In 1776, Alessandro Volta discovered that anaerobic digestion is the primary 
source of methane that begins with the hydrolysis of the input material by bacteria. 
During this process, carbohydrates and other insoluble polymers are degraded to their 
soluble derivatives and made assessable to other bacteria. Acidogenic bacteria convert 
sugars an amino acids into hydrogen, organic acids, carbon dioxide, and ammonia. 
The bacteria also convert the organic acids into acetic acid with hydrogen, carbon 
dioxide and hydrogen as additional products in a process called acetogenesis. At 
last, these products are converted into methane and carbon dioxide by methanogenic 
bacteria. Methanogenic archaea play an essential part in the anaerobic treatments of 
wastewater. Biodegradable sewage and waste sludge are treated by anaerobic diges-
tion. The integrated system of waste management reduces the atmospheric emanation 
of methane gas. The biogas produced comprises carbon dioxide, methane, and trace 
amount of other contaminant gases. It is directly used as a fuel in power and heat gas 
engines. Additionally, the digestate is enriched with nutrients and can be used as a 
fertilizer (Aslam et al. 2018; Azzahrani et al. 2018). 

4.1.2 Utilization of Animal Wastes for Bioenergy Production 

If effectively recycled, many beneficial elements are found in animal waste and 
could be used as a good fertilizer for crop and energy production. Animal dung is a 
significant source of potassium, phosphorous, and nitrogen. Biogas is a renewable 
energy source produced by the anaerobic degradation of organic waste. Modern 
anaerobic digesters use air-tight chamber, where bacteria convert the solid manure 
into biogas that can be used for electricity production. Recently, the most frequently 
used biofuels are biogas and bioethanol. Biogas is generally produced by degrading
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organic waste such as manure and industrial and municipal waste. Corn and sugarcane 
are primarily used for the production of bioethanol (Berghuis et al. 2019). 

4.1.3 Biogas 

Biogas mainly contains methane and carbon dioxide. Methane forms 40–60% of 
biogas, and the remaining component is carbon dioxide and traces of water vapors. 
Biogas can be used as fuel for vehicles if compressed. Biogas could be a suitable 
replacement for natural gas if it is cleaned and standardized up to natural gas. It 
is then called biomethane, which could be used as a replacement for methane for 
cooking and heating purposes. Biogas can be produced by anaerobic digestion from 
food scraps, animal manure, sewage, and wastewater. Typically, biogas contains 50– 
75% methane, has a deep blue flame, and could be a good energy source (Fig. 4.1, 
Table 4.1).

4.1.4 Uses of Biogas 

Properly cleaned and upgraded to the standard of natural gas, biogas can be used as 
a replacement of methane gas for cooking and heating purposes.
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Table 4.1 Biogas 
composition 

Components Percentage (%) 

Methane (CH4) 50–80 

Carbon dioxide (CO2) 20–50 

Nitrogen (N2) < 1  

Hydrogen (H2) < 1  

Ammonia (NH4) < 1  

Hydrogen sulfide (H2S) < 1

• Compressed biogas can be used as a replacement for compressed natural gas for 
vehicles.

• Biogas is used for electricity production and water heating, etc.
• Biogas is used to displace CO2 in combined heat and power (CHP) plants (Boll 

et al. 2020; Liu et al. 2018a, b). 

4.2 Feedstocks for Anaerobic Digestion 

The most readily biodegradable organic materials are accepted as feedstocks for 
anaerobic digestion. Commonly used feedstocks include waste from food processing, 
sewage sludge, and livestock manure. Feedstocks possess a high potential for energy 
production, which depends on the level, type of processing, and concentration of the 
biodegradable material. Feedstock includes any kind of “bio” option, including crop 
residues, energy crops, plant oils, and waste streams like a municipal waste comprise 
of production, harvesting, storage, and transportation costs (Tilley et al. 2014). 

4.2.1 Types of Feedstocks

• Agricultural residues include all kinds of agricultural waste, such as bagasse, 
straw, stems, stalks, leaves, husks, shells, pulp, peels, etc., (Fig. 4.2) 

• Animal waste, such as manure, is a suitable source for producing energy
• Industrial wastes

Fig. 4.2 Types of feedstocks
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• Forest residues
• Solid waste
• Sewage. 

4.2.2 Feedstock for Biomass 

Renewable resources of biomass can be used directly as a fuel, or it can be converted 
to any other form of energy products that are commonly termed feedstocks (Table 
4.2). 

4.2.2.1 Biomass Feedstocks 

Biomass feedstocks mainly include residues of crops, dedicated energy crops, algae, 
forestry residues, wood processing, municipal solid waste, and waste of urban wood 
(Fig. 4.3).

4.2.2.2 Dedicated Energy Crops 

Non-food crops grown on land unsuitable for the commonly cultivated crops like rice, 
wheat, and corn to produce biomass are called dedicated energy crops. These crops 
are generally divided into two categories herbs and woody plants. Herbs are perennial 
and harvested annually; it takes 2–3 years to give maximum productivity. These 
crops include miscanthus, bamboo, tall fescue, sweet sorghum, Kochia, wheatgrass, 
and switchgrass. Short rotation woody crops are harvested after 5–8 years of their 
plantation. These woody trees include hybrid willow, poplar, eastern cottonwood, 
silver maple, green ash, sycamore, sweetgum, and black walnut. These species aid 
in improving soil and water quality, habitat for wildlife-related agricultural crops, 
diversifying the income source, and enhancing farm productivity (Benner 1989).

Table 4.2 Types of biomass feedstock 

Biomass type Examples 

Forests stuffs Sawdust, bark, wood, shrubs residues 

Bio renewable energy wastes Crop residues, agricultural wastes, urban wood wastes, mill wood 
wastes 

Organic wastes Industrial wastes, municipal wastes, municipal sewage, and 
sludge 

Lichens Crustose, foliose and fruticose lichens 

Mosses Polytrichales, Bryophyta 

Algae Prokaryotic, eukaryotic algae, and kelps 
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Fig. 4.3 Applications of biomass

4.2.2.3 Agricultural Crop Residue 

On existing lands, there are numerous opportunities to maximize agricultural 
resources without compromising the production of feed, food, and fiber. It includes 
leaves and stalks that are abundant and widely distributed worldwide. Major residue 
crops include wheat straw, corn stover, oat straw, rice straw, barley straw, and sorghum 
stubble. These residues can be sold to the local refineries, which create an additional 
income source for the farmers. 

4.2.2.4 Forestry Residues 

Forest residues left over from the logging of timber or whole-tree biomass specifically 
harvested for biomass make up the two main types of forest biomass feedstocks. After 
logging, dead, diseased and other unsaleable trees are frequently left in the forest. 

The woody waste is collected for bioenergy production with left over waste 
material to nourish habitat and support nutritional and hydrologic aspects. Addi-
tionally, surplus biomass can be used on millions of vast acres of forestland. In
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addition, forest vitality, restoration, resilience, productivity, and overharvesting of 
woody biomass will lessen pest infestation. Without harming the health and stability 
of the forest’s biological structure and function, the biomass might be collected for 
bioenergy production (Niu et al. 2013; Svoboda and Carcluie 2003; Zhao et al. 2018). 

4.2.2.5 Algae 

Algae as feedstock for bioenergy generally refers to various highly productive 
species, such as macroalgae, microalgae, and cyanobacteria. Algae use sunlight to 
produce biomass, which has all necessary elements such as lipids, carbohydrates, 
and proteins, which can be converted into biofuels and other bioenergy products. 
Depending on the type of strain, algae can possibly grow in salty, fresh, or brackish 
water. They can also flourish in water from second-use sources, including the produc-
tion of water from the operations of oil and gas drilling, municipal, industrial 
wastewater, aquaculture, agricultural, or wastewater. 

4.2.2.6 Wood Processing Residues 

Waste streams and by-products from wood processing are referred to as wood 
processing residues and possess a large amount of energy potential. Such as in wood 
processing for pulp or other products that produces bark, sawdust, branches, and 
needles/leaves. Bioproducts or biofuels can be formed by converting these residues 
as these residues are the waste of wood processing and prove to be an inexpensive 
and convenient source for biomass production. 

4.2.2.7 Sorted Municipal Waste 

MSW includes yard trimmings, paperboard, plastics, paper, rubber, food, textiles, and 
leather wastes are examples of mixed residential and commercial waste. MSW is used 
for bioenergy production by redirecting substantial amounts of MSW from landfills 
to the refinery. It also provides an opportunity to lower household and commercial 
waste. 

4.2.2.8 Wet Waste 

Institutional, Residential, and Commercial food wastes, organically rich biosolids, 
manure slurries, organic wastes of industries, and biogas produced from any of 
the aforementioned feedstock streams are examples of wet waste feedstocks. Rural 
economies can generate more income, and trash-disposal issues can be resolved by 
turning these “waste streams” into biofuels (Bastian et al. 2009; Beale et al. 2016; 
Stowhas et al. 2018).
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4.2.3 Feedstock for Biofuel 

A sustainable fuel known as biodiesel is created from various feedstocks, such 
as animal fats, cooking oils, and vegetable oils. Biodiesel produced by different 
feedstocks possesses different qualities, which should be considered before mixing 
biodiesel with petroleum diesel (Bertucci et al. 2019). 

4.2.4 Chemical Feedstock 

A feedstock is sometimes referred to as a raw material or an unprocessed substance. It 
is an alternative term for biomass which is used to produce or process other products. 
In carbon-based chemical industries, natural gas, and crude oil accounted for 87% of 
feedstocks in 2016. During utilization and manufacturing, carbon dioxide is emitted. 

Examples of feedstock include crude oil, which is utilized in the production of 
gasoline, corn, which is utilized in the production of soybean oil and ethanol, which 
is used in the production of biodiesel (Bharagava et al. 2019; Bingol et al. 2015). 

4.3 Best Feedstock for Anaerobic Digestion

• Crops, sewage, slurries, and plant waste are all examples of biodegradable material 
that can be utilized as fuel for anaerobic digestion. Animal manures

• Spent feed
• Waste products from the food industry
• Waste from slaughterhouses
• Farm fatalities
• Corn silage
• Glycerin; a byproduct for the manufacturing of biodiesel. 

4.3.1 Biodegradable Biomass Materials 

Biodegradable waste is a waste that can be broken down by other living organ-
isms and often comes from botanical and animal sources. Wastes are considered 
non-biodegradable if other living things cannot break them down. Biodegradable 
plastic, green garbage, food, and paper waste are all examples of biodegradable 
waste frequently found in municipal solid waste also known as BMW (biodegradable 
municipal waste) (Campanaro et al. 2016, 2019; Cardinali-Rezende et al. 2016). 

Following are some biodegradable wastes
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• Food waste
• Human feces
• Paper scraps
• Manure
• Sewage
• Medical waste
• Sludge from sewage
• Waste from slaughterhouses. 

4.4 Benefits of Anaerobic Digestion 

Anaerobic digestion is exciting because it is a streamlined and natural approach to 
convert a wide range of complex waste into nature friendly fuel gas. There are certain 
advantages and disadvantages which are summarized in Table 4.3. 

There are two main benefits of anaerobic digestion (Fig. 4.3).

• Environmental Benefits
• Economic Benefits. 

4.4.1 Environmental Benefits 

The natural environment provides many benefits that are difficult to quantify in 
monetary terms. Natural process assist in reducing greenhouse gas emission, cleaning 
the air we breathe, clean the water we drink, create food and medicines, decrease noise 
and chemical pollution, slow floods, and calm streets. This is referred as “ecosystem 
services” (Date et al. 2012; De Vrieze et al. 2017, 2016).

Table 4.3 Advantages and 
disadvantages of anaerobic 
digestion in developing 
countries 

Advantages Disadvantages 

Low construction cost Susceptibility to mechanical 
damage 

Low sludge production Lack of locally available 
materials 

Ease of transportation Low gas pressure requires 
extra weight 

Higher digester temperatures in 
warm climates 

Scum cannot be removed 
from digester 

Easy emptying and maintenance Used as a pre-treatment stage 

Low nutrient (phosphorus and 
nitrogen) requirements 

Need high temperature for 
effective operation 

Use of solid and liquid residues 
as solid conditioner 

Requires monitoring for 
smooth operation 
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Anaerobic digestion of organic matter will reduces the organic matter load and 
associated oxygen demand on manure handling process. This will results in processed 
components to be more ecofriendly and smaller with less harmful environmental 
effects. Compared to mechanical aeration, anaerobic pre-treatment being an econom-
ical method by converting an anaerobic lagoon to an aerobic lagoon. Digested elute 
is more operational than raw manure due to the presence of more stable organic load 
with less volatile odorants. 

4.4.2 Economic Benefits 

Economic advantages of anaerobic digestion are measured in terms of increased 
productivity and yield. Recycled nutrients will produce an ecofriendly and sustain-
able food products resulting in increased net income and revenues, etc. Additionally, 
produced heat, fuel, or electricity from biogas will be used on-farm, reducing the 
dependence of agriculture sector’s on fossil fuel energy. It will save money while 
debating a proposal to cut expenditures. Net income and revenues are two examples 
of economic benefits, which will be managed wisely by effective operation of anaer-
obic digestion. Profit and cash flow are economic gains as well. Reducing something, 
e.g., cost, can be considered an economic benefit. Lowering labor and raw material 
costs are the economic benefits (Campanaro et al. 2016, 2019; Cardinali-Rezende 
et al. 2016; Castellano-Hinojosa et al. 2018; Chaleckis et al. 2019; De Vrieze, Pinto, 
et al. 2018a, b). 

4.5 Recent Trends in Anaerobic Digestion Technology 

Environmental studies for producing biogas to reduce greenhouse gas emissions, 
focusing on the engineering and microbiological factors involved, have been the 
most popular topics in the field throughout the past five years of publications. Inte-
grating feedstock pre-treatment with the core processing of the substrates by AD 
to improve biogas quality and production is the key trend and opportunity. One 
alternative to achieve the appropriate Sustainable Development Goals is to produce 
biofuels and bioenergy using AD methods. Finally, understanding feedstock pre-
treatment concerning process modeling, optimization, and operation is essential to 
establishing AD as a successful management system that reaps benefits for both the 
environment and the economy (De Vrieze, Ijaz, et al. 2018a, b; DeLong et al. 1989; 
Dione et al. 2016).
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4.5.1 Development of Anaerobic Digestion Units 

Anaerobic digestion is broken down into four main phases: acidogenesis, hydrolysis, 
methanogenesis, and acetogenesis. The whole process can be represented by the 
chemical reaction, in which anaerobic microbes biochemically eat organic material 
like glucose to produce methane and carbon dioxide. 

Most anaerobic digesters use heat exchangers (HXs), which don’t mix the liquids 
as they transport heat from hot water to sludge. A boiler or combined power and heat 
engine is used to heat the water. The latter process, also referred to as cogeneration, 
converts biogas into renewable electrical energy (Fang 2010; Ferguson et al. 2016). 

4.6 Anaerobic Digestion System and Its Economic Analysis 

Even though, the anaerobic digestion of modest amounts of food and organic waste 
was once thought unprofitable, it is now expanding because of a novel method 
of producing biogas: small-scale digestion facilities. One hundred thirty micro-
scale digestion units were running throughout Europe as of 2016. These manufac-
turing units, which are smaller, less expensive, and more easily self-sufficient, draw 
farmers and investors in eco-neighborhoods who want to create new clean energy 
sources (Martin Alexander Fischer et al. 2019a, b; Martin A Fischer et al. 2019a, 
b; Franke-Whittle, Goberna, and Insam 2009a, b; Franke-Whittle, Goberna, Pfister, 
et al. 2009a, b). 

4.6.1 Small to Large-Scale Digestion System 

Biogas is produced on a small scale in a farm or small community by micro-scale 
digestion. The production units for small-scale digestion are under 80 kW. While 
some industrial units have a power capacity of over 1000 kW, most agricultural units 
are between 100 and 300 kW. Starting with 100 dairy cows, 200 cows, or between 
200 and 5000 tons of organic waste per year, a small-scale digestion operation is 
carried out. Micro-scale digestion enables the system’s independence by supplying 
the digester with agricultural products, which is the attraction of small-scale digestion 
because it avoids the need to invest in huge facilities (Franke-Whittle et al. 2014; 
Giacomoni et al. 2015; Grohmann et al. 2018).
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4.7 Anaerobic Digestion System and Economic Impact 

Small-scale digestion is an excellent, reasonably priced solution for farmers to diver-
sify their businesses. After 2010, on-farm micro-scale digesting plants started to 
develop. For several reasons, agricultural wastes by farmers are well suited to be 
used for anaerobic digestion (Fig. 4.4). It will 

• Generate their heat and electricity, saving money.
• Reduce greenhouse gas emissions associated with livestock waste.
• Lessen the powerful smells connected with using untreated manure as fertilizer.
• Reduce the distance that organic inputs must be transported to on-site facilities 

for treatment.
• Take advantage of the digestate’s benefits, such as more liquid material that is 

simpler to distribute, fewer weeds, mineralized nitrogen, etc. 

4.7.1 Small-Scale Anaerobic Digestion System and Its 
Economic Benefits 

Israel-based home biogas has created an anaerobic digester for residential use. It uses 
food waste to generate biogas and fertilizer. It requires six liters of food waste per 
day to sustain it. Thus, one can use the generated biogas for cooking, lighting, and 
heating (Gysi et al. 2018; Hagen et al. 2017). 

Since 2015, around 1000 family-sized biogas systems have been introduced to 
over 90 countries. Home biogas systems have already been implemented in several 
eco-districts in Great Britain. With its ability to digest up to 12 L of kitchen waste 
and up to 36 L of animal manure, the new model, home biogas 2.0, provides a 
bigger micro-scale of biogas production. Another example of a micro-technology

Anaerobic digestion system and economic 
impact 

Diversified Farm Revenue 
Rural Economic Growth 

Conservation of 
Agricultural Land Sustainable Food 

Production 

More income generation, less greenhouse gas emission, 
Ecofriendly and manageable waste effluents 

Fig. 4.4 Anaerobic digestion system and economic impact
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that aids consumers and businesses in better managing their food waste is the small-
scale, fully automated and insulated anaerobic digester offered by MyGug. In home 
biogas, food waste is converted into biogas and fertilizer. Six liters of food waste per 
day are needed to feed it. They can hold up to 0.5 tons of food waste annually and 
come in various sizes suitable for residential or commercial use (Hanreich et al. 2013; 
Hao et al. 2015; Hassa et al. 2018; Heyer et al. 2015, 2019). The biogas produced 
can thus be used for cooking, heating, and lighting (Ho et al. 2013; Hori et al.  2014; 
Iwai et al. 2016; Jia et al. 2019, 2018). Its design explicitly for domestic use, 

However, a regulatory framework should be implemented to promote micro-small 
digestion in cities. Even while the French government continues to support the growth 
of renewable energies, the legislative framework must permit small-scale digestion 
facilities in urban areas. 

4.7.2 Large-Scale Anaerobic Digestion System and Its 
Economic Benefits 

Large-scale digesters have historically been more common in most developed nations 
since they require more extensive infrastructure and substantial financial commit-
ment. The biogas that is produced is mostly utilized for heating and power, while it 
is occasionally upgraded to become a transportation fuel. Europe’s two main digester 
operation modes are “centralized” systems and “farm-scale” digesters. A centralized 
or combined system codigests agricultural leftovers, food waste, the organic portion 
of municipal solid waste (MSW), and animal manure from multiple farms. A portion 
of the digestate is returned to the farms in this model to be utilized as fertilizer, 
while the remainder is sold to other farms. These centralized facilities have enor-
mous digesters with a capacity of up to 300,000 ft3 (Jun et al. 2015; Kampmann et al. 
2012; Khelaifia et al. 2016; Kim et al. 2017, 2015). 

Farm-scale AD facilities are often constructed in big swine or dairy farms, and their 
digester capacities range from 7000 to 42,000 ft3. They combine the animal waste 
from one or more farms with other organic stuff that is readily available, such as the 
energy crops that were raised on those farms. The AD industry is well-established in 
the United States and is used to treat sewage sludge in wastewater treatment facilities. 
There are just 38 industrial AD plants, compared to 1250 wastewater treatment 
facilities and roughly 250 farm-scale anaerobic digesters (Kirkegaard et al. 2017; 
Kohrs et al. 2014; Lagier et al. 2012; Langer et al. 2015; Langille et al. 2013). 

In the past ten years, around 90% of the AD plants have been built, and 86% 
use dairy manure as their primary feedstock. According to USDA, U.S. EPA, and 
U.S. DOE, there is a significant opportunity for the AD business to expand in the 
United States, with the ability to use the manure from 8000 dairy and swine farms to 
produce enough energy to power 1.09 million homes (Li et al. 2015, 2017; Limam  
et al. 2014; Lu et al.  2013). Additionally, almost 2500 wastewater treatment facilities
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have the capacity to make biogas, many of which are actively producing methane 
but not using it (Lü et al. 2014; Lv et al.  2010). 

Large-scale AD systems use a variety of feedstocks, including waste from agri-
cultural or livestock farms, food waste, and wastewater/sewage sludge, and require 
considerable capital investment and upkeep. The economics of such plants vary 
widely because of the nature of these systems. The primary source of production 
costs for AD systems is capital expenditures. Operating costs range from $18 to 
$100 per ton of feedstock handled by the facility, depending on the size of the AD 
plant. According to a survey of 38 AD systems in the United States, the equipment 
used to generate energy accounts for about 36% of the entire capital expense. The 
price ($/kWh) for producing energy at AD plants ranges from $0.06 to $0.23. The 
AD plant and the fuel influence the cost of producing energy. Due to economies of 
scale, electricity generation costs are often lower for higher plant sizes (Manor and 
Borenstein 2017; Marchand et al. 2017; Maus et al. 2016). 

4.8 Conclusion and Future Prospects 

Due to the production of biogas and its various uses, additional products (such as 
digestate that could be used as biofertilizer), the collection of dumping fees, and 
government subsidies, AD has several economic advantages. AD has gained popu-
larity worldwide, from modest household digesters in impoverished rural countries 
to expansive systems in wealthy nations. The primary cost factor for AD plants is 
capital expenditures. The choice and accessibility of the feedstock are vital factors 
in the economics of large-scale systems. Although prices have stabilized in Asia, 
where the technology has been in use for a more extended period of time, small-
scale digesters’ capital costs vary significantly in countries where their introduction 
is relatively recent. Future technological developments in digestate management and 
biogas utilization may improve the economics of AD plants. 
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Chapter 5 
Techniques and Strategies for Bioenergy 
Production from Manure 
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Abstract The rapid increase in population and industrialization initiates the heavy 
dependency on the imported fossil fuel. Pakistan is facing severe energy crisis. 
The utilization of alternative energy resources reduces this problem. The search for 
alternate energy resources, including biowastes, is consequently gaining impetus. 
The consumption of the animal manure is considered as a most abundant source 
of energy generation. The successful implementation of animal manure through 
biochemical conversion technologies, as a primary source of energy in the existing 
ecosystem, is essential for the development of sustainable environment of the country. 
By treating the biowaste scientifically enables to do the successful conversion of 
biowaste to bioenergy. Manure is pretreated chemically, physically, mechanically, 
heat, and biologically to extract the biogas from it. The development of sustainable 
environment of human society is only fulfilled by using the concept of clean and 
green energy. Thermochemical processes are valuable in the maximum generation 
of bioenergy from manure and high activation energy is required to proceed the reac-
tion of energy formation. The designs of bioreactor allow the efficient functioning 
of microorganism or cells to perform their desired function under optimum condi-
tions. Gasifier reactor design and anaerobic digester design designs of bioreactors 
are utilized for the biological and electrochemical gas conversion of manure. Volatile 
and non-volatile components of the biomass are converted to gaseous compounds 
at an optimized organic rate. The industrialization of these bioprocesses provides 
effective applications of biogas as an energy source to meet the future energy needs.
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5.1 Introduction 

5.1.1 Energy Crisis 

A huge deficiency of electricity results from the heavy dependence on the imported 
fuels, which significantly effects the economic development of Pakistan. This situa-
tion creates an increase in the prices of local fuel and restricts the establishment of 
the new industrial sectors. The boost in the greenhouse gases emission threats the 
global environment. As the population rises, industrial and domestic activities went 
parallel to fulfill all needs (Li et al. 2021). Hence, the availability of more renewable 
and sustainable energy sources is required to overcome this electricity problem. The 
search for alternate energy resources, including biowastes are consequently gaining 
impetus. Solar, wind, hydro, and biomass are renewable energy sources. These alter-
native energy sources contribute to the production of sustainable energy development 
for the future (Raheem et al. 2016). 

5.1.2 How Much Energy is Generated from Biowaste 

As the need of the energy increases, it has become feasible to convert the municipal 
solid waste into the electrical energy. The growth of population and industrialization
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have become a crucial factor of raising the municipal waste. The usage of bio-waste 
aims to maximize the generation of energy and minimize the emission of greenhouse 
gases (Bilen et al. 2021). Biological wastes can be transformed to useful energy 
sources for contributing in three-fourth of global energy emissions. The biowastes 
were processed through biological and thermo-chemical route for the useful energy 
resources. The utilization of the biowastes enhances the global economy which in 
turn yields value added products (Awasthi et al. 2021). 

Depleting energy resources, increase in population, and global warming are the 
major ecological problems for sustainable environmental protection and develop-
ment. Several tons of organic waste are disposed by the United States. The non-edible 
sources including the manure, agricultural wastes, and wastewater were managed 
properly for public health. The conversion of waste to energy optimizes the over 
increasing amount of waste and depleting energy resources. The energy conversion 
is eco-friendly and aims to reduce the environmental pollution. The conversion of 
biowaste to biogas and fertilizer is essential to fulfill the domestic consumption of 
energy (Iqbal and Kang 2021). 

5.1.3 Manure 

A huge amount of manure is generated by livestock industry. The organic and animal 
waste combines to form an organic fertilizer known as manure. Manure is rich in 
the organic matter and other nutrients like nitrogen, that is consumed by fungi and 
bacteria present in the soil. The application of manure to the agricultural soils is 
widely considered as a source of soil organic carbon. The organic carbon concen-
trations in the soil increases as the quantity of manure increases. The organic matter 
present in this fertilizer is easily degraded due to the high accessibility of nitrogen 
content in manure (Gross and Glaser 2021). 

5.1.4 Chemical Composition of Manure 

Manure consists of heavy metals, organic wastes, nutrients, and microbes that facili-
tate the process of recycling of nutrients in the soil. The conversion of organic wastes 
to ecofriendly alternative by composting provides an organic fertilizer. Anaerobic 
digestion of animals manure show the presence of cellulose and lignin (Abou-Sreea 
et al. 2021). Changes in the physiochemical characteristics like organic carbon, 
nitrogen, and pH modifies the structural properties of the compost. There are several 
spectroscopic techniques such as Fourier transform infrared and nuclear magnetic 
resonance that were applied to examine the chemical nature of the manure. Low 
carbon-to-nitrogen ratio decomposes the organic waste and increase the absorbency 
of the soil (Liu et al. 2021).
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Table 5.1 Production of biogas from various biowastes deriving from several sources 

Substrate Biogas 1/day Methane 1/kg References 

Animal waste 0.45 – Karim et al. (2005) 

Chicken manure 1.08 – Belostotskiy et al. (2013) 

Cattle manure 12.1 184 Omar et al. (2008) 

Municipal solid waste 13.6 350 Martín-González et al. (2010) 

Fruit and vegetable waste 2.5 – Bouallagui et al. (2009) 

Agro-industrial waste 16.4 620 Álvarez et al. (2010) 

The organic bulking agents like straw, increase the porosity of the topsoil during 
composting. Different manures constitute different chemical properties and their 
changes during composting are also distinct. There are several microbial communi-
ties that play an important role in decomposing the organic waste. Changes in the 
chemical properties and the temperature of organic matter governed the process of 
assembly of bacterial communities. The results of this bacterial assembly predict the 
better understanding of composting driven by microbes (Bao et al. 2021). Table 5.1 
illustrates the production of biogas from different wastes that are originating from 
various sources. 

5.1.5 How Much Manure Produced Annually? 

Due to heavy dependency on the imported fossil fuel, Pakistan is facing a severe 
energy crisis. Partly due to chronic losses and lack of energy from cheap sources, the 
supply of electricity from utilities is well short of the demand. Pakistan is mainly an 
agricultural territory with wide variety of production of livestock waste by farming 
communities. Poultry manure held the largest share at 45.8% livestock population 
according to the research data of 2016–2018. This livestock population consists of 
cattle, goats, sheep, mules, horses, and camels. Different amounts of manure are 
produced by different animals based on their feed and size (Younas et al. 2016). 

Large quantities of manure of about 10–20 kg per day are produced by cattle 
from each province of Pakistan. The annual livestock manure production in Pakistan 
was 417.3 million tons, recorded in 2018. This annual manure could generate the 
26,871.35 million m3 of biogas. Due to the favorable conditions for the technologies 
of the biodigester and suitable development of the anaerobic digestion, the current 
energy crisis can be eliminated in Pakistan by adopting this eco-friendly energy 
alternative (Khan et al. 2021).
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5.2 Manure Pretreatment 

The organic waste present in the cattle manure facilitates the alternative biogas 
production. The biofibers in manure effect the biodegradability of manure. In order to 
increase the biodegradability of biofibers, manure is pretreated to extract the biogas 
from it. The application of circular economy in which maximum extraction from the 
resources is done with the minimal waste disposal to preserve the sources of energy 
for economic use. A low-cost treatment system to recover resources from waste 
includes several solid–liquid separation modules. Enough energy can be produced 
from fertilizers with a positive impact on sustainability of environment (Cândido 
et al. 2022). 

The combination of pretreatments was effective for the anaerobic digestion of the 
manure fibers. Chemical, physical, mechanical, heat, and biological pretreatments 
were combined on the anaerobic digestion of manure. All of them showed the positive 
response in methane yield (Khan et al. 2021). 

5.2.1 Chemical 

To enhance the anaerobic digestion of lignin and cellulose components of the manure, 
the combination of mechanical and chemical pretreatments was employed. This 
anaerobic digestion boosts the lignin removal for the efficient yield of methane and 
also decomposes the cellulose components of manure. Also, the acidic pretreat-
ment of manure improves the hydrolysis of hemicellulose. This hydrolysis results 
in the crystallinity of cellulose and removal of lignin. Moreover, the acidic pretreat-
ments generate several types of inhibitors that to promote the digestion process in 
manure (Khan et al. 2021). The chemical pretreatment showed the improvement 
of the methane yield when it was fed with 6% NaOH. Highest methane yield was 
obtained by treating the manure chemically with the addition of calcium oxide and 
sodium hydroxide to the biofibers manure (Zeng et al. 2021). 

5.2.2 Physical 

The physical pretreatments demand high energy to break the cells present in the 
manure by applying the physical force. This force increases the biomass surface area 
and reduces the particle size to enhance the microbial and enzymatic attack. Microbial 
attack set off the process of digestion of biomass to improve its accessibility (Orlando 
and Borja 2020). The production of secondary inhibitory substances was prohibited in 
physical pretreatments. The combination of physical with mechanical pretreatments 
reduces the cellulose crystallinity (Victorin et al. 2020).



130 N. Munir et al.

5.2.3 Mechanical 

Several technologies have been developed for treating the agricultural waste. The 
mechanical pretreatments were present in all industries that consume organic waste 
to generate biogas. Mechanical mixing homogenizes the manure with the recycled 
digested matter in order to enhance the solubilization in biodegradable compounds. 
At laboratory scale, three mechanical pretreatments were applied to recycle waste. 
First, the organic waste was shredded, then mixed, and finally blended. Shredding 
was done in rotary at a low rotational speed and reduced the size of the large particles 
in biowaste (Coarita Fernandez et al. 2020). 

Shredding pretreatment was not efficient to obtain a higher methane yield. While 
blending improved the yield of methane from organic waste. These mechanical 
pretreatments were efficient in lowering the element size and increasing the biogas 
production rate. Also, the exposure of organic compounds to enzymatic hydrolysis 
become more (Zeng et al. 2021). The alternation of cell walls evaluates the enzyme 
accessibility for degrading the biomass. Several hammer mills were used to grind the 
manure and to decrease cell size. Combination of aluminum, sandpaper, and stainless 
steel was applied to achieve the smaller particles during grinding phase (Nabi et al. 
2019). 

5.2.4 Heat 

Heating of biofibers in the organic waste resulted in an increase biomethane produc-
tion and removal of chemical oxygen demand. In the heat pretreatment, the removal 
efficiency of chemical oxygen demand is higher. Heat pretreatment involves the 
influence of hydraulic retention time. The methane production rates can be achieved 
by pretreating the manure with heat. Due to complete removal of chemical oxygen 
demand, the digestion was anaerobic. Also, the heat induction stimulates a sterile 
environment for the system (Orlando and Borja 2020). 

Hydraulic retention time was applied to treat the high lignin and organic substrates. 
In addition, the continuous thermal pretreatment is applicable at industrial scale to 
achieve maximum enzymatic hydrolysis with the low cost of energy. The production 
of hydrogen in thermal treatment influences the methane and ammonia production 
in manure. Low hydraulic retention rate and hydrogen production were unfavorable 
for methanogenesis (Qian et al. 2019). 

5.2.5 Biological 

The biological pretreatment of organic waste is efficient on large industrial scale. 
By consuming various enzymes and microorganisms in biological pretreatment of
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manure had attracted more attraction due to its eco-friendly nature and lower cost. 
The abundance of microorganisms was effective in degrading the components in the 
manure that are unable to break (Shen et al. 2018). Among the biological treatments, 
the usage of microbial cultures was effective in treating the organic wastes, as a 
large colony of microbes can be organized with only a single strain. The anaerobic 
microbial digestion also facilitates the catalytic substrate binding of enzymes. The 
production rate of methane depends upon the anaerobic efficiency of microbes (Ali 
et al. 2020a, b). 

5.3 Techniques to Convert Manure into Bioenergy 

Rapid increases in industrialization and population effects the energy demand. By 
treatment the biowaste scientifically, enables to do the successful conversion to bioen-
ergy (Bhatia et al. 2018). Different types of manure especially the horse manure has 
ability to recover for the generation of heat and electricity. Due to the high volatile 
nature and low ash content in the horse manure, indicated its bioenergy recovery 
potential. High activation energy was required to proceed the reaction of energy 
formation. Thermochemical processes were valuable in the maximum generation of 
bioenergy from manure (Chong et al. 2019). Figure 5.1 gives the complete scheme 
of production of bioenergy from various biowastes. 

Fig. 5.1 Complete scheme of bioenergy production from various biowastes
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5.3.1 Thermochemical Processes 

The thermochemical conversion of manure to bioenergy is highly complex and energy 
sensitive (Perera et al. 2021). The successful commercialization of this reaction 
depends upon the optimized reactor and process designs. Thermochemical process 
includes combustion, gasification, pyrolysis, incineration, and carbonization (Guo 
et al. 2020). The release of gaseous products in the combustion process had a great 
impact on the ash content (Kirch et al. 2020). 

5.3.2 Combustion 

The sustainability of energy production was increased by combusting the solid wastes 
to convert the surplus manure into the renewable fuels (Mboumboue and Njomo 
2018). Their combustion behavior was stimulated by blending manure with fossil 
coal. The hydrocarbons present within this mixture undergoes two stages of combus-
tion: active and fossil fuel combustion. The difference in the combustion techniques 
depends upon the differences in the characteristics combustion temperatures and 
kinetic parameters (Kirch et al. 2020). The simulation of blends of animal manure 
derived char was similar to the coal. Various studies represent the high potential of 
combusting the small animal manure with coal has high power generation facilities 
(Sharara and Sadaka 2018). 

5.3.3 Gasification 

Gasification is defined as process of heating the biowaste or solid manure under 
controlled supply of oxygen without combusting. This process leads to the forma-
tion of syn-gaseous products like carbon dioxide, carbon monoxide, and hydrogen 
gas (Cerinski et al. 2021). The efficiency of gasification is more than other conver-
sion techniques as the solid waste is transformed into clean gases, which are easily 
transported. High energy recovery is another advantage of gasification process (Ren 
et al. 2020). The tar produced prohibits the direct use of syngas in internal combus-
tion engines. Before the biomass products were subjected to gasification, they were 
pyrolyzed to prevent the tar formation (Gyurik et al. 2019). 

5.3.4 Pyrolysis 

Pyrolysis is defined as the process of degradation of organic waste in inert envi-
ronment by applying high heat. The organic waste can be generated from animal
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manure or agricultural waste can be processed by pyrolysis, and the yield of this 
process depends upon moisture, temperature, and heating rate. The increase in the 
moisture content of the reactant resulted in the increase lipid production and decrease 
in the solid and gaseous products (Czajczyńska et al. 2017). The temperature rates 
effect the production of lipid fuel. The production of gas and lipid fuel was reduced 
at high temperature, and the production of charcoal was increased at low heating rate 
(Pulka et al. 2019). 

Based on the operating conditions, the pyrolysis was further classified into the 
fast and conventional type. The conventional pyrolysis was usually done at low 
heating temperature in order to maximize the production of charcoal from manure. 
In contrast, the fast pyrolysis was done at high temperature rates, and it directly 
depolymerizes the biomass into vapors. After the vapors formation, the biomass was 
directly converted into the bio-oil (Cai et al. 2021). Very high heating temperature 
was required to do the fast pyrolysis. The combustion temperature of biowaste and 
particle size of the animal manure made pyrolysis challenging (Mong et al. 2020). 

5.3.5 Incineration 

Incineration is the process of production of heat by combusting the material. The 
heat generated from the process of combustion have ability to run the power turbines 
for the electricity production. By incinerating 1 ton of waste, nearly 500–600 kWh of 
electrical energy can be generated (Trindade et al. 2018). The technique of incinera-
tion kills pathogens and also helps in the reduction of waste volume. Many developed 
countries use the process of incineration to generate electricity (Antelava et al. 2021). 

Incineration is the complete oxidation of combustible materials with a waste 
steam. Incineration deals with waste streams on large scale as compared to other 
processes which deal with waste on rather small scale. Thus, because of this ability 
of dealing with high degree of waste variety, incineration has advantage over all 
other processes (Foster et al. 2021). Considering the efficiency, product percentage 
that we obtain after processing is more in case of dry ash as compared to the fly ash. 
But fly ash can also be used on roads in the form of asphalt. The bottom ash that we 
obtain from incineration requires much further purifications in order to obtain useful 
products (Shanableh et al. 2021). 

5.3.6 Carbonization 

The thermal conversion of biomass to carbonaceous residues defines the process of 
carbonization. This process is helpful in decomposing biomass or animal manure to 
biochar, which can be used as a solid fuel to generate electrical energy (Czerwińska 
et al. 2022). Cattle manure is more applicable in carbonization energy transformation. 
Solid fuel is generated from this thermal reaction is clean and contains fewer aromatic
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compounds. Hydrogen-rich gas and bio-oil are the byproducts of carbonization by 
consuming cattle manure (Merzari et al. 2020). 

In carbonization, the pre-dry feedstock is not necessary for its energy conver-
sion. This technique is efficient in energy as the energy required is much lower than 
comparison with pyrolysis and incineration (Khoo et al. 2020). In addition, the pres-
ence of water is a beneficial factor in improving hydrophobicity of waste and fuel 
properties. The amount of inorganic substances were also reduced in the biomass 
and produced high ash yield (Wilk et al. 2019). The conditioning environment of the 
hydrothermal takes elevated temperature for a specific time with aqueous environ-
ment. The conditions degrade the cellulose, lignin, and hemicelluloses. The carbon 
materials and solid fuels of high energy density can be formulated with carbonization 
for various applications of energy production (Sharma et al. 2020). 

5.4 Biochemical Processes 

By interlinking biochemical and thermochemical process for energy production from 
different waste products, a high product yield is obtained as compared to the past 
when biochemical and thermochemical processes were used separately (Patel et al. 
2021). By the aid of anerobic breakdown of substances, we can obtain a large amount 
of energy that is previously stored in the form of biowaste. In this regard, methane 
is equally as useful as other biogases as it can be used as fossil fuel as well. On the 
other hand, excreta containing nitrogen and phosphorous can be successfully used 
in the formation of organic fertilizers (Ahorsu et al. 2018). 

With the passage of time, the world population has increased in an astonishing 
rate, which results in increase in waste generation. The dependence of the renewable 
resources has developed to an extent as an energy source. Bioenergy from the waste 
of various of substances by providing them preferred anaerobic environment diges-
tion environment over aerobic digestion, which ensures the waste management in a 
sustainable manner (Kim et al. 2018). By the consumption of biochemical processes, 
the production of biogas can be done for energy generation in metropolitan and 
countryside areas (Vyas et al. 2021). 

5.4.1 Fermentation 

When we come across a list of technologies for organic waste treatment, it would 
not be false to say that anaerobic fermentation is one of most efficient technology 
for organic waste treatment and that it can play a fundamental role in meeting the 
upcoming world energy crises efficiently (Zhu et al. 2020). One of the fermentation 
processes, the dry organic fermentation, is a quite efficient in obtaining energy as 
it consumes less water and practically less pollution production is seen, which is
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one of the many factors for which dry organic fermentation is the preferred one 
(Wongthanate and Mongkarothai 2018). 

On the other hand, it has some shortcomings as well, as we can see that there is less 
production of energy as compared to the other biowaste management technologies. 
Thus, in order to overcome this shortcoming, we treat straw in order to enhance its 
bioavailability and decrease its crystalline nature. But, these pretreatments cost us 
additional processes which again are not much feasible (Najafi et al. 2021). Dark 
fermentation technology formulates the generation of biological hydrogen from 
waste. This process is eco-friendly and has capacity to utilize the organic wastes 
as renewable energy feedstocks. Pure carbohydrates and carbohydrate rich waste act 
as feasible substrates for high biohydrogen production. The yield of biohydrogen 
from the manure waste was elevated after its pretreatment with temperature than that 
of non-preheated manure (Deepanraj et al. 2021). 

5.4.2 Transesterification 

The process recovery of energy from organic waste promotes renewable energy 
production by minimizing the usage of fossil fuels. Transesterification is the chem-
ical conversion of triglycerides into usable biofuel. The biofuel generated by the 
process of transesterification has lower viscosity (Ali et al. 2020a, b). The thermal 
degradation of biomass is performed in the presence of the oxygen to maximize 
the recovery of biodiesel, biochar and syngas. Thermally induced transesterification 
process transformed the lipid fraction in the cattle manure into biodiesel (Jung et al. 
2020). 

Biochar for the formation of biofuel acted as a porous medium in transesteri-
fication process. Transesterification process can also be enhanced by the usage of 
basic metal catalysts like potassium and sodium carbonates (Ahmed et al. 2021). 
The formation of syngas is also helpful in enhancing the properties of metals cata-
lysts. So, the cattle’s manure could be considered as a useful resource that can be 
valorized into value added fuels and chemicals. The transesterification of biomass 
provides quicker and more stable techniques to improve the production of energy 
from natural resources (Torres et al. 2021). 

Catalyst based and without catalyst are the two types of transesterification process. 
With the consumption of catalysts, the improve yield of biofuel can be achieved (Chi 
et al. 2021). Nano-catalysts are widely used in the process of transesterification 
process, due to better catalytic activity and increase surface area, which results in 
the enhanced biodiesel yield compared to the solid catalysts (Banerjee et al. 2019).
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5.4.3 Anaerobic Digestion 

The consumption of biomass generates bioenergy in various forms such as ethanol, 
methanol, electricity, and biofuels. In anaerobic digestion, many microbes decom-
pose the organic materials in the absence of energy (Bijarchiyan et al. 2020). This 
process converts the biomass into energy-controlled conditions, and the organic 
matter becomes agitated and liberates biogas. The biogas produced can be used 
to generate heat and electricity. Factors effecting the production of biogas include 
the type, density, and compositions of raw material (Baetge and Kaltschmitt 2018). 
Following Tables 5.2, 5.3 and 5.4 represents the yield of methane by applying 
anaerobic digestion to different kinds of manure. 

Animal manure contains numerous microorganisms that facilitates the process of 
anaerobic digestion. Electricity generation through an anaerobic digestion of biomass 
consumes usable organic waste (Kulkarni and Ghanegaonkar 2019). The transforma-
tion of organic wastes starts with hydrolyzing complex natural polymer capability 
of microorganisms. The unstable and short chained unsaturated compounds like 
hydrogen and carbon dioxide are released by fermentative microorganisms. In many 
countries, the plants of biogas run with cow muck (Bharathiraja et al. 2018). As 
the cow waste comprises of higher concentrations of degradable carbon. The recy-
cling of animal manure for the energy production is also effective in decreasing the 
ecological contamination. The improved production of methane content is achieved 
co-digestion of animal manure and microbial biomass (Kulkarni and Ghanegaonar 
2020). Figure 5.2 displays the anaerobic digestion process for biogas production 
from organic waste.

Table 5.2 Methane yield 
attained with anaerobic 
digestion of organic dry 
solids (ODS) 

Type of ODS Methane yield (m3/kg 
ODS) 

References 

Sow 0.28 Møller et al. (2004) 

Dairy cattle 0.15 Møller et al. (2004) 

Table 5.3 Methane yield 
attained with anaerobic 
digestion of municipal solid 
waste (MSW) (Owens and 
Chynoweth 1993) 

Type of MSW Methane yield (m3/kg MSW) 

Mechanically sorted (fresh) 0.22 

Mechanically sorted (dried) 0.22 

Hand sorted 0.21 

Grass 0.21 

Leaves 0.12 

Branches 0.13 

Mixed yard waste 0.14 

Office paper 0.37 

Printed newspaper 0.10
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Table 5.4 Methane yield obtained through anaerobic digestion of fruit and vegetable wastes (FVW) 
(Gunaseelan 2004) 

Type of FVW Methane yield (m3/kg FVW) 

Mango peels 0.37–0.52 

Banana peels 0.24–0.32 

Orange peels 0.46 

Lemon pressings 0.47 

Grape pressings 0.28 

Pomegranate peels 0.31 

Tomatoes 0.21–0.38 

Onion exterior peels 0.40 

Garden beet leaves 0.23 

Carrot leaves 0.24 

Cabbage leaves 0.31

Fig. 5.2 Anaerobic digestion process for biogas production from organic waste 

5.4.4 Microbial Fuel Cell 

With the aid of microbial catalytic reactions, the conversion of organic matter into 
electric energy is attained by applying microbial fuel cells technique. These fuel 
cells generate electricity directly from organic rich wastes and biomasses by treating 
them (Tao et al. 2020). The apparatus of microbial fuel cells consists of an anode and
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Fig. 5.3 Construction of 
microbial fuel cell 

cathode that are separated by a proton exchange membrane. Isoelectronic microor-
ganisms act as biocatalysts in anode and oxidize the organic matter into electron, 
proton, and carbon dioxide. The electrons formed are transferred to cathode, and 
the protons are diffused into cathode through membrane. Figure 5.3 represents the 
construction of microbial fuel cell. This diffusion generates energy, stored in the 
organics, that can be directly converted into electricity (Zhao et al. 2018). 

The fuel cell technology is preferred for the energy generation from animal 
manure, as it is a clean technology and does not produce toxic end products. The 
nature of microbes is the main factor to achieve higher efficiency in the process 
of microbial flame cells technology (Greenman et al. 2019). Oxidation reduction 
reactions are aided microbial assisted cathode facilities. While recycling the algal 
biomass, the crucial factors that effects the power outputs are the poor microbial 
diversity. The consumption of cell disruption techniques maximizes the availability 
of energy generation. Also, the structure and function of the microbial community 
are monitored by using the molecular diagnostic tools (Mekuto et al. 2020). 

5.4.5 Landfill 

Landfilling is defined as the disposal of waste material by burying it or filling it the 
excavated pits. Food waste at landfill is either compacted or used to make compost 
for the reduction of greenhouse gas emission from the coal usage (Pahla et al. 2018). 
The food waste collected form the landfills is wet and heterogeneous which lovers 
its heating value and makes it difficult to store and transport. By mixing the coil with 
this wet waste could lower the combustion efficiencies and increase the emission of 
toxic gases. Therefore, the utilization of the animal manure is effective as it reduces 
the emission of toxic gases from combustion (Daiem and Said 2022).
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The usage of agriculture residues and microalgae is applicable in reducing the 
carbon emissions as well as reducing the pressure at landfill sites. The moisture 
content in the waste is eliminated through evaporation which results in increased 
temperature of the wet waste (Dogaris et al. 2020). The release volatile compounds 
are due to the degradation of the hemicellulose in the biomass constituents. By further 
raising the temperature of biomass releases protein and carbohydrates. The reduction 
in the ratios of O/C and H/C enhances the production of carbon and diminishes the 
bulk density of biomass (Xu et al. 2018). 

5.5 Bioreactor Design 

Bioreactor design allows the efficient availability of microorganism or cells to 
perform their desired function under optimum conditions. Various designs of biore-
actors are utilized for the biological and bio-eletro-chemical gas conversion. The 
performance of these bioreactors depends upon the gas–liquid mass transfer. Volatile 
and non-volatile components of the biomass are converted to gaseous compounds at 
an optimized organic rate. The industrialization of these bioprocesses provides more 
feasible and economical assessment of gas fermentation (Ayol et al. 2021). 

5.5.1 Gasifier Reactor Design 

The biomass gasification is the thermal decomposition of the biomass for the produc-
tion of combustible gases like hydrogen, carbon monoxide, and methane. This 
mixture of gases is known as pyrolysis gas and is used to run the combustion engines. 
The production of gases is known as gasification and the reactor used in this process 
is gasifier (Gomaa et al. 2020). Another type of gasification that converts the wet 
animal manure to syngas through combined thermal decomposition and hydrolysis 
is the supercritical water gasification. The wet animal manure has high water affinity 
as compared to conventional gasification methods (Lee et al. 2021). 

The main goal of the water gasification is to obtain syngas rich in hydrogen with the 
minimal production of char. Factors effecting the yield of hydrogen production from 
gasification are reaction pressure, temperature, and concentration of biomass. The 
homogenous and heterogeneous catalysts also enhance the energy production from 
the organic waste (Ren et al. 2019). The process of gasification prevents the air pollu-
tants and supplies sustainable energy production. The coupling of kinetics and ther-
mochemical equilibrium improves the efficiency of gasification process (Mazaheri 
et al. 2019).
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5.5.2 Anaerobic Digester Design 

Bioenergy is normally produced from the biological processes by fertilization of 
effective microbial microorganisms. Desired production of microorganisms is done 
by modifying their genetic or metabolic pathways (Srivastava 2019). The main aim 
of digester is to convert the organic waste into biogas by providing the optimal 
conditions. Anaerobic digestion is the most suitable way of converting the organic 
waste into biogas. Energy in the form of methane is recovered in anaerobic reactor. 
Anaerobic digester suffers from the problem of stability due to accumulation of 
volatile fatty acids in the manure and also due to drop in pH value (Ekama and 
Brouckaert 2022). 

Many researchers find the inhibitory effect of the unionized volatile fatty acids on 
the methanogen bacteria. As these fatty acids limits the substrate formation at lower 
concentrations and substrate inhibition at higher concentrations for microorganisms. 
The co-digestion of cow and sheep manure under cold climatic conditions helps 
in improving the biogas generation (Singh et al. 2020). Several types of anaerobic 
digesters are used alone or in combination to treat and manage the manure. Manure 
is collected and placed in a centralized location in a way to treat and manage manure 
with the recovery of the biogas. The captured biogas from the digester directly 
used to run gas device and the temporary biogas storage may needed to balance the 
production and utilization system capacity (Sevillano et al. 2021). 

5.6 Environmental Impacts 

The biogas production from manure is eco-friendly and also inhibits the release 
of toxic gases. Manure biogases with their combination with the trace elements, 
avoid the emission of greenhouse gases. The pretreatment of manure with different 
nanomaterials and applying anaerobic digestion increase the production of biogas and 
methane (Hijazi et al. 2020). Manure of poultry and cattle is used in various cropping 
systems. Due to manure bulk density, infiltration, and water holding capacity exhibits 
beneficial impacts on the various soil properties (Khoshnevisan et al. 2021; Rayne 
and Aula 2020). Substituting the mineral fertilizers with manure maintains the filed 
predictability in the production of agricultural systems. Many treatment technologies 
of manure have potential to manage the solid fraction of it as compared to other 
waste-to-energy solutions. (Li et al. 2020). 

Bio-oil production through the hydrothermal liquefaction is also an environmental 
promising solution to convert the wet manure to biofuel. The management of livestock 
manure is inevitable result for the sustainable future development, under the approach 
of biorefinery, to meet the economical requirements of the population (Montemayor 
et al. 2019). Anaerobic digestion of animal manure forms compressed biogas, which
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has been proven to reduce greenhouse gas (van den Oever et al. 2021). The manage-
ment of the animal manure is challenging to minimize its environmental effects and 
also ensuring the product viability (Fangueiro et al. 2021). 

5.7 Status, Challenges, and Perspective of Biowaste 
to Bioenergy Technology 

The usage of anaerobic technology converts the manure or organic waste into energy 
to stabilize the economic status of the country (Glivin et al. 2021). The economic 
feasibility of anaerobic digestion technology is that it uses the pre-treatment tech-
niques for the production of biogas and ethanol. Other parameters like the operating 
and maintaining costs of the pretreatment of manure are found to creating hurdles 
for the commercial sustainability (Banu et al. 2022). 

The biogas systems and their energy usage and the environmental effects are 
governed through the lifecycle evaluation. In this evaluation process, the food stuff 
surplus is used as feedstock for biogas production. Reduction in the energy usage 
and the environmental effect goes parallel with the increase in the oil content of the 
food waste and the amount of the bioenergy generated from the approach (Kavitha 
et al. 2015). By combining the thermo and chemo-sonic disintegration of waste is 
economical, and the combination of internal biogas with the excess of heat release 
is beneficial in environmental aspects. The forceful amendment in the bioenergy 
production technologies and economic aspiration cause vital analysis of these factors 
for the successful disposal of biowaste to energy origination (Glivin and Sekhar 
2020). 

5.8 Policy and Government Incentives 

The socio-political and regulatory conditions under which the bioenergy produced 
identifies the governance mechanisms (Ludlow et al. 2021). Despite of being massive 
ability, the implementation of biogas technology is still not being fully applied in 
Pakistan due to lack of government initiatives and policies. There is a need of initiating 
awareness in the government of Pakistan regarding these policies. The farmers should 
be encouraged to adopt the bioenergy production technologies in the country. The 
proper handling of organic waste to use a an alternative energy source should be 
added in these policies (Yaqoob et al. 2021). 

The introduction of control mechanisms encourages the waste recycling tech-
niques. Like the open disposal of waste to the landfills promotes these control mech-
anisms. The financial support programs should be offered by the government in order 
to attract the attention of farmers to promote biogas technology in Pakistan (Purkus 
et al. 2018). The involvement of private sectors in the biogas production industry will
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Table 5.5 Electricity 
generation per day from 
municipal solid waste 
(Pakistan 2005) 

City Waste generated (t/d) Generation ratio 
(kg/capita/d) 

Sibi 57 1.30 

Bannu 79 0.70 

Hyderabad 314 0.32 

Bahawalpur 405 0.60 

Peshawar 792 0.73 

Quetta 1362 0.67 

Faisalabad 1860 0.60 

Lahore 5120 0.67 

Karachi 12,142 0.50 

play an important role in the economy of the country. Proper coordination of private 
and public sectors and also lowering the tax price, reduce the biogas technology cost 
(Gustafsson and Anderberg 2021). Table 5.5 represents the generation of electricity 
per day in the major cities of Pakistan from municipal solid waste. 

5.9 Conclusion 

A huge deficiency of electricity results from the heavy dependence on the imported 
fuels, which significantly effects the economic development of Pakistan. The 
successful implementation of animal manure as a primary source of energy in the 
existing ecosystem through biochemical conversion technologies is essential for the 
development of sustainable environment of the country. 

The heavy dependence on the imported fuels effects the economic development 
of Pakistan. The application of manure to the agricultural soils is widely considered 
as a source of soil organic carbon and the organic matter present in this fertilizer is 
easily degraded due to the high accessibility of nitrogen content in it. The organic 
and animal waste combine to form an organic fertilizer known as manure. Also, the 
design of bioreactor modifies the efficiency of biological and bio-electro-chemical 
gas conversion practices. The biogas production from manure is eco-friendly, and 
the pretreatment of manure with different nanomaterials increases the production of 
biogas and methane by applying anaerobic digestion.
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Abstract Rising demand of diesel fuel of this high-traffic world compels us to 
produce more and more fuel which is not eco-friendly practice, so another way to 
achieve our goal safely is to produce biodiesel which is not only an alternative but also 
an excellent substitute. In other words, production of conventional diesel severely 
affects the environment and economy of country. In Pakistan, the major consumer 
of this imported petroleum fuel is transport sector. In 2010, this sector produced 
8.0 GtCO2eq of direct greenhouse gas emissions which were about 24% of total 
energy-related CO2 emissions. This chapter fundamentally reviews the certitudes 
and anticipation of biodiesel generation along with its effectiveness in reducing the 
consumption of petroleum-based fuels and resultant contaminated environment in 
Pakistan. A wide range of feedstock including animal fats and soybean oil can be 
efficiently used for biodiesel synthesis.
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6.1 Introduction 

Energy constitutes an indispensable entity for the maintenance and uplift of human 
livelihood standards. The global energy consumption has been doubled over the 
last three decades, and fossil fuels are the 80% of the total energy (Shirazi et al. 
2014). Nevertheless, the energy requirements are gradually increasing owing to rapid 
economic development and progressively rising human living standards. Conse-
quently, the fossil energy reserves are rapidly running down along with the unde-
sirable emissions of greenhouse gases. Moreover, the abundance of fossil energy 
resources is confined to only certain regions of the world (Ahmad et al. 2011). 
Modern transport and communication sector can play a major role in achievement of 
the economic endeavors and globalization through linked routes. Being essential for 
the carriage and heavy-duty engines, diesel fuel demonstrated the highest distribu-
tion rate among the primary trade products in 2010. Globally, about 30% of the total 
energy yield is supplied to transportation sector and 80% of it is expended by the 
road transport. Besides, the road transport receives approximately 60% of global oil 
supply. In fact, all of the energy used in the transportation sector comes from fossil 
fuels including gasoline, diesel, LPG, and NG. It mainly derives the fossil fuel-based
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energy from oil (97.6%), whereas the remaining small amount is contributed by LPG 
or NG (Ali et al. 2012). 

Presently, the world is confronted by a challenging issue of global warming. 
Therefore, the reduction of progressively increasing CO2 emissions is recommended 
for controlling the global warming process and preventing its further exacerbation 
(Alptekin and Canakci 2010). Historically, fossil fuels have been effectively fulfilling 
the global energy needs in terms of running vehicles and motor engines and control-
ling power plants. However, the major emission products of fossil fuel including 
CO2, HC, nitrogen oxide (NOx), and volatile organic compound (VOC) have been 
implicated in causing air pollution, smog, and acid rain (Arbab et al. 2013). 

The development of sustainable energy sources offers promising solutions to envi-
ronmental damage and depletion of decomposing plants and animals. Consequently, 
there is an awful need to explore authentic, eco-safe, economically feasible, and 
alternative energy resources. Biodiesel produced from botanical and algal sources 
is a better substitute to conventional diesel. Chemically, biodiesel is an ester-based 
oxygenated fuel, comprising of mono-alkyl esters of long-chain fatty acids (Alptekin 
and Canakci 2010; Atabani et al. 2013a, 2015, 2011). 

The unburned total hydrocarbons (HC) and polycyclic aromatic hydrocarbons 
(PAHs) are withdrawn during biodiesel ignition in the diesel engines (Atabani et al. 
2011). Additionally, biodiesel combustion can substantially reduce the emission of 
carbon monoxide (CO) and particulate matter than fossil-based diesel oil (Atabani 
and Silva César 2014). In addition being produced using renewable resources, 
biodiesel saves the environment and people from dangerous air pollution (Atabani 
et al. 2017). Generally, the efficiency of biodiesel is further improved by mixing 
20% v/v or lesser amount of fossil fuel (diesel). Biodiesel has been certified by 
the Environmental Protection Agency (EPA) based upon the compliance with the 
qualifications for ASTM D6751 (Atabani et al. 2013b). 

Similar to other developing countries, Pakistan also needs vigorous and cost-
effective transport and logistic sectors for achieving economic development and 
enhancing export competitiveness. Therefore, the government is committed to 
modernize the transport and coordination division through implementing an extensive 
improvement activity and consistent procedure of change supported by investments 
in the entirety of its sub-divisions (Atabani et al. 2014a). 

Apart from boosting the regional economy, renewable generation of biofuels may 
also augment the overall energy supply and preclude the environmental deteriora-
tion (Arbab et al. 2013; Atabani et al. 2014b). Regardless of a slight diminution in 
performance, biodiesel can be effectively used in combustion engines and boilers 
without significant alterations. In addition, the biodiesel nearly release no harmful 
compounds. Moreover, the physical and synthetic attributes of it are that its utilization 
either all alone or all blended with oil-based diesel with few specialized changes or 
no alteration (Atabani et al. 2013c). Several technologically advanced nations used 
it. For that reason, it is a basic need in the developing countries including Pakistan. 

Animal fats are considered as waste and can be obtained from slaughter houses. 
A minute amount of these fats is used by soap industry, and rest fill up the landfills. It 
was noticed that percentage of biodiesel and oil produced from mutton fat is higher
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than those produced from the beef fat. KOH, NaOH, and Na metal were used as a 
catalyst, and KOH gives higher production of biodiesel as compared to NaOH and 
Na metal after the transesterification process. Characteristics of biodiesel show that 
it is an appropriate fuel for vehicles (Balat 2011). 

The main sources to obtain animal fats are beef tallow, poultry fat, fish oils, and 
yellow greases. Beef tallow and poultry fat are the main waste animal fat sources for 
this purpose. Animal’s fat is subtracted from different parts of the animal body, like 
blood, mesentery, and offal including heart, lungs, and intestines. So the fat can be 
extracted from these parts of the animal via rendering and then stored in a favorable 
environment (Balat and Balat 2009). The extracted fats can be converted into the fuel 
by a reaction called transesterification. The reaction can convert fat into the required 
product and some other by products on the provision of certain essential conditions 
like temperature, pressure, and catalyst. The obtained product will be purified from 
the reaction mixture and stored in a suitable place. The fuel is eco-friendly and 
sustainable. 

6.2 Environment and Climate Change 

These days, there is a lot of focus on the environmental issues and to the sustainable 
exploitation of natural resources. Lack of awareness regarding this matter and proper 
anticipatory measures may account for high economic and environmental losses in 
the future. Continuous and widespread contamination is damaging the land, air, and 
water. Pakistan is predominantly an agricultural country where the availability of 
natural resources also determines the growth trends of agriculture sector. Therefore, 
improving the nation’s ability is highly essential to accomplish naturally supportable 
financial advancement and meet the prerequisites of present and future generations. 

Pakistan is listed among the highest environmentally vulnerable countries. Urban-
ization has drastically changed the biological system of cities and provincial zones 
of the country. The national biodiversity is threatened by prompt depletion of natural 
resources. However, the government is fully committed to many global conven-
tions and protocols for biodiversity conservation. Moreover, Pakistan has also set the 
objectives of its economic advancement through Vision 2025. 

The most dangerous aspect of nature in the twenty-first century is regarded to 
be atmospheric changes, which have a variety of effects on the environment and 
human behavior. Many of these effects, including hurricanes and extremely warm 
waves, may be life-threatening, whereas spreading of weeds may be less harmful. 
Regardless of its trivial contribution to the overall emission of GHG, Pakistan may 
still be influenced by the negative consequences of environmental change. 

Excessive ice melting at the glaciers results in dry spells and floods. Extensive rise 
in the frequency and intensity of unusual climate change coupled with unpredictable 
storms, recurrent floods, and dry seasons is the major concerns. The projected down-
turn of Hindu Kush-Karakoram-Himalayan ice sheets on account of perilous atmo-
spheric deviation and carbon residue stores from trans-boundary pollution sources
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will undermine the natural inflow of water into IRS. Besides, the coastal agriculture, 
mangroves, and breeding area of aquatic fauna are aggrieved by the entry of aqua 
saline to Indus delta. 

Critical geographical position and socio-economic instability have predisposed 
Pakistan to the detrimental consequences of climate change (German watch, 2011). 
Moreover, the deficiency of assets and capabilities for corrective measures will 
further amplify the circumstances. Atmospheric changes enhance the recurrence 
and harshness of disastrous incidents, e.g., monsoon rainstorms, swamping, and dry 
seasons. Terrible dry season of duration of 1999–2003, 2 tornados within thirty days 
in Karachi/Gwadar coasts in 2008, heavy floods during 2010, 2011, and 2012, land 
sliding, and GLOFS (chilly lake upheaval floods) in the northern areas represent the 
obvious manifestations of climate change in Pakistan. Under the 10-year NDMP, 
the institutional limits of surveillance and forecasting are being improved to combat 
disasters, by supplanting and introducing the climate observation radars at different 
regions of the country (Balat and Balat 2010). 

6.2.1 State of Environmental Air 

Rapidly growing human population, increased number of transport vehicles, random 
infrastructure, and extensive use of low-quality fuels lead to the environmental 
contamination in Pakistan. The atmospheric data of various cities revealed 2–3.5 
times higher concentrations of suspended particulate matter than the threshold limits. 
The gradually rising expenditure of energy as a result of expanding industrialization, 
mechanical traffic, and utilization of chemicals tremendously aggravates the urban 
air quality. Moreover, privatizing the proprietorship of engine vehicles and lack of 
successfully implementing the vehicle fitness regulations may further augment the 
air contamination. Besides, the poor fuel consumption efficiency of motorbikes and 
auto-rickshaws also corresponds to enormous level of noxious gases (Balat and Balat 
2010). 

6.2.2 Petro-Fuel Emissions—Health Hazards 

Road transport is promptly developing, particularly in metropolitan areas, and has 
been recognized as a critical source of air contamination, with consequent ill-effects 
on human health (Banković-Ilić et al.  2012; Basha et al. 2009; Behçet et al. 2015). 

Analyzing the aggregate data of 50 countries and 35 urban areas indicated compa-
rable per capita rise in vehicles and salaries, with faster procurement rate of personal 
cars than commercial vehicles (Fig. 6.1). More interestingly, the per capita rise in 
vehicles was twofold higher than salaries in countries like China, Pakistan, and India 
(Bhale et al. 2009).
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Fig. 6.1 Source National Transport Research Centre 

Urban transport vehicles are usually fueled by NG, diesel, or gasoline, having 
different physico-chemical attributes in various regions of the world. Meteoro-
logical cosnditions, diverse level of overwhelming polluters (increased number of 
motorbikes in developing countries), motorways design are regarded as the major 
confounding factor (Çaynak et al. 2009). Vehicular exhaust emissions are inade-
quately comprehended and evaluated, particularly in growing nations (Chapagain 
et al. 2009). 

Lead is one of the air contaminants, from human toxicity standpoint. Contrary to 
industrial regions, the cities of developing countries exhibit relatively higher ambient 
concentration of fine particulate matter. Diesel-fueled and two-stroke gasoline-
powered vehicles are the major sources of fine particulate matter emission. The most 
noxious air toxins are produced by automobiles. Respiratory problems, pulmonary 
impairment, pre-term birth, and even mortality are the major consequences of air 
contamination (Chen et al. 2015). Apart from their diverse toxic effects on human 
health, these substances are probably carcinogenic (Chhetri et al. 2008) (Table 6.1).

6.3 Potential Feedstock—Biodiesel Achievement 
in Pakistan 

The accessibility and feasibility of feedstock for biodiesel production depend upon 
the local atmospheric and geological aspects of a country. This wide range of available 
feedstock can facilitate the advancement of biodiesel industry.
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Table 6.1 Health effects of exhaust emissions from automobiles (Cornils et al. 2017; D’Angiola 
et al. 2010; Demirbas and Biodiesel 2008; Deng et al.  2011) 

Exhaust emissions Detrimental health effects 

Carbon monoxide Besides causing drowsiness, unconsciousness, 
intra-uterine growth retardation, angina, growth 
impairment in young children, and death, it also 
potentiates the toxicity of other pollutants in 
individuals suffering from respiratory or 
circulatory disorders 

Dioxin Long-term exposure affects the functions of 
nervous, endocrine, immune, and reproductive 
systems 

Formaldehyde Oculo-nasal irritation, coughing, dyspnea, and 
cancer (as a result of occupational exposure) 

Hydrocarbons and other volatile organic 
compounds 

Compounds having low-molecular weight elicit 
sneezing, coughing, and ocular irritation. High 
molecular weight compounds may lead to 
mutagenicity or carcinogenicity 

Lead Inhalation or oral exposure may induce damage to 
the nervous, circulatory, renal, and reproductive 
systems; may probably cause hypersensitivity and 
diminish cognitive ability in children 

Nitrogen oxides Can enhance vulnerability to viral respiratory 
diseases like influenza and allergic reactions to 
dust and pollens in asthmatic patients; with typical 
pathological effects in the form of pneumonia, 
pulmonary edema, and bronchitis. Most serious 
health effects are due to their synergistic action 
with other air pollutants 

Ozone Increased susceptibility to flu and pneumonia; 
damage to respiratory mucosal membranes 
associated with coughing and pulmonary 
dysfunction; exacerbation of asthma, emphysema, 
bronchitis, and chronic heart disease 

PM Irritation of mucous membranes, pulmonary 
dysfunction, lung cancer, and death from 
cardiopulmonary collapse 

Polycyclic aromatic hydrocarbons (PAHs) Lung cancer 

Toxic substances May give rise to birth defects, reproductive 
problems, and probably cancer. Aldehydes and 
ketones are ocular irritants, while asbestos and 
benzene are proven carcinogens
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The feedstock for biodiesel generation is selected on the basis of quality, avail-
ability, oil contents, physico-chemical properties, and cost. Besides, several biodiesel 
feedstocks have also been compared in the form of estimated yield and oil contents 
and have been recorded by several authors (Ali et al. 2012; Atabani et al. 2013c; 
Falasca et al. 2010; Freedman et al. 1986). 

The least expensive one is essential to guarantee low-cost biodiesel production. 
Generally, the biodiesel feedstocks are categorized into six distinct classes (Gui et al. 
2008; Guo et al. 2007; Gurusala et al. 2014). 

6.3.1 Edible Vegetable Oils 

The utilization of this type of waste results in several issues, like meal versus fuel 
crisis, significant soil assets destruction, and deforestation. Moreover, the currently 
raised costs have adversely affected the economic suitability of vegetable oil plants 
for biodiesel synthesis (Haile 2014; Hajra et al. 2015; Han and Naeher 2006). But 
their long-term utilization is not feasible in many countries. For example, biodiesel 
obtained from the entire soybean reserves of USA would hardly meet only 6% of the 
total diesel requirement (Hoekman and Robbins 2012). 

6.3.2 Non-edible Vegetable Oils 

Non-edible oils provide potential solutions to diminish the usage of consumable oils 
for biodiesel generation. Non-edible oil sources are drawing considerable attention 
owing to their accessibility in numerous areas of the world, particularly the waste-
lands, lack of competition for food, decreased rate of deforestation, environmental 
safety, valuable byproducts synthesis, and economic suitability (Hajra et al. 2015; 
Janaun and Ellis 2010; Kafuku and Mbarawa 2010; Karimi et al. 2015; Karmee and 
Chadha 2005; Khan et al. 2019; Kondamudi et al. 2009; Kumar and Sharma 2011; 
Kutzbach 2009; Liaquat et al. 2010; Lim and Teong 2010; Marulanda et al. 2010; 
Mattingly 2006; Mofijur et al. 2013a, 2013b) (Fig. 6.2).

6.3.3 Waste Cooking Oil 

Being an agricultural country, Pakistan depends upon agricultural products for their 
survival. About 24 kg of edible oil is consumed per capita in Pakistan (Mohammadi 
et al. 2014). Waste cooking oil is nearly thirty percent effective (Murugesan et al. 
2009). Two main suppliers of oil imports to Pakistan are Malaysia and Indonesia 
(Mohammadi et al. 2014).
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Fig. 6.2 Castor oil plant

6.3.4 Microalgae 

Microalgae are photosynthetic microbes that are more efficient than plants in 
converting the daylight, water, and CO2 into algal biomass. In contrast to edible and 
non-edible sources, microalgae provide relatively greater oil content. When devel-
oped in a farm or bioreactor, the oil production of microalgae is nearly 250-folds more 
as compared to palm oil yields along with that of soybean oil, respectively. Besides, 
microalgae are also expected to produce sustainable biodiesel. Nevertheless, the 
development of effective, large-scale bioreactors of microalgae is big constraints in 
their commercialization. Ongoing studies have shown that algae grown on flue gas 
can be used for biodiesel generation (Gui et al. 2008; Oanh et al. 2010; Okona-
Mensah et al. 2005; Oliveira 2010). Evaluation has been taken for biosafety and 
subsequently developed as new feedstock for biodiesel production (Omidvarborna 
et al. 2015). 

6.3.5 Leather Industry Wastes 

Waste products of leather industry are another feedstock for biodiesel generation. A 
large amount of solid and liquid wastes are not properly utilized (Ong et al. 2011).
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6.3.6 Animal Fats 

Animal fats of potential significance can be easily collected largely from slaughter 
houses and meat processing units. Moreover, poultry waste products are preferred 
than animal fats of other types owing to its low cost, ease of processing, and high 
availability (Fig. 6.3). 

Poultry wastes comprising feathers, blood, offal, and trims can provide a cost-
effective feedstock for biodiesel generation. Particularly, chicken slaughterhouses 
lacking the rendering plants are facing issues of proper waste disposal. Consequently, 
the waste products can be exploited for the extraction of fats. 

Chicken oil obtained from waste skin has been successfully used for biodiesel 
synthesis in India (Razon 2009). Rendering along with heating yields appreciable 
amount of oil at comparatively less cost than vegetable feedstocks (Sadhik Basha and 
Anand 2011). Transesterification of chicken fat at a temperature of 60 °C, 1:30 molar 
proportion, and 24 h reaction time, resulted in 99.01% yield of biodiesel. Moreover, 
the physico-chemical properties of chicken fat-derived biodiesel like heating, cetane 
number, and density were comparable to those of ASTM D 6751 biodiesel standards 
(Sanjay 2015). 

Feather meal also constitutes of 2–12% of chicken fats (Sarma et al. 2005). 
Chicken fats with 2.3% FFA content are recommended for biodiesel synthesis

Fig. 6.3 Animal fat 
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(Schulte 2007). Besides, pre-treatment significantly enhances the yield of biodiesel 
from chicken fats. The yield of biodiesel reached to about 91%, following the 
consumption of supercritical methanol (Sharma et al. 2013). Moreover, chicken fats 
with a high FFA content (13.45%) were successfully used for biodiesel produc-
tion after the reduction of its FFA level to less than 1% by means of various acid 
catalysts (Sharma and Singh 2009). Chicken fat is considered suitable for transes-
terification and biodiesel formation, owing to its lower FFA content and unsaturated 
fatty acid profile (Sieminski 2014). Diesel blends of fatty acid methyl ester (FAME) 
of lard, beef tallow, and chicken fat showed lower NOx emanation levels (3.2–6.2%) 
in comparison with mixture of soybean oil methyl ester and diesel fuel (Sieminski 
2014). 

Currently, 40% of the total meat requirement is fulfilled by the poultry sector of 
Pakistan. There are over 25,000 poultry farms, which provide about 1220 million kgs 
of chicken meat and 10,000 million eggs per annum. 

6.4 Biodiesel Production Methods Flowchart 

See Fig. 6.4.

6.5 Biodiesel Production Process 

The reactor for biodiesel production consists of following components (Fig. 6.5):

• 1L jacketed glass batch reactor,
• reflux condenser (to recover methanol),
• sampling device,
• overhead mechanical stirrer,
• refrigerator,
• circulating water bath for controlling the reaction temperature. 

6.5.1 Pre-treatment Process 

In this procedure, moisture is removed from crude oil by placing it in a rotatory 
evaporator for 1 h at 95 °C under vacuum condition.
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Identification of promising biodiesel feed stocks (edible, non-

Extracted crude oil characterization 

Biodiesel production 

Determination of physic-chemical properties of biodiesel 

Determination of fatty acid of biodiesel composition 

Investigation of fuels blending opportunities 

Performance of engine and emission analysis 

Fig. 6.4 Flowchart of biodiesel production (Arbab et al. 2013; Singh and Singh 2010; Smith et al. 
2010; Survey  2014; Usman et al. 2016; Graaf 2012)

6.5.2 Esterification Process 

The molar ratio 12:1 (50% v/v) of methanol to crude oils with greater values of acid 
is maintained during this process. Subsequently, 1% (v/v) of sulfuric acid (H2SO4) 
is taken in a glass reactor and added to the pre-heated oils at 60 °C for 3 h along with 
stirring at 400 rpm. Once the reaction is completed, the excess alcohol is separated 
from the mixture by separating funnel. The upper layer comprises sulfuric acid and 
impurities, whereas the lower layer is placed in a rotary evaporator and heated at
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Biodiesel production methods 

Pre-treatment process Esterification process Transesterification 
process 

Post -treatment 
process 

Fig. 6.5 Production of biodiesel can be carried out as follows (Arbab et al. 2013)

95 °C under vacuum conditions for 1 h to remove water and methanol from the 
esterified oil. 

6.5.3 Transesterification Process 

Esterified oils and crude oils with low acid values are reacted with 25% (v/v) of 
methanol and 1% (m/m) of potassium hydroxide (KOH) and kept at 60 °C for 2 h 
together with stirring at 400 rpm. Upon the completion of reaction, biodiesel is kept 
in a separating funnel for 12 h to isolate glycerol from biodiesel. The lower layer 
contains impurities, and glycerol is drawn off. 

6.5.3.1 Alkaline-Catalyzed Transesterification 

Alkaline-catalyzed transesterification is the most rapid, highly productive, and 
frequently used procedure for biodiesel production. The abundant methanol is reused 
and recovered later on. The process of methanol-catalyzed transesterification leads to 
synthesis of biodiesel and glycerin from free unsaturated fats. The mixing of NaOH 
with methanol results in the synthesis of sodium methoxide that is subsequently 
mixed with vegetable oil. The upper layer of the mixture consisting of biodiesel or 
methyl esters is filtered and washed, whereas glycerin forming the basal layer can 
be collected and utilized in soap formation. 

Moreover, when alkaline catalyst is used, the level of free fatty acid (FFA) declines 
from a desire limit (running from less than 0.5% to less than 0.3%). Majority of the 
non-edible oils have greater FFA contents. Therefore, considerable amount of soap 
is produced by alkaline transesterification method owing to the difficulty in glycerol 
and ester separation. The typical slow reaction rate of acid-based esterification may
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necessitate extensive reaction periods to resolve this problem. Consequently, acid-
catalyzed transesterification should be followed by alkaline transesterification for 
biodiesel production from non-edible oils with greater FFA contents. 

6.5.3.2 Acid-Catalyzed Transesterification 

Sulfonic and sulfuric acids are preferred as the Bronsted acids that catalyze the trans-
esterification process (Wyatt et al. 2005; Yue et al. 2010). These catalysts produce 
extremely high yields of alkyl esters, but the reactions are laborious and typically take 
longer than three hours to complete (Zhang et al. 2015). According to Pryde et al., 
methanolysis of soybean oil at 65 °C with 1 mol% H2SO4 and a 30:1 alcohol/oil molar 
ratio requires 50 h to complete the conversion of the vegetable oil (> 99%), whereas 
butanolysis at 117 °C and ethanolysis at 78 °C require 3 h and 18 h, respectively, 
using the same amounts of catalyst and alcohol (Wyatt et al. 2005). 

One of the key elements affecting transesterification is the molar ratio of the 
alcohol to the vegetable oil. Alcohol in excess promotes the development of the 
products. However, too much alcohol makes it impossible to recover the glycerol; 
therefore, the appropriate alcohol to oil ratio must be determined empirically while 
taking into account each particular process. 

6.5.3.3 Enzymatic Transesterification 

Enzyme-catalyzed transesterification takes place in the presence of lipase enzyme. 
Hydrolytic enzymes have been used extensively in organic synthesis because of their 
wide availability and ease of handling. They are reasonably stable and do not require 
any coenzymes (Zhou et al. 2010). 

These investigations all have one thing in common: they optimize the reaction 
parameters (solvent, temperature, pH, type of microbe that produces the enzyme, etc.) 
to provide properties that are appropriate for an industrial use. However, compared to 
base-catalyzed reaction systems, both the reaction yields and the reaction durations 
are still unfavorable. 
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6.5.4 Post-treatment Process 

This procedure involves the washing of methyl ester, formed in the upper layer, to 
eliminate the impurities and glycerol. For this purpose, 50% (v/v) oil of distilled 
water is showered at 60 °C on the surface of the ester followed by moderate stir-
ring. By repeating the procedure many times, the pH of the distilled water becomes 
neutral. The lower layer is disposed, and upper layer is dried in a flask containing 
sodium sulfate Na2SO4. Further drying is carried out in a rotatory evaporator for 
the separation of methanol and water from biodiesel. FTIR spectroscopy has been 
employed to determine the purity of produced biodiesel and the change of crude oil 
to methyl ester (Arshad 2017a, b; Arshad et al. 2014, 2019; Bano and Arshad 2018). 

6.6 Effects of Additives on the Quality of Biodiesel 

Biodiesel emulsion containing 83% jatropha biodiesel, 15% water, and 2% surfac-
tants (Span80 and Tween80) has been manufactured by means of a mechanical 
agitator (Tahir et al. 2019). The resultant fuel was blended with aluminum nanopar-
ticles in the mass parts of 25, 50, and 100 ppm using an ultrasonicator. Afterward, a 
steady-speed diesel engine was sequentially fueled with jatropha biodiesel, jatropha 
biodiesel emulsion, and aluminum nanoparticles-mixed jatropha biodiesel emul-
sion. The performance of biodiesel emulsion was substantially upgraded, while the 
harmful emissions were highly reduced than pure biodiesel. In addition, compared 
to pure biodiesel and biodiesel emulsions, biodiesel emulsions with nanoparticles 
have high performance and reduced emissions. 

Biodiesel acquired from Madhuca indica is characterized by low-temperature 
properties (Sharif et al. 2021). The cold flow characteristics of Madhuca methyl ester 
fuel are less ideal than those of petroleum-based fuel. The low-temperature properties 
of biodiesel were determined with and without pour point depressants. Besides, the 
impact of ethanol, lamp oil, and commercial additives on low-temperature behavior of 
biodiesel was also evaluated. The pour point of biodiesel was significantly decreased, 
following the utilization of cold flow improving substances. Moreover, the effect of 
2% commercial additive was comparable to blending of 20% ethanol. The cloud 
point of Madhuca methyl ester was decreased from 291 K (18 °C) to 281 K (8 °C) 
and 278 K (5 °C) upon mixing with 20% ethanol and 20% lamp fuel, respectively. 
Likewise, the addition of 20% ethanol and 20% lamp fuel reduced the pour point 
of Madhuca biodiesel from 280 K (7 °C) to 269 K (−4 °C) and 265 K (−8 °C),  
respectively. The execution and outflow with ethanol blended Madhuca biodiesel 
and ethanol–diesel-mixed Madhuca biodiesel have also been examined. The mixing 
of 20% (by volume) ethanol with Madhuca biodiesel accomplished improved burning 
with 50% reduction in CO emission without influencing the thermal productivity. 
Moreover, the emanation of NOx was highly decreased following the addition of 
20% (by vol.) ethanol into Madhuca biodiesel. Ethanol-added biodiesel represents a
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sustainable and feasible alternative fuel, having improved low-temperature behavior 
and better emanation profile. 

Several techniques including the utilization of additives (like traditional oil diesel 
additives such as wax crystalline modifiers or pour point depressants) and mixing 
with oil diesel and physico-chemical modification of the oil feedstock or the product 
of biodiesel have been recommended to enhance the cold flow properties of biodiesel 
(Arshad et al. 2018). The mixing of oil diesel is effective only at lower concentrations 
of biodiesel (up to 30% volume). Alternatively, the use of huge moieties for disrupting 
the organized stacking of ester molecules during nucleation of crystals can also 
diminish the cloud point of biodiesel. For instance, the cloud point is decreased when 
large moieties are added to the head-group of alkyl ester or incorporated in the tail-
group as a side chain. Fractionation and winterization procedures can be employed 
for altering the unsaturated fat profile of biodiesel or its feedstock. Particularly, the 
cold flow properties and oxidation stability of biodiesel can be enhanced through the 
removal of double bond in the ester group and the addition of side chain. However, this 
can negatively affect the ignition quality and thickness of biodiesel. Acetone has been 
successfully used for stabilizing the cold flow properties together with improving the 
flash point criterion and safety of biodiesel (Arshad and Abbas 2018a). 

Organic manganese additives are also known to improve the properties of biodiesel 
acquired from Pomace oil. It has been documented that doping the fuel at a proportion 
of 12 mol/l oil methyl ester caused a 20.37% reduction in viscosity, 7 °C (129–122 °C) 
fall in the flash point, and reduced the pour point from 0 to 15 °C (Arshad and Abbas 
2018b). 

6.7 Current Challenges of Biodiesel Industry 

Concerns regarding the future of biodiesel industry are raised due to the long-
term dependence on food-grade vegetable oils (edible oils) as feedstocks for 
biodiesel synthesis. Besides, it also threatens the supply of edible oils to food 
industry. Moreover, the gradually increasing prices of feedstocks drastically affect 
the economic feasibility of biodiesel. Therefore, biodiesel generation from non-
edible oils, microalgae, and waste products has become the focus of current research 
in various parts of the world. Much consideration has been dedicated to biodiesel 
production through the utilization of easily available, non-customary, and non-
palatable feedstock collected from wild plants (Arbab et al. 2013; Atabani et al. 
2013c; Janaun and Ellis 2010; Singh and Singh 2010). Effective methodologies 
targeting the monetary aspects of biodiesel generation are essentially required to 
fulfill the gradually increasing energy needs (Falasca et al. 2010).
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6.8 Conclusion 

Reliance upon fossil fuels and global climate changes are the main factors which 
are responsible for economic issues of Pakistan. In Pakistan, transport sector plays 
major role in consuming the imported diesel fuel; therefore, largest import bills are 
due to this sector. To overcome these problems, dependence on sustainable energy 
resources is an excellent and affordable solution. For the production of biodiesel, 
animal fat waste is the most promising feedstock because it is sustainable, cost-
effective, and easily available. In addition, greenhouse gases emissions are less. It 
was found that biodiesel produces less emissions in auto vehicles. So, the problems 
related to air pollution and energy security could be resolved not only by producing 
biodiesel but also by utilizing it in transportation sector. The government of Pakistan 
is importing too much diesel and oil in order to fulfill the requirements of people. 
Therefore, it is the need of the day to produce biodiesel from different renewable 
sources especially animal fat. Production of biodiesel in Pakistan can be promoted by 
improving production technology of biodiesel or by making governmental policies 
to introduce biodiesel in transportation sector as a green fuel. 
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Chapter 7 
Biogas from Manure: The Future 
of Renewable Natural Gas and Its 
Implications 
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Justus Amuche Nweze, and Victor U. Unah 

Abstract The world’s attention to biogas technology has continued to increase as 
people become more concerned about the environment, especially with the growing 
problem of waste disposal. Biogas is an ecofriendly energy source and a methane-
rich gas produced by anaerobic digestion of organic waste (agricultural, sewage, and 
landfill) in a bio-digester. Traditionally, anaerobic digestion has been utilized to treat 
organic waste and digests have also been employed in agriculture as fertilizer. Various 
studies have enhanced our understanding of the microbial communities’ complexity 
and metabolic pathways involved in the biotechnology of the microbiological process 
leading to biogas production. Despite its various benefits, biogas technology’s poten-
tial depends on some criteria, including feedstock type, reactor design, and operation 
parameters. It has many advantages, including those that translate to improved agri-
cultural profitability and environmental stewardship. The technological and market 
developments will play a role in determining the future of such renewable natural 
gas, but its success is also contingent on energy policy fairness in different countries. 
Biogas production and use can help mitigate many of the impacts of climate change by 
reducing methane and black carbon emissions, producing renewable energy (cleaner 
fuels for vehicles, cooking, heating, and electricity), capturing organic wastes, and 
reintroducing nutrients and organic matter to the soil.
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Graphical Abstract 

7.1 Introduction 

Biogas, unlike fossil fuels, is a renewable energy source because it is produced 
from biomass and consists entirely of biogenic materials. The main component of 
this naturally occurring biogas is methane, which when used widely will reduce the 
burning of fossil fuel and reduce global warming. A large international market for 
biogas has been promoted in many countries for decades. Biogas is widely used 
to generate heat, energy, and electricity and has several industrial applications. By 
the end of 2019, the global capacity of biogas plants is estimated to be 120 GW. 
A look at international research development over the last decade shows that the 
biogas industry has grown by 90%, with Europe accounting for over 70% of global 
biogas production (64 TWh). Organic waste, such as animal manure, is the most
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popular feedstock for biogas production (Abanades et al. 2021a, b; Damyanova and 
Beschkov 2020; Arshad et al. 2017). 

Animal manures are liquid, semisolid, and solid products from animals raised 
to produce meat, milk, eggs, and other agricultural products for human consump-
tion. Manure has been used to improve soil since the beginning of civilization, even 
before chemical fertilizers appeared in the 1940s. Manure is still a valued agricul-
tural resource because it is an essential source of plant nutrients and is known to 
improve the physical and biological properties of the soil by adding organic matter. 
However, recent developments in animal production and manure management prac-
tices in several countries have raised concerns about the impact on human health and 
environment (Loyon 2018; Sawyerr et al. 2019). 

The production of biogas from manure reduces greenhouse gas emissions (nitrous 
oxide and methane) while producing a renewable fuel that can replace fossil fuels. 
For livestock farmers, manure can be a viable alternative energy source. An anaerobic 
digester converts manure into energy in the form of methane-rich biogas. Biogas is 
produced when organic materials decompose in a heated, airless environment. This 
process occurs naturally; mash gas and biogas are nearly identical. Biogas production 
can be accelerated by enclosing organic waste in a digester, a heated, airtight container 
without oxygen (Loyon 2018; Paudel et al. 2017). 

During anaerobic digestion (AD), a consortium of microbes converts substrates 
into biogas (40–60% methane) which is used as renewable energy form while the 
digestate will be applied as a soil conditioner or fertilizer. The anaerobic conver-
sion of organic matter into biogas is a multi-step process in which many different 
species of bacteria and archaea interact with each other. With the increasing use of 
AD, engineers and microbiologists are working hard to improve their understanding 
of the complex microbial interactions that drives the overall process of AD. More 
technological advances and knowledge is essential for developing better models and 
designing better AD systems. Despite of apparent benefits of investing in biogas 
production from animal waste, the technology also has some drawbacks, which is 
featured in the later part of this article (Abanades et al. 2021a, b; Kadam and Panwar 
2017). 

The present chapter discusses biogas production from animal manure; the 
processes involved, microbial activities, factors affecting the production process, 
the use of biogas, recent developments in production processes, and the advantages 
and disadvantages of this technology. 

7.2 Feedstocks Used for Biogas Production 

7.2.1 Sources of Animal Manure 

Manure is an unavoidable by-product of poultry and livestock production, consisting 
primarily of animal faces and urine but also includes bedding, additional water,
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and unused feed. Cow, pig, chicken, horse, goat, sheep, elephant droppings, and 
fishery residues are all sources of animal manure. Some animal farm wastes are not 
suitable substrates with enhanced potential because of their low energy content, so 
co-digestion with two or more substrates is more beneficial. Also, the availability 
of some feedstocks might pose a serious challenge. Therefore, it is advocated that 
organic residues be mixed in order to gain sufficient feedstock loading which could 
guarantee increase in the yield of biogas during AD (Janni and Cortus 2020; Sommer 
and Christensen 2013). 

7.2.2 Factors Influencing the Amount of Manure Produced 

Among several factors, the type of animal (non-ruminant or ruminant), age (which 
may affect the amount of feed consumed), housing (slatted floor or bedding), 
feed (grain-based or forage-based), manure management (drying belt, scrapping, 
flushing, storage pit, etc.), and productivity affect the amount of manure produced. 
On average, a total of 40 billion tons of manure are produced annually worldwide. 
Cattle (bulls, cows, steers, heifers, and calves) produce the most manure, followed by 
pigs (weaners, sows, boars, and market pigs). In contrast, poultry produce the least 
manure of all livestock species studied, with each animal producing less than 1 kg of 
manure per day (Otte et al. 2019; Janni and Cortus 2020). Recebli et al. (2015) found 
that manure from 70 cattle and 1400 chickens produced 25 and 0.036 kg/day, respec-
tively. However, the study eventually found that anaerobic fermentation of 175 kg 
of cattle manure with 175 kg of water and 50 kg of poultry manure with 325 kg of 
water produced 6.33 and 0.83 m3/day of biogas, respectively (Recebli et al. 2015). 

7.2.3 Characteristics and Composition of Animal Manure 

Animal manure has a variety of characteristics that are mainly determined by solid 
contents. Depending on the manure’s total solids or dry matter content, it is usually 
classified as liquid, slurry, semisolid, or solid. Feed intake (which affects excreted 
nutrients), manure storage and management (which affects nutrient yield), and water 
addition/evaporation (which affects nutrient concentration) all impact the nutrient 
content of manure (Pagliari et al. 2020; Janni and Cortus 2020). 

The chemical composition of the feed supplied to the animal determines the 
chemical properties of the manure. The feed is metabolized by the animal to provide 
energy and produce new body tissues and other products. Most of the metabolic 
waste is collected in the urine and excreted with the faces (which may contain unused 
feed). The microbial population and activity during the breakdown of manure are 
determined by the nutrient content of the manure (Huang et al. 2017; Loyon 2018).
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7.2.4 Biogas Digester Efficacy and Manure Feedstocks 

Manure feedstocks generally contain macro- and micronutrients that promote anaer-
obic digestion and volatile particles that are broken down to produce biogas. The 
biogas yields of dairy manure are lower than those of other digestible organic feed-
stocks. The lower relative potential for biogas production in livestock manure is for 
some reasons. The most notable reason is the stomach of the animals, which serves 
as an early digester for the conversion of feed to energy. Although biogas produc-
tion is lower than other feedstocks, manure has some advantages. It is more suitable 
for energy conversion on farms, as the disposal of pig and dairy waste is often in 
liquid form or as slurry, simplifying the necessary transport of slurry. Dairy manure 
also contains anaerobic bacteria, which increases the number of methane-producing 
bacteria in the digester and reduces the likelihood of malfunctions (Piekutin et al. 
2021; Environmental Protection Agency 2021). Large amounts of litter or other 
elements such as stones, rocks, and sand should be avoided in the slurry. Small 
amounts of the fine solids in suspension can affect the reactor capacity and ability 
to produce biogas and can damage the internal parts of the reactor during agitation. 
Therefore, the following parameters must be observed for biogas digesters using 
manure as feedstock to operate effectively. (1) The digester should be constructed so 
that it can absorb a large portion of the slurry quickly after it is discharged. (2) To 
avoid losing the capacity of the manure to produce biogas through natural decompo-
sition and to ensure a steady flow of manure/feed into the digester, the manure must 
be collected regularly. (3) Foreign materials, such as soil and excessive litter, should 
be kept away from the slurry as they clog the digester and reduce performance. (4) 
To choose the best digester technology, the total solids content of the manure must 
be known (Environmental Protection Agency 2021). 

7.3 Biogas Production Processes 

7.3.1 Anaerobic Fermentation: A Biochemical Process 

Anaerobic digestion is a complex biochemical process that has been long exploited in 
waste management by processing organic wastes into biogas. It provides two essen-
tial benefits: waste management and renewable energy (Molino et al. 2018). Anaer-
obic digestion is an anoxic microbial process in which organic wastes are converted 
(broken down) to carbon dioxide (CO2) and methane (CH4) gases in a sequence of 
ordered biological and chemical activities. The process is categorized into separate 
stages involving a diverse community of microorganisms. The most readily degrad-
able organic fractions are first converted to gases, while the rest are spent building 
biomass through microbial species’ growth and development (Kougias and Angel-
idaki 2018). Anaerobic digestion occurs in four distinct phases, i.e., hydrolysis, 
acidogenesis, acetogenesis, and methanogenesis (Themelis and Ulloa 2007). Each
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of the different stages of digestion (or fermentation) is usually undertaken by a group 
of metabolically dissimilar, physiologically diverse, but syntrophically interrelated, 
groups of microorganisms often referred to as consortia of microorganisms. The 
activities of these large communities of microorganisms inevitably generate some 
amounts of heat. The thermophilic conditions that prevail promote biogas produc-
tion. The digestate liquor remaining in the digesters after fermentation can be used 
as fertilizers and soil conditioners due to their richness in organic nutrients. Biogas is 
composed chiefly of methane and carbon dioxide, but other gases such as ammonia, 
hydrogen, and hydrogen sulfide are present in minute amounts as contaminants. 

Anaerobic digestion technology is simple and finds ready applications in sustain-
able energy recovery at home and farm settings where wastes generated from munic-
ipal and agricultural sources are substantial. Besides the provision of green energy, 
the technology is useful in pollution control and environmental protection because 
it creates avenues for the utilization and conversion of abundant biomass produced 
yearly from forestry, agriculture, animal husbandry, and other agro-industrial activi-
ties (Yang and Li 2014; Ighravwe and Babatunde 2018). The appropriation of anaer-
obic digestion along the lines of clean energy, organic fertilization, and waste manage-
ment could contribute to a cleaner and healthier environment, advance crop produc-
tion, and animal husbandry, thereby lifting people’s standard of living, particularly in 
rural communities. The four major stages of anaerobic fermentation are hydrolysis, 
acidogenesis, acetogenesis, and methanogenesis, which are further discussed below. 

a. Hydrolysis 

Hydrolysis is the foremost step in anaerobic digestion. The process entails the break-
down of complex organic polymers such as carbohydrates, proteins, and lipids into 
monomers (Kumar and Sharma 2017). During hydrolysis, the resident microflora 
produces copious quantities of hydrolytic enzymes, which enables them to break 
down complex organic polymers (present in the original chemistry of the feedstock) 
into simple, digestible units (or monomers) such as sugars, amino acids, and long-
chain fatty acids. Some enzymes released at this phase of digestion include amylase, 
protease, lipase, cellulase, and xylanase (Raja and Wazir 2017). After hydrolysis, the 
products in their soluble forms become available for cellular transport and undergo 
absorption and degradation by both facultative and obligate anaerobes to produce 
short-chain volatile fatty acids (VFA), which constitute the base materials as the 
fermentation advances into the secondary (acidogenic) and tertiary (acetogenic) 
phases. The fatty acids react with alcohol to form acetate, hydrogen, and carbon 
dioxide (Chandra et al. 2012). The long-chain fatty acids formed are converted into 
hydrogen, acetate, and other volatile fatty acids (i.e., propionic and butyric acids) by 
the acetogenic bacteria. The microorganisms involved at this stage of breakdown are 
composed mainly of strict anaerobes such as species of Clostridia, Bacteroides and 
Bifidobacteria (Raja and Wazir 2017). They may also include facultative anaerobes, 
e.g., Enterobacteriaceae and Streptococci. The kinetics of the hydrolytic process is 
driven by several parameters such as pH, particle sizes, concentration of enzymes, 
diffusion gradient, and rate of adsorption of enzymes by the feedstock (Sawyerr et al. 
2019).
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b. Acidification (Acidogenesis) 

During acidogenesis, the products of the hydrolytic stage are converted by the 
fermenting microbes into organic acids such as acetic acid, hydrogen, carbon dioxide, 
and other secondary products (i.e., propionic, butyric, and lactic acids and alcohols) 
(Huang et al. 2015). This stage is also characterized by the production of high amount 
of hydrogen by the acidogenic bacteria as a result of electrons accumulated by the 
secondary metabolic products and volatile fatty acids. To be able to control this 
buildup, it has been reported that the levels of hydrogen within the digesters need to 
be adjusted to low levels to enable the acidogenic reactions to be thermodynamically 
successful (Sawyerr et al. 2019). Biogas production also depends on the interre-
lationships between the two dominant microbial groups within the digester—the 
acetogens and the methanogens. The maintenance of mutual interaction between 
the acidogenic and methanogenic groups is key to the successful performance of an 
anaerobic digesters (Wareham et al. 2014) because the more acid is generated during 
the acidogenic phases, the more the methanogens develop to produce methane gas. 
Ammonia and hydrogen sulfide are among the products of this phase (Ntaikou et al. 
2010). 

c. Symbiosis of Bacteria (Acetogenesis) 

The main highlight of the acetogenic stage is the conversion of alcohols and volatile 
fatty acids (produced in the acidogenic stage) into acetate by the acetate-forming 
bacteria and the release of hydrogen and carbon dioxide (Parawira et al. 2008; Kumar 
and Sharma 2017). Acetogenic bacteria (such as those of the genera Syntrophobacter 
and Syntrophomonas) convert products of the acidogenic phase into acetates and 
hydrogen which may be utilized by the methanogenic bacteria in a later phase. It has 
been reported also that bacteria such as Methanobacterium propionicum break down 
propionic acid to acetic acid while the activities of Methanobacterium suboxydans 
bring about the formation of propionic acid from pentanoic acid (de Bok et al. 2005). 
Hydrogen and carbon dioxide produced also undergo chemical reduction to acetate by 
homo-acetogenic microorganisms, to forestall hydrogen accumulation which could 
endanger the activities of the acetogenic bacteria (Weiland 2009; Chandra et al. 2012). 
High hydrogen concentrations have been reported to bring about loss of ability to 
produce acetate among the acetogens. Therefore, maintaining a low hydrogen partial 
pressure is important for sustaining the acetogenesis stage because a quiet hydrogen 
environment drives the acetogenic reaction forward. In order to accomplish this, a 
symbiotic relationship between acetogens and hydrogenotrophic methanogens must 
be allowed to flourish. This will allow the methanogens to use the acetate produced by 
the acetogens as substrates against the next and final stage of anaerobic fermentation, 
known as methanogenesis (Nges 2012). Acetogenesis determines the success or 
otherwise of anaerobic fermentation because more than 70% of activities at this 
stage result in the microbial production of acetates. Acetates are therefore crucial 
extra intermediates of the anaerobic process.
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d. Methanogenesis 

Methanogenesis is the last phase of anaerobic digestion. It is the phase with the 
greatest impact on the overall digestion process because it is the major determinant 
of the state of “health” of the fermentation and the degree of microbial activities 
occurring within the digester (Vrieze et al. 2012). If the system is stable and running 
well, it creates the setting for increase in the production of methane. In fact, more than 
70% of methane generated during the course of anaerobic fermentation comes from 
this stage (Raja and Wazir 2017; Sawyerr et al. 2019). Among the signature reactions 
of this phase is the conversion of hydrogen and carbon dioxide to methane and 
water by a class of hydrogen oxidizing and carbon dioxide-reducing methanogens, 
respectively. However, the dominant biological activity is the utilization of acetates by 
the acetoclastic methanogens to produce methane and carbon dioxide (Parawira et al. 
2008). These two pathways for the formation of methane are complementary and can 
be represented in simple chemical equations hereunder. Other less known breakdown 
products from the previous digestion phases such as formats, methylamine, methanol, 
and dimethyl sulfide are also taken up by the methanogens to produce methane and 
carbon dioxide. 

CO2 + 4H2 → CH4 + 2H2O 

CH3COOH → CH4 + CO2 

7.4 Co-Digestion and Biogas Potential Enhancement 

7.4.1 Co-Digestion of Animal Manure with Other Feedstocks 

The simultaneous decomposition of manure and one or more feedstocks from other 
sources and processed in the anaerobic digester/biogas system is called co-digestion. 
Feedstocks for co-digestion should be carefully selected to increase rather than 
decrease methane production. When the feedstocks with better energy potential are 
combined or co-digested with manure, the amount of biogas produced increases 
optimally. Many millennia ago, it was believed that anaerobic co-digestion was 
practiced without knowing the effects of adding high carbon substrates to anaer-
obic digesters. The nature of the co-substrate used for co-digestion must also be 
considered, including biogas production per volume of material, potential inhibitors, 
effects on solid retention time and hydraulic retention time in existing digesters, ease 
of integration into current anaerobic digester operations, and the fate of the additional 
liquid volume and nutrients. In addition, manures with high C and low N content 
are usually preferred. Among the various feedstocks that could be used in anaerobic 
digestion as co-substrate, lignocellulosic containing wastes seem to be a potential 
option as they have high carbon content and are easily and cheaply available (Neshat
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et al. 2017; Lusk  1998). Since animal manure contains high nitrogen but low-carbon, 
the C/N ratio needs to be optimized before anaerobic digestion can begin. Ligno-
cellulosic materials have a high carbon content that can compensate for the carbon 
deficit in animal manure, but due to their slow decomposition and low methane 
production, they are rarely used as the sole substrate in an anaerobic digester. This 
problem can be overcome by pretreatment of lignocellulosic materials by processes 
such as enzymatic hydrolysis or steam explosion. However, this approach may not 
be financially viable (Ebner et al. 2016; Neshat et al. 2017). 

Combination of manure from different animals 

In the same way, different manures are produced from different animals, so is the 
diversity and abundance of their rumen microbial communities. Co-digestion of 
manure from different animals enhances methane production because of the positive 
synergies created in the medium during digestion, the microbiological diversity of the 
different animal manures, and the supplementation of nutrients that are lacking (Li 
et al. 2014). Compared to individual yields, dry anaerobic co-digestions of cow and 
swine manure in various ratios resulted in higher methane yields (5.10–18.01%), 
higher volatile solid removals (2.03–12.95%), and 2.98–12.51 percent chemical 
oxygen demand degradation. Co-digestion improved nutritional balance and diluted 
high NH3 concentrations in swine manure, resulting in improved digester perfor-
mance efficiency and increased biogas production (Li et al. 2014). The co-digestion 
of swine and poultry manure in a ratio of 1:1 (w/w dry basis) was reported to signif-
icantly enhance biogas production compared with individual manures (Ogunwande 
2013). 

Combination of animal manure and agricultural waste 

Co-digestion of feedstocks from other sources and animal manure is becoming 
increasingly popular to increase CH4 yields and to control organic waste. However, 
the literature on the advantages of co-digestion compared to mono-digestion varies 
widely. The co-digestion of other feedstocks and animal manure anaerobically 
has significantly increased biogas production. The type and amount of substrate, 
hydraulic retention time, organic loading rate, volatile solids, and carbon/nitrogen 
ratio were all factors that affect the methane yields (Ma et al. 2020). The co-digestion 
of pig manure and agricultural wastes in the anaerobic digester (energy crop residues) 
resulted in a daily rise in biogas production (Cuetos et al. 2011). According to a study 
that looked at the methane potential production of ternary mixtures of cattle and pig 
manure and food waste at various mixing ratios, there was no loss of CH4 potential 
at any mixing ratio and a potentially antagonistic effect was noticed when the food 
waste content exceeded 50%. Co-digestion was also found to accelerate the start of 
anaerobic digestion, implying that the technique could be used to hasten the start of 
the decomposition of cattle manure in a digester (Baek et al. 2020). The results of 
co-digestion of cow dung and swine manure with lawn grass suggested that swine 
manure would be a better co-substrate to combine with lawn grass for a longer period 
of time if it yielded a higher biogas potential. When compared to a mixing ratio of 
swine manure: lawn grass (40:20g), digestion of only lawn grass had a higher biogas
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and biomethane potential buildup over time. Because of the buffering and balanced 
nutrients in the digester, the best potential biogas and biomethane generation was 
attained when three substrates were co-digested (Singh et al. 2017). According to a 
recent meta-analysis of CH4 yield in co-digestion compared to single-digestion of 
animal manure with other feedstocks, the former significantly increased CH4 produc-
tion. The findings of this research give a solid foundation for realistic economic 
assessments and control of anaerobic digestion procedures for or with various types 
of animal manure and digesters (Ma et al. 2020). 

7.4.2 Boosting of Biogas Production Potential 

The amount of biogas produced from manure is determined by the chemical content 
of the manure and the efficiency with which volatile solids present in the manure or 
feedstocks are decomposed. Biogas production has been improved as a result of recent 
changes to classic digesters. When digesters operate at a medium (mesophilic) or 
high (thermophilic) temperature, maintaining that temperature consistently increases 
biogas output compared to digesters with a wider temperature range. The biogas yield 
per unit mass entering the digester has increased thanks to a two-phase system (acid 
and methanogenic phase) that provides near ideal conditions for microbial growth 
and an increase in the number of methane-producing microorganisms. Furthermore, 
increasing the surface area of feedstocks by reducing particle size during maceration 
will expose more volatile solids to microorganisms, resulting in higher biogas produc-
tion. Studies have shown that biological and/or chemical improvement of manure 
leads to an increase in biogas production. These improvements include bioaug-
mentation with certainly known microorganisms to accelerate the rate of organic 
decomposition, the addition of enzymes, the addition of micronutrients such as iron 
and magnesium to prevent the inhibitory effect of hydrogen sulfide production and 
ammonia accumulation in the digester, gas stripping of digestate to release dissolved 
biogas, use of biochar to improve digester performance, and integration of ammonia 
strips into biogas or anaerobic digester systems to remove the ammonia that can 
be inhibitory to the microbial community (Environmental Protection Agency 2021; 
Johari et al. 2020). 

7.5 Full-Scale Biogas Digester Microbial Composition 

7.5.1 Biologically Based Pretreatment of Manure 

The biological pretreatment of animal manure often involves the complex activities of 
various microbial communities such as bacteria, archaea and fungi. It is much more 
cost-effective than pretreatment with enzymes because these microorganisms are
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already present in the feedstock and use their enzymes during the process. Microor-
ganisms are known for converting high molecular weight substances in manure into 
lower molecular weight products that can be used in fermentation. The production 
of microbial extracellular enzymes capable of degrading the recalcitrant polymeric 
structures of the substrate is responsible for this process (Ferdes, et al. 2020; Lim et al. 
2018). These various microbial communities use their enzymes such as ligninolytic, 
cellulolytic, pectinolytic, proteolytic, lipolytic, amylolytic, and other enzymes to 
meet their nutrient requirements. The degrading microorganisms’ proliferation and 
their enzyme synthesis are involved in this treatment process (Ferdes, et al. 2020). 
As will be described later, it is critical to consider the optimal conditions for survival 
and growth of the relevant microorganisms during pretreatment, such as pH, temper-
ature, nutrients, inhibitors, and so forth. The change of each of these parameters 
impacts the microbial diversity, structure, and composition during the decomposi-
tion of the substrate, and these changes can be adjusted according to the desires and 
requirements of the biogas process. However, unlike the addition of enzymes, which 
act much faster, the use of microbes requires more time, more stringent operating 
conditions and the risk of growth of undesirable microorganisms (Huang et al. 2015; 
Wan et al. 2021). 

Metataxonomic profiles of animal manure could thus be used to control 
and monitor composting processes. As mentioned earlier, animal feeding affects 
manure’s biological and biochemical properties, leading to predictable changes in 
composition, diversity, and microbial community assembly during decomposition. 
According to a study examining how the type of livestock manure used by omni-
vores (chickens and pigs) and herbivores (cattle and sheep) affects compost microbial 
communities, there were significant changes in all microbial communities during 
composting, resulting in lower bacterial and fungal diversity and significant shifts 
in community composition and species dominance. Firmicutes dominated pig and 
chicken manure composts, while Proteobacteria and Chloroflexes dominated sheep 
and cattle manure composts (Wan et al. 2021). 

7.5.2 Bacteria in Biogas Digester 

The bacteria used in the pretreatment may be derived from microbial cultures from 
previous fermentations, sludge, lignocellulosic substrates, rumen fluid, and various 
agricultural by-products. The bacteria may be single species, consortia, or combina-
tions with microorganisms. These bacteria can rapidly adapt to new environments 
and substrates and continue to proliferate after a longer or shorter lag. Several bacte-
rial species, including Actinomycetes, Nocardia, Streptomyces, and Eubacteria, are  
known for their properties in modifying, solubilizing, and degrading lignin (Ferdes, 
et al. 2020; Bajpai 2016). As explained earlier in the anaerobic degradation processes, 
all anaerobic degradation processes, such as hydrolysis, fermentation, acidification, 
etc., are carried out by a bacterial community. The presence of microorganisms in 
biogas plants using the hydrolytic anaerobic process varies depending on the type
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of reactor. The degradability of different polymers is determined by their nature, 
composition, and complexity. For example, the hydrolysis of carbohydrates takes 
only a few hours, while the hydrolysis of proteins and lipids can take several days. 
The degradation of lignocellulose and lignin is also slow and incomplete. According 
to research, hydrolytic bacteria cannot synthesize enzymes without the presence of 
a cellulosome (Rehman et al. 2019; Schroyen et al. 2018; Yin et al. 2018). 

Bacteria with high hydrolytic activity were used for biological treatments. In one 
study, cellulose-degrading bacteria from the families Prevotellaceae and Fibrobac-
teraceae were found to be abundant in the rumen fluid of cattle but not in the manure, 
which are predominated by hydrolytic and fermenting bacteria from the family 
Ruminococcaceae and the orders Clostridiales and Bacteroidales. This explains why 
anaerobic digesters inoculated with rumen fluid from cattle perform better in biogas 
production (Ozbayram et al. 2018). Jin et al. (2018) also confirmed the influence 
of rumen bacteria that produce cellulase and xylanase on anaerobic co-digestion 
of corn straw with pig manure (Jin et al. 2018). According to Pampillón-González 
et al., in an anaerobic digestion, reactor loaded with pig manure, Firmicutes domi-
nated, followed by Proteobacteria and Bacteroidetes, and many phylotypes of Firmi-
cutes are known to have enzymes that can ferment plant lignocellulosic materials 
(Pampillón-González et al. 2017). Firmicutes (50–73%), Bacteroidetes (6–27%), and 
Proteobacteria (3–8%) were the most abundant phyla in a study examining the micro-
bial communities of six biogas plants connected to respective cattle farms (Fontana 
et al. 2016). The environmental and operational parameters influence the overall 
composition of the microbial community in the biogas plant. Analysis of micro-
bial communities of 29 full-scale anaerobic digesters showed a high abundance of 
phyla Firmicutes (major classes were Bacilli and Clostridia) in all samples, followed 
by Bacteroidetes (dominance of Bacteroidia class) and Proteobacteria (Vrieze et al. 
2015). 

7.5.3 Archaea in Biogas Digester 

Methanogens are important for biogas production and have been the subject of 
numerous studies of microbial communities. Using high-throughput sequencing 
methods, researchers can now better understand the structure and function of the 
entire microbial community, allowing them to focus on understanding complex 
relationships to maximize biogas production (Pampillón-González et al. 2017). 
In contrast to methylotrophs, represented in the rumen sample only by the genus 
Methanosphaera, hydrogenotrophic and acetotrophic methanogens were identified 
in large numbers in the metagenomics study of the anaerobic digester-fed bovine 
excreta. The genera Methanoculleus, Methanosaeta, and Methanolinea were most 
abundant and changed over time as the digester ran. This appears to change toward 
the end of the experiment, with hydrogenotrophic Methanoculleus (70%) domi-
nating the bio-digester community, while acetotrophic Methanosaeta (7%) and 
hydrogenotrophic Methanolinea (5%) are minor components (Senés-Guerrero et al.
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2019). Also, according to a study by Pampillón-González et al., methanogens, 
acetoclastic Methanosaeta, hydrogenothrophic Methanoculleus, and Methanospir-
illum dominated in the middle of an anaerobic digestion reactor loaded with pig 
manure (Pampillón-González et al. 2017). Using amplicon sequencing of mcrA 
genes, Ozbayram et al. studied the methanogenic communities in bovine manure. 
They found that Methanocorpusculum was the most abundant genus (66%) and 
Candidatus methanoplasma accounted for only 5%, in contrast to what they found 
in the rumen, where Methanobrevibacter and Candidatus methanoplasma accounted 
for 85% of all mcrA genes. Due to the high occurrence of lignocellulose-degrading 
bacteria such as hydrogenotrophic methanogens and hydrolytic/fermenting bacteria 
of the orders Bacteroidales and Clostridiales, the rumen microbiome can be used as 
a seed for anaerobic digesters working with lignocellulosic feedstock or manure 
(Ozbayram et al. 2018). In a study examining the archaeal communities of six 
biogas plants connected to cattle farms, it was reported that the predominant 
archaea are Methanosarcina, Methanobrevibacter (80%), Methanobacterium, and 
Methanosaeta, although these methanogens varied depending on the biogas plant. 
The genus Methanosarcina was associated with ammonium concentration, while the 
genus Methanoculleus was more represented in the thermophilic digesters and the 
order Thermotogales was associated with hydraulic retention time (Fontana et al. 
2016). The existence of the family Methanosaetaceae and the order Methanobac-
terium was discovered in the methanogenic communities of 29 full-length Anaer-
obic Digester Plants analyzed using real-time PCR targeting the 16S rRNA genes. 
Methanobacteriales were found in all samples and the authors emphasized that the 
methanogenic community in a given plant remains constant over time, suggesting 
that they may be the major acetoclastic and highly hydrogenotrophic methanogens 
in anaerobic digestion, respectively (Vrieze et al. 2015). 

7.5.4 Fungi in Biogas Digester 

Anaerobic fungi are excellent degraders of lignocellulosic biomass in the diges-
tive tract of their hosts, making them a potential source for bio-fermentation in 
biogas production. Their unique combination of enzymatic and mechanical attacks on 
recalcitrant plant structures shows great promise for improving anaerobic digestion 
(Vinzelj et al. 2020). The addition of anaerobic fungi to plant biomass has resulted in 
increased biogas production (Procházka et al. 2012), faster initial hydrogen molecule 
and methane synthesis, and better degradation of volatile fatty acids (Nkemka et al. 
2015), suggesting the potential of fungi to promote fiber digestion. The molec-
ular approach used to evaluate the transcriptional cellulolytic activity of fungi from 
animal and biogas plant-derived materials was able to discriminate between fungi 
at the species level, as demonstrated for the genera Neocallimastix (N. frontalis and 
N. cameroonii) and Orpinomyces (O. joyonii and O. intercalaris) (Dollhofer et al. 
2016). Dollhofer et al. used qPCR targeting the 18S rRNA gene to screen 10 different 
biogas plants fed with cattle manure or slurry in Germany for anaerobic fungi and
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detected the fungi in the majority of the investigated biogas plants. According to 
the study, several factors influenced the existence and activity of fungi in biogas 
plants (Dollhofer et al. 2017). In a follow-up study, Young et al. found anaerobic 
fungi enzyme, endoglucanase that is transcriptional active in the digester tank of a 
two-stage biogas plant fed with cow manure. This study also examined a variety 
of biogas plants and found that no such fungi were detected in anaerobic digester 
reactors fed with a variety of agricultural commodities and wastes, as well as pig and 
poultry manure. It has shown that fungi such as Trichoderma capillare, Coprinopsis 
cinerea, and Neocallimastigomycetes are potential candidates for improving the use 
of lignocellulosic raw materials in the practice of biogas production (Young et al. 
2018). However, aerobic fungi from the phyla Ascomycota, Basidiomycota, and 
Zygomycota were found in large numbers in these biogas plants. Previous studies 
have also detected aerobic fungi in biogas plants (Dollhofer et al. 2017; Bengelsdorf 
et al. 2012) (Dollhofer et al. 2017; Bengelsdorf et al. 2012). 

7.5.5 Microbial Enzyme in Biogas Digester 

Even though enzyme treatment requires a short reaction time and is unaffected by 
some inhibitors (e.g., coumarin-rich plants) or microbial metabolism, the high cost 
of the enzyme is an economic barrier to the development of biogas production on an 
industrial scale. Most of the enzymes involved in the fermentation or biodegradation 
of complex organic polymers, carbohydrates, lipids, and proteins in animal waste in 
biogas reactors are produced by indigenous microorganisms, as well as exogenous 
enzymes provided for the degradation of most of these organic materials (Wei 2016). 
Some of the extracellular enzymes that help in the initial degradation of biomass 
into an even finer consistency are formate dehydrogenase, cellulase, laccases, lipase, 
xylanase, amylase, pectinases, proteases, hemicellulases, methyl-CoM reductase, 
formylmethanofuran transferase, etc. Enzymes involved in organic matter degra-
dation or methanogenesis, the most important step in methane production, include 
methyl-CoM reductase, formylmethanofuran transferase (FTR), the F420-dependent 
N5, N10-methylenetetrahydromethanopterin dehydrogenase, the MER, N5, N10-
methylenetetrahydromethanopterin reductase, the formylmethanofuran dehydroge-
nase, and the coenzyme M-HTP heterodisulfide. In addition, pretreatment with 
enzymes has been shown to be a promising method to increase biomethane production 
(Hosseini et al. 2019; Ferdes, et al. 2020). 

7.6 Chemical and Physical Properties of Biogas 

Analysis of the chemical components of the biogas produced from anaerobic diges-
tion of organic matter indicate that methane (50–75%) and carbon dioxide (25–50%) 
make up the primary constituents of the biogas (Table 7.1) while hydrogen (0–1%),
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nitrogen (0–2%), ammonia (0–1%), hydrogen sulfide (0–1%), carbon monoxide (0– 
2%), and water (2–7%) occur in trace amounts as impurities (Raja and Wazir 2017; 
Sawyerr et al. 2019). A wide range of feedstocks can be coupled with a variety of 
fermentation processes to produce biogas with varying trace concentrations. It all 
depends on the feeding rate of the digester, the substrate, and its organic matter load, 
as well as the internal parameters within the anaerobic digester (pH and temperature) 
(Herout et al. 2011). For instance, the levels of this trace chemicals in biogas from 
dairy manure are generally lower, but the combustion products have a significantly 
higher toxicity than the other feedstocks (Li et al. 2019). A study of five types of cows 
revealed differences in biochemical properties and, as a result, biogas potential of the 
produced manure. Higher lipid and protein concentration resulted in reduced biogas 
potential, but increased carbohydrates content resulted in higher biogas generation 
(Abdallah et al. 2018). 

Methane is a combustible gas, and the amount of methane in biogas determines 
how much energy it contains. Biogas is a gas that is much lighter than air and 
provides twice as many calories as natural gas. The characteristics of biogas, like 
those of any pure gas, are pressure and temperature dependent. Biogas is influenced 
by changes in calorific value (a function of water vapor content, temperature and 
pressure), changes in volume (a function of pressure and temperature), and changes 
in water vapor content (a function of pressure and temperature) (Bharathiraja et al. 
2018). Biogas is difficult to compress, liquefy, or store. Methane must be liquefied at 
a temperature of −83 °C at a pressure of 35 MPa or −162 °C at the standard atmo-
spheric pressure (101,325 Pa). Biogas has a calorific content of roughly 6 kWh/m3 

and other properties (Table 7.1), which is about half a liter of diesel fuel. The effi-
ciency of the burners or appliances determines the net calorific value (5000 kcal per 
m3).

Table 7.1 The general composition and properties of biogas 

Composition Properties 

Gas % age amount in biogas Chemical properties Range 

Methane (CH4) 50–70 Density (kg/m3) 0.94 

Carbon dioxide (CO2) 25–50 Ignition temperature (°C) 700 

Hydrogen (H2) 0–1 Required air for combustion 
(m3/ m3) 

5.7 

Nitrogen (N2) 0–2 Net calorific value (KWh/m3) 6 

Ammonia (NH3) 0–2 

Hydrogen sulfide (H2S) 0–1 

Carbon monoxide (CO) 0–2 

Water (H2O) 2–7 
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7.7 Factors and Parameters that Can Influence Biogas 
Production from Manure 

A number of factors as well as parameters, such as manure nutrients and content, 
temperature, pH, nitrogen inhibition and carbon/nitrogen (C/N) ratio, retention time, 
substrate particle size, and agitation, must be given specific attention in order to 
achieve optimal biogas generation. These elements have been shown to have a direct 
impact on the rate of biogas production and the efficiency of the digestive process. 
In addition, the amount of organic material used as inoculums in the fermentative 
organic substrate and the size of the inoculums had an impact on the rate of gas 
production (Nuchdang et al. 2015; Noraini et al. 2017). As a result, we highlighted 
several key factors as well as parameters that are known to have a direct impact on the 
efficiency of the manure processing and biogas generation rate, as well as examined 
the findings of past studies in this sector. 

7.7.1 Temperature 

One of the most important factors that affect the formation of biogas from manure 
is temperature. Negligence to correctly manage the reaction temperature can reduce 
process effectiveness and have an indirect impact on reaction rate, heavy metal as 
well as carbon dioxide solubility and buffering. The pace of reaction theoretically 
increase as the ambient temperature rises. As a result, the production of biogas will 
rise. During anaerobic digestion, there are three temperature ranges: psychrophilic 
temperatures ranging from 0 to 15 °C, mesophilic temperatures ranging from 15 to 
45 °C, and thermophilic temperatures ranging from 45 to 65 °C (Table 7.2) (Kardos 
et al. 2011). After evaluating the type of inoculums to be employed, temperature 
ranges are chosen. In most conventional digesters, mesophilic temperatures of around 
35 °C are used in the system. Thermophilic temperatures of 55–60 °C, on the other 
hand, are worth investigating because they produce more biogas in a shorter amount 
of time. Several studies have shown that thermophilic systems have benefits over 
mesophilic systems. When it comes to response times, thermophilic temperatures 
allow for quicker responses in less time, causing a greater gas output (Noraini et al. 
2017).

Moreover, because it destroys disease-causing microorganisms as well as weed 
seeds to a higher degree, the thermophilic system is surely capable of providing 
improved sanitation for the end-digestate product (Elmashad 2004). Furthermore, 
thermophilic temperatures can inactivate Salmonella as well as Mycobacterium 
paratuberculosis for as little as 24 h, but mesophilic temperatures need at least a 
couple of weeks or a month to keep the same microbes dormant (Sahlström 2003). 
On the other hand, other studies have found that the mesophilic temperature range 
is almost but not quite as effective as the thermophilic temperature range, but only 
on certain substrates. Arikan and other researchers found that handling dairy dung
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Table 7.2 Temperatures at which various methanogenic bacteria thrive best (Noraini et al. 2017) 

Range of temperature Genus of microorganisms Optimal temperature (°C) 

Thermophilic Methanohalobium 50–55 

Methanosarcina 50–55 

Mesophilic Methanohalophilus 35–45 

Methanogenium 35–40 

Methanococcoides 30–35 

Methanocorpuseulum 30–40 

Methanobacterium 37–45 

Methanobrevibacter 37–40 

Methanoplanus 20–40

at reduced temperatures, such as 22 as well as 28 °C, produces methane at 70 and 
87% of the value reported in a system operating at 35 °C (Dobre et al. 2014). Aside 
from that, anaerobic digestion of Buffalo dung at thermophilic (55 °C), as well as 
mesophilic (37 °C) temperatures, revealed that the system with higher temperatures 
produced more methane. Furthermore, the thermophilic reactor can run smoothly at 
pH 8.0 (Noraini et al. 2017). 

The rate of solubilization was calculated by removing suspended solids, and it 
was discovered that at temperatures ranging from 25 to 45 °C, the solubilization rate 
is quite high, ranging between 62.2 and 72.7% This shows that under these temper-
ature ranges, microbial activity was high, which led to a high rate of solubilization. 
Furthermore, the abrupt transition from mesophilic to thermophilic or vice versa, as 
well as variation in temperature placed on the system will have a direct impact on 
the process. Biogas yield will decrease until the appropriate populations have been 
restored for the process to run smoothly (Ward et al. 2008). In addition, even little 
variations in temperature in the digestion process, such as from 35 to 30 °C or vice 
versa, can drastically lower the biogas generation rate (Chae et al. 2008). 

The energy requirements for heating are higher in thermophilic systems, which 
increases the system’s operating costs. In addition, there is a need for tempera-
ture regulation due to the increased sensitivity of the systems to operational and 
environmental conditions. 

7.7.2 The pH Values 

In anaerobic digestion, the pH value is the most important element. The pH influences 
the growth of bacteria during anaerobic fermentation. Hydrogen, carbon dioxide, and 
volatile fatty acids influence the pH of digestive contents. The temperature of the 
reaction medium has an impact on this. A study by Carotenuto et al. reported twice 
the production of biogas (70%) at a pH > of 8.0 under thermophilic (55 °C) conditions
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than at a pH of 7.0 under mesophilic (37 °C) conditions during anaerobic digestion 
of buffalo manure. Their results show that a basic pH at the beginning favors the 
production of biomethane because it reduces the lag time and thus increases the 
production rate (Carotenuto et al. 2016). A recent study has shown that pH varies 
during different stages of anaerobic digestion of livestock manure due to microbial 
activity. In light of this, the acidic condition could be due to the accumulation of 
volatile fatty acids caused by the inhibition of ammonia driven by the high nitrogen 
concentration of chicken manure (Johari et al. 2020). In addition, the results of a 
study confirmed that alkaline pH, which increased from 8 to 12, was beneficial for 
pretreatment of manure (alkaline microwave treatment), which could promote the 
decomposition rate of manure. Although some methanogens are sensitive to pH, few 
acidophilic methanogens are known to survive in a neutral or weakly alkaline envi-
ronment. With such manure pretreatment, methanogens will always be the dominant 
microflora in weakly alkaline environments (Yu et al. 2017). It has been shown that 
the performance of the bioreactor for the anaerobic digestion of swine manure is 
highly dependent on pH. This was supported by the fact that during biogas produc-
tion, methane content was significantly higher (51.81%) at neutral pH (7.0) than at 
pH 6.0 (42.9%) and 8.0 (35.6%) (Zhou et al. 2016). 

7.7.3 The Nutrients and Content of Manure 

The nature of the feedstock utilized influences the quality as well as quantity of biogas 
produced. In addition, feedstock should have essential nutrients as well as carbon 
sources, which lets microorganisms thrive more sustainably. The kind of feedstock 
chosen and its nature i.e., solid content, determine the operational considerations 
of the waste to be processed (Daim et al. 2012) (Daim et al. 2012). “A plug-flow 
digester is apt for ruminant animal dung with solid concentrations of 11–13%,” “a 
complete-mix digester is apt for manure that is 2–10% solids,” and “a covered lagoon 
digester” is employed for liquid manure with less than 2% solids (Daim et al. 2012). 
The total quantity, as well as solids’ type in the wastes they considered, were such that 
they could flow on their own or form slurries with water before eventually flowing, 
allowing them to be employed in a continuous process (Igoni et al. 2008). 

7.7.4 Nitrogen Inhibition and Carbon/Nitrogen (C/N) Ratio 

Protein, carbohydrate as well as fat make up the bulk of organic solid waste. Nitrogen 
is required for microbial growth plus replication in anaerobic circumstances. It’s 
critical to keep nitrogen concentrations consistent throughout the procedure to avoid 
disruption. Microbes involved in first-step biological degradation remove the amino 
groups from the nitrogenous molecule during hydrolysis, resulting in ammonia as 
a by-product. Currently, if the rate of hydrolysis is not adequately regulated, NH3
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will build up in the digester, causing NH3 toxicity or NH3 inhibition (Yin et al. 
2018). According to one investigation, NH3 inhibition transpires between 1500 and 
3000 mg L−1 of total ammoniacal nitrogen plus a pH of over 7.4 (Calli et al. 2005). 
Ammonia concentrations greater than 4 g NH4+–NL−1 impede the methanogen-
esis process. Free NH3 has also been discovered as one of the primary components 
impeding methanogenesis, according to the study (Chen et al. 2008). Investigators 
stated that NH3 affects methanogenesis by two mechanisms: (1) direct inhibition of 
CH4 producing enzyme by NH4+ and (2) diffusion of NH3 through the cell wall of 
microorganisms, resulting in pH shift. The second mechanism is thought to have a 
bigger impact on the methanogenesis process. NH3 is thought to be able to permeate 
passively into methanogen cell walls, where some of them will transform to NH4+. 
This transpires when internal pH differences drive ammonia molecules to absorb 
proton (H+) as a result of the mechanism (Noraini et al. 2017). 

Excess NH3 could bring about the rise in pH of the digester, triggering digester 
failure as well as low product yield if not rectified. During the intervening time, 
differing C/N ratios produce slightly varied results when animal excrement is 
digested. The biogas production was 0.50 m3/kg VS for digestion with the lowest 
C/N ratio of 13. The greatest C/N ratio employed was 24, with a biogas production 
of 0.70 m3/kg volatile volids (VS) (Yilmaz et al. 2018). The most ideal C/N ratios 
in a CH4 generating process have been reported to be in the range of 20–30 (Wang 
et al. 2014). It has as well been claimed that microbes deplete carbon 25–30 times 
faster than nitrogen since carbon is employed as an energy source whereas nitrogen 
is needed to construct cell structures (Okonkwo et al. 2018). When the C/N ratio 
is too high, nitrogen is used up first, allowing carbon to accumulate, slowing the 
process. A low C/N ratio, on the other hand, indicates that nitrogen is abundant in 
the digester while carbon is scarce. Carbon will become scarce in the near future 
and fermentation will cease, leaving nitrogen unused. This situation could lead to 
the production of hazardous NH3 species (Okonkwo et al. 2018). 

7.7.5 Hydrogen Sulfide Concentration 

Methane (CH4) makes up half to 70% of the volume of biogas produced for sustain-
able energy production. Biogas also contains a lot of CO2, between 30 and 50% by 
volume, as well as traces of other gases such as NH3, H2, and N2, as well as other 
nutrients such as hydrogen sulfide. When stored, combined, or handled in biogas 
systems, input feedstock alongside output digestate materials (including manure) 
can produce these gases. These gases are toxic and create a harmful atmosphere if 
not adequately vented. The most frequent gas is H2S. It is also the deadliest (Zagorskis 
et al. 2012).
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7.7.6 Substrate Particle Size and Agitation 

The size of the feedstock’s particles has an impact on how quickly biogas is produced. 
The rate of hydrolysis, which is limited in the anaerobic digestion process, increases 
as particle size decreases (Sheridan et al. 2012). Vast particles may cause the digester 
to clog. Small particles, on the other hand, provide a huge surface area for microbe 
adsorption, which boosts the activity of microbes and, consequently, biogas output 
(Wasajja et al. 2021). 

7.7.7 Retention Time (Flow-Through Time) 

The theoretical period during which a particle or volume of liquid added to a digester 
remained in it is known as the retention time. The amount of time that volatile 
solids persist in the reactor is also known as the retention time. The average range 
of the complex molecule kept in the digesters, in contact with the biomass and 
decomposes into metabolic products such as monosaccharides, polysaccharides, and 
amino acids, is referred to as hydraulic retention time (Dobre et al. 2014). Organic 
matter decomposes slowly in anaerobic circumstances; therefore, digestion will take 
some time. One of the factors that will affect the retention time is the type of microbe 
and its temperature range. When compared to a mesophilic temperature system, a 
thermophilic temperature system in anaerobic digestion will have a shorter retention 
time. The particle kinetics rate and the reaction rate both increase as the temperature 
rises. Retention time is one of the most important criteria to consider when developing 
a cost-effective digester, as well as the other metrics listed above (Alvarez et al. 
2006). Ezekoye and other researchers investigated the influence of retention time on 
biogas production of poultry droppings as well as cassava peels under mesophilic 
conditions. He concluded that as the retention period is increased, biogas output 
increases. During the first 5 to 15 days of digestion, cumulative biogas output peaks. 
The pace remains consistent for the next 20–30 days before gradually decreasing 
(Ezekoye et al. 2011). 

7.8 Biogas Applications 

Biogas contains combustible methane, which carries chemical energy. Methane gas 
is made up of many carbon and hydrogen atoms, and when the gas is burned, the 
energy stored in these atoms is released. Burning the gas produces hot air that can be 
used in a number of ways (Fig. 7.1). Biogas can be utilized in all natural gas-based 
applications such as cooking, drying, cooling, absorption heating, gas turbines, direct 
combustion, space heating, and water heating. It can also be used to power internal 
combustion engines and fuel cells for electrical and mechanical operations. When
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Fig. 7.1 Possible applications of biogas in many types of equipment 

properly purified and compressed, it can be used in gas pipelines for steam generation 
and lighting (Kadam and Panwar 2017). 

7.8.1 Electricity Generation 

Biogas can be used in a variety of internal combustion engines, including gas turbines, 
Jenbacher and Caterpillar gas engines, which can convert biogas into both electricity 
and heat. These combustion engines can convert biogas into mechanical energy, 
which is used to power an electric generator to produce electricity (Scholwin and 
Nelles 2013). When the biogas is carefully mixed with the appropriate amount of 
air, it is drawn into the internal combustion engine by the force of the engine pistons 
moving downward and creating a vacuum. As the piston moves upwards, the biogas-
air mixture is compressed. The compressed biogas-air mixture is ignited by a high-
energy spark plug, since biogas is a slow-burning fuel and requires an engine with a 
higher compression ratio for optimal combustion. This gas mixture heats up quickly, 
expands, and pushes the piston down, creating torque that turns the engine. The 
exhaust valve of the biogas engine opens at this point, allowing the spent fuel– 
air combination to enter a heat exchanger, where any remaining fuel is removed. 
The generator converts the mechanical energy generated by the internal combustion 
engine into electricity (Fig. 7.2). To generate an electrical current, this mechanical 
energy turns an iron core wrapped in copper wire inside a strong magnet (Qian et al. 
2017; Mustafi et al. 2006).

Biogas-based electricity generation has seen the fastest increase in the bioenergy 
sector, with projections of up to 11.2 GW capacity by 2020 (Scarlat et al. 2015).
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Fig. 7.2 Use of biogas for electricity generation

It has been widely used as a source of energy in African and Asian households, 
despite its rudimentary nature. For the countries of Western Europe and Northern 
America, it is a very important and necessary energy source. In fact, due to European 
Union (EU) countries is the world leading biogas producer, with about 10 GW of 
installed capacity and 17,400 biogas plants, compared to 15 GW of global biogas 
capacity. In 2015, biogas generated around 61 TWh of electricity in the EU (Scarlat 
et al. 2018). According to the US Energy Information Administration, 25 big dairies 
and livestock enterprises generated roughly 224 million kWh of electricity from 
biogas in 2019 (EIA 2020). Cattle waste from a dairy barn in Meoqui, Chihuahua, 
Mexico, was reported to have been used to generate up to 22 kW of power on a 
small scale (Huerta-Reynoso et al. 2019). In Asia, a few small-scale and low-cost 
residential biogas systems have been widely used for electricity generation, especially 
in rural areas (Dimpl 2010). According to a study conducted in Indonesia, biogas 
from cattle, pig, and poultry waste has an annual electricity potential of 80 TWh, 
which is more than enough to substitute diesel fuel in the power sector by 2030. 
In Malaysia, a similar study in 2016 predicted that animal manure would generate 
10 TWh by 2020, which is about 15% of the replacement of natural gas in the power 
sector. The current installed capacity of power injection from biogas in Malaysia is 
220.86 MW, generating only 1.7 TWh per year, according to Malaysia’s Sustainable 
Energy Development Authority (Hoo 2019). 

7.8.2 Heat or Steam Generation 

The most obvious application of biogas is as a source of heat (thermal energy). 
Biogas simply burns to generate heat through the combustion process. One cubic 
meter of biogas provides about 2.0/2.5 kWh of heat energy when burned. Part of the 
heat produced by the plant can be used directly to supply energy to the plant and 
surrounding buildings, while the remaining heat is not wasted but can be used for 
domestic heating and transmitting of hot water via a local pipe network. In several 
Scandinavian countries, the concept of heating water and sending it to households 
as part of central heating is common. Small biogas systems can offer heat energy 
for basic cooking (Anderman et al. 2015) and water heating in locations where fuels 
are scarce. Biogas is used in gas lighting systems and conventional gas burners 
by simply adjusting the air-to-gas ratio. From the standpoint of energy gain, direct 
thermal application of biogas is the best option. In 2015, biogas produced 127 trillion
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joules of heat in Europe, with heat generation accounting for over half of total biogas 
consumption (Scarlat et al. 2018). 

7.8.3 Co-Generation or Combined Heat and Power 
Generation 

Bioelectricity is generated by burning biogas in a combined heat and power plant 
(CHP), and waste heat is collected from the combustion system’s engine exhaust 
by a thermal storage unit. This heat can be converted into a usable form of thermal 
energy, such as steam or hot water. Some CHP plants first generate electricity and 
then use the waste heat to heat domestic hot water (topping cycle). Other CHP 
systems primarily generate heat, with electricity as a by-product (bottoming cycle). 
In either instance, the overall (combined) efficiency of the electricity (35%) and heat 
(50%) produced and utilized is significantly higher than when the fuel (biogas) is 
used just to generate power or heat. The most commonly used in engine in CHP 
applications are the internal combustion engines and turbines (micro or large) with 
comparable efficiencies to spark-ignition engines and low maintenance. In order to 
employ biogas in any of these systems, hydrogen sulfide and water vapor levels must 
be significantly reduced (Frazier 2019; Kaparaju and Rintala 2013; Arshad et al. 
2022). Co-generation is one of the strategies for increasing the cost-effectiveness of 
production. When compared to separate power and heat generation, CHP allows for 
improved utilization of the chemical energy contained in biogas, as well as reduced 
fuel usage, pollution emissions, and few geographic limitations. CHP is now state of 
the art in Europe and its share of electricity generation is higher than in other regions, 
due to the long history of CHP. Despite the obvious environmental benefits, the use 
of CHP remains some 70–80% below its potential (Kusch, 2017). 

7.8.4 Biomethane Production 

Biogas purification, also known as biogas upgrading to biomethane (BUB), is a 
cost-effective alternative to employing a CHP system. In most cases, the biogas 
produced in a biogas plant is not clean biomethane (it consists mostly of 60% CH4 

and 40% CO2). Other biogas gasses, except CH4, are considered as contaminants. The 
removal of these contaminants, particularly CO2, will improve the quality of biogas 
for alternate uses. CO2 and other unwanted components are filtered out using various 
biogas upgrading technologies, such as membrane-based separation, pressure-driven 
membrane absorption, amine purification, organic-physical scrubbing, water purifi-
cation, or freeze distillation. Because it may be injected into the natural gas system 
or compressed into CNG (compressed natural gas) for transportation, biomethane is 
a good form of renewable energy. After being pumped into the natural gas line, it can



194 C. O. Nwuche et al.

be used to fuel the central heating system or used in a gas stove for cooking (Adnan 
et al. 2019; Arshad et al. 2021). 

Europe is the world’s leading producer of biomethane for injection into the existing 
natural gas or as a vehicle fuel, with 340 plants putting 1.5 million m3 into the gas 
line and 459 plants creating 1.2 billion m3. Roughly 697 biomethane fuel stations 
facilitated the use of 160 million m3 of biomethane as a fuel for transportation in 
2015 (Scarlat et al. 2018). The most ambitious activities are now being carried out 
in Germany. As a result of the German government setting targets for biomethane 
production and long-term use, 83 biogas upgrading units were operational by the 
end of 2011 (Beil and Beyrich 2013). 

7.8.5 Transportation Fuel 

In a number of countries, particularly in Europe, purified biogas, such as 
compressed (CBG) and liquefied methane (LBG), is used as a transportation fuel. In 
addition to CBG and LBG, biogas is used to generate syngas, which can then be used 
to produce sustainable biofuels such as methanol, hydrogen or dimethyl ether. These 
fuels differ from CBG and LBG in terms of their properties and potential, which may 
make them ideal for different elements of the renewable energy system that needs 
to be developed. They, like compressed and liquefied methane, are all currently 
produced mainly from fossil fuels (Dahlgren 2020). In 2016, Germany, Sweden, 
Switzerland, the United Kingdom, and the United States were the top producers of 
biogas as a car fuel. An estimated 500 plants throughout the world produce biogas and 
upgrade it to biomethane, which is roughly 50 Petajoule (PJ)/a (IRENA 2018). Biogas 
was expected to account for around 10% of the natural gas fuel pool by 2020, with 
gasoline gallon equivalent production ranging from 7 million in 2015 to 111 million 
in 2020. Although biogas accounts for a tiny proportion of total low-carbon fuel 
volumes generated in the United States, it is an appealing compliance alternative for 
regulated parties because distinct biogas routes have been rated with a few of the 
reduced carbon levels. While biogas as a fuel for transportation is still in its infancy, 
this lower-carbon alternative has a promising future (Rogulska et al. 2018). 

7.8.6 Biohydrogen Production 

The perfect raw material for a sustainable energy market transition is hydrogen. 
Biohydrogen has the potential to increase energy efficiency. Biogas is utilized to 
produce hydrogen as a sustainable resource through a multi-step process that includes 
biogas reformation, water–gas shift reaction, and hydrogen extraction (Minh et al. 
2018). In Germany, biogas facilities have transition to steam reforming instead of 
generating 31.9 terawatt-hours of electricity per year, producing roughly 58 terawatt-
hours, or 1.7 billion kilos of hydrogen per year. However, one of the most significant
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barriers to using gas, particularly in transportation, is its inefficient conversion effi-
ciency (Schleupen 2020). Currently, there is no substantial facility for providing 
hydrogen as a transportation fuel and in-vehicle storage capacity is also a challenge. 
Furthermore, hydrogen fuel cells are expensive to produce and have a limited lifespan. 
Chemical hydrogen storage is the subject of extensive investigation. 

7.8.7 Fuel Cells 

Fuel cells are devices that directly transform the chemical energy stored in biogas 
into electrical and thermal energy using essentially an electrolytic substance put 
between positive and negative electrodes (anode and cathode), with only water and 
heat as by-products. In contrast to combustion, which drives a mechanical process that 
powers an electrical generator to produce power, a biogas fuel cell produces direct 
current electricity via an electrochemical process (Arshad et al. 2018). “Outside” 
air is pumped through piping to generate power. When oxygen atoms come into 
touch with a negative electrode (cathode), they gain additional electrons and become 
ions, which migrate into the electrochemical reaction. The ionized oxygen migrates 
to the positively charged electrode (anode), where they mix with the hydrogen in 
the fuel and release more electrons, which are then emitted as a current by the 
fuel cell. The differential in oxygen partial pressure across the electrolyte drives 
electrochemical processes (Hanson 2013; Arshad et al. 2018). Fuel cell systems 
can produce net electric power outputs ranging from 250 kW to 1.4 MW and can 
run on 100% renewable fuel. The solid oxide fuel cell has been reported to have 
a 50–60% electrical conversion efficiency with little pollutant emissions and high 
thermal leftovers. Its high-quality residual heat could be used to boost biogas output 
by thermally pre-treating anaerobic digestion substrates. The heat could be used for 
absorption freezing, water heaters, or supplied to local businesses. Fuel cells make it 
possible for a facility to become energy self-sufficient (Saadabadi et al. 2019). The 
ability of biogas-fueled fuel cells to directly transform waste streams into power with 
zero emissions holds a lot of potential (Margalef 2021). Although hydrogen is the 
ideal fuel for fuel cells, alternative fuels are being investigated due to the associated 
costs of hydrogen production and storage (Saadabadi et al. 2019). 

7.9 Biogas Development Across the Globe 

The development of the biogas industry varies across the globe. Due to variances in 
the environment, energy use, and production methods, some continents have evolved 
from distinct biogas systems while others have not (Abanades et al. 2021a, b; Arshad 
et al. 2014). Profiling the biogas growth of particular nations throughout the world’s 
continents with an emphasis on manure as a feedstock could therefore provide some 
challenges in terms of scale, commercialization, technical perspective, availability of
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feedstock, and economic policy. This research won’t provide any definitive compar-
isons across the continents because the biogas industries were founded at separate 
eras and never developed consistently. Rather, it focuses on researching the level of 
biogas production and advancement that has been made across several continents 
using dung as a feedstock, as well as potential economic benefits (Gao et al. 2019), 
potential barrier’s identification, digester capacities, standard framework, policies, 
and operational modalities (Nevzorova and Kutcherov 2019). One noteworthy plan 
calls for the implementation of zero-grazing systems to increase the supply of manure 
as a feedstock for biogas production. Since the Domestic Biogas Stove Implemen-
tation Program, the first biogas standard, was launched in April 1987, more than 70 
biogas standards have been released. These standards have an impact on how biogas 
facilities are designed, built, operated, and maintained (Giwa et al. 2020). 

7.9.1 Africa 

Africa has one of the highest potentials for producing biogas, but nothing has been 
done to advance its development. This shows that despite the continent’s abundant 
natural resources, which serve as a suitable feed stock for biogas production, biogas 
production in Africa had no economic objectives and did not benefit from advanced 
industrial technologies (Kemausuor et al. 2018). Despite this, only household biogas 
systems on the continent have made headway, and a lot has to be done (Clemens 
et al. 2018). Over the past few decades, small-scale facilities, the most of which 
are located in remote locations, have produced the majority of the biogas in Africa. 
But as several nations in sub-Saharan Africa strive to improve their infrastructure 
for biogas production, a paradigm change is taking place. Within the framework of 
the African Biogas Partnership Program (BPPA), seventy thousand biogas digesters 
were constructed in Tanzania, Burkina Faso, Ethiopia, Uganda, Kenya, and Senegal 
in 2013 (Clemens et al. 2018; Aliyu et al. 2015; Shane and Gheewala 2017). These 
varied digesters use typical manures as feedstock, including animal excreta and 
waste from slaughterhouses (Mukumba et al. 2016). The National Domestic Biogas 
Programs (NDBP) were aided by the African Biogas Partnership Program, which in 
2013 ended successfully. This gave rise to increase in biogas installation in Africa 
(Ghimire 2013). This program’s success, along with that of other non-governmental 
organizations promoting the growth of biogas in Africa, has been made possible by 
merging farming systems to take advantage of the multiple potential advantages of 
biogas digesters (Yimen et al. 2018). 

7.9.2 Asia 

Several Asian nations have launched significant endeavors to spread the use of biogas 
technology with the aid of their governments and foreign aid (Kemausuor et al. 2018).
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The development and future of the biogas business differ significantly between Asian 
nations. China dominates Asia and the world in terms of residential biogas technology 
(Chen et al. 2010). It contains a significant amount of agricultural wastes, particularly 
animal manure utilized as a feedstock. China has devised an internationally acclaimed 
standard system for its biogas industry. The report states that at the end of 2015, 
China had 111,000 profit-oriented biogas plants, of which 103,898 were small and 
medium-sized, 6737 were industrial scale, and 34 were extremely large. The report 
predicts that the current number will significantly increase over the next six years. 
Their primary feedstocks are manure and agricultural waste (Chen et al. 2017). With 
14.9 gigawatts (GW) of installed capacity and 79.4 terawatts hour (TWh) produced 
in 2017, China has overtaken all other countries as the world’s top producer of 
bioelectricity (Dwyer and Teske 2018). By the end of 2017, India had established 
over 300 MW of profit-driven biogas production capacity (Havrysh et al. 2020). 
In Asia, biogas systems have been promoted in Nepal, Bangladesh, Vietnam, and 
Thailand. Attempts to expand facilities in Japan using dairy agriculture waste as a 
feedstock have been reported (Takeuchi et al. 2018). 

7.9.3 Europe 

The biogas market is most developed in Europe, where laws are much more developed 
than in other continents (Korbag et al. 2020). The use of biogas in Europe is seen as a 
possibly exclusive approach for the continent’s broad switch to sustainable energy, a 
course that has gained strong support from the European Union (EU), the continent’s 
top governing body (Achinas and Euverink 2020). In Europe, the United Kingdom 
produces the most biogas (bioelectric capacity reached 6 GW, generating 31.8 TWh), 
followed by Italy (Dwyer and Teske 2018). Austria, Bulgaria, the Czech Republic, 
Denmark, and the Czech Republic are among the European nations having a modest 
biogas production (Aryal and Kvist 2018). 

7.9.4 South and North America 

In America, large-scale production has mostly become commercial (Kemausuor et al. 
2018). The most well-known biogas producers in South and North America are, 
respectively, Brazil and the United States. According to the U.S. Biogas Council, 
the country has about 2100 active biogas systems and more than 11,000 possible 
locations (Kemausuor et al. 2018). The annual biomethane production from animal 
waste is 5,128,334.6 million gallons (Pasqual et al. 2018). The strategic incentives 
provided for commercial biogas facilities in various US states include tax relief, subsi-
dies, and soft loans (Sam et al. 2017). Brazil now feeds its 127 commercial biogas 
plants in South America mostly with municipal waste and cattle manure (Pasqual 
et al. 2017; Arshad et al. 2022). Approximately 100 million m3 of methane might be
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produced every day from agricultural waste and animal manure, according to calcu-
lations (Langeveld and Peterson 2018). The possibility for producing biomethane 
from animal waste alone in Brazil is estimated to be almost two million gallons 
yearly (Pasqual et al. 2017). It is now essential to develop inventive and improved 
biogas production efficiency processes for enhanced quality and productivity because 
its uses in a variety of industries are quickly developing as a feasible approach to 
offer renewable energy for industrial and residential consumption. The four main 
stages of anaerobic digestion are a combined system that consists of a biochemical 
process involving active microorganisms, metabolism of energy, and the processing 
of raw materials subject to controlled environments (Luque and Clark 2010). Simi-
larly, microbial communities are sensitive to changes in the working environment. 
Thus, improper regulation of the anaerobic digestion process will cause it to become 
unstable and produce less biogas (Achinas et al. 2020). Recent advancements in 
biology, engineering, and cross-disciplinary collaboration are rekindling optimism 
that will lead to a greater understanding of AD processes and, consequently, a 
comeback of these strategies (Prasad et al. 2017). 

7.10 Recent Progress in Biogas Production 

7.10.1 Choice of Biomass and Use of Additives 

One of the main feedstocks in a biogas plant is biomass, which are of varieties. 
The amount of feedstock used in biogas facilities can be decreased by using highly 
fermentable waste (Feiz and Ammenberg 2017). How effectively the biogas facility 
operates and productivity can be improved by enhancing the usage of chemicals 
additives in the activities of microorganisms under various operating conditions. 
To provide the ideal nutritional conditions for bacteria, additives are usually used, 
although the ideal dosage depends on biocenosis (Demirel and Scherer 2011). 
Calcium and magnesium salts are added, which results in increased methane gener-
ation and decreased slurry foaming (TR et al. 2004). Application of chemicals 
that moderate pH variations lowers the concentration of hydrogen and ammonium 
sulfides. According to research, adding biological agents with a long retention time 
of 7 weeks significantly increases the production of biogas and biomethane (Ursa 
2017). Gas generation dramatically enhanced when crop leftovers like onion garbage, 
wheat, and maize straws were treated with partially digested cow dung. Also, iron 
salts (50 mM-FeSO4 and 70 lM-FeCl3) are claimed to be an inorganic additive for 
the production of biogas (Dhanya et al. 2013).
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7.10.2 Improvement in Digester Designs 

The rate of biogas production in current biogas plant designs is being increased. 
In order to decrease HRT and boost gas production rate, improved biogas plant 
designs are critically required. An innovative, inexpensive household type biogas 
plant (Konark Model) with exceptional productivity was recently created by spiraling 
the biogas plant’s design. The storage capacity of the Konark Model, which is often 
used due to its cost effectiveness, is increased by 50% as opposed to that of the 
Deenbandhu and Utkal Models, which are increased by just 33%. When using sturdy 
concrete blocks, construction expenses for the Deenbandhu model were reduced by 
15% and by 30–35%, respectively. It had the smallest surface area and was struc-
turally sound due to its spiral form. These variations have more space for storing gas. 
Another significant obstacle to the production of biogas is ammonia accumulation. 
Abouelenien et al. claim that using ammonia stripping devices with chicken drop-
pings as a feed stock and digesting processes at an initial pH of 8–9 and temperature 
of 55 °C can boost biogas output (Abouelenien et al. 2010). 

7.10.3 Meta-Omics Tool 

The robustness of anaerobic digestion (AD) is influenced by microbial diversity, 
which is essential. High-throughput sequencing provides improved data on micro-
biomes and stability in biological systems, but it takes more than just knowing the 
microbial population to comprehend the dynamics of microbial activities. In order to 
ascertain the physiological link between organisms in biological processes, sophisti-
cated meta-omic techniques have been created (Hashemi et al. 2021). Meta-genomic 
approaches offer a variety of data regarding the phylogeny of microbes, despite the 
fact that they are not ideal for real-time use due to their prolonged duration and 
cost inefficiency (Cai et al. 2016; Hashemi et al. 2021). To strengthen and advance 
AD, additional data is necessary about, among other things, the pattern of electron 
sharing, the rate of microbial metabolic activities, and functionality in recently iden-
tified microorganisms (Lamb and Hohmann-Marriott 2017; Gaspari et al. 2021). To 
close the gaps in our understanding of AD processes, gene amplicon sequencing 
and meta-omic approaches can be used to correlate the function and activity of the 
microbial community. 

Metagenomics 

Metagenomics based on next-generation sequencing is a rapidly growing research 
area that contributes to our understanding of the functional complexity and biodiver-
sity of biological systems (Jünemann et al. 2017). In AD, a digester’s activities can be 
observed using a metagenomic method. One illustration is the capability to follow the 
AD cycle from its inception through an acidic condition and back to its regular func-
tioning state (Zhang et al. 2020). Reconstructing significant sections of the genomes
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of species identified in microbial consortiums is the main objective of metagenomic 
techniques, especially in less complex environments (Jaenicke et al. 2011). In more 
complex systems such as AD, gene-centric metagenomes has improved by providing 
more information on the prevalence of genes (Fontana et al. 2018). 

Meta-Transcriptome 

The study of how a significant number of transcripts from a culture specimen function 
is known as meta-transcriptomics. By measuring in situ gene expression, it sheds light 
on the actions of microorganisms (Mutz et al. 2013). By concentrating on metaboli-
cally active species of microorganisms, meta-transcriptomic approaches reduce the 
challenges of metagenomics (Su et al. 2011). The information obtained from these 
techniques must be compared to a standard genome data base in order to calcu-
late gene expression. As a result, it is a more effective, affordable, and trustworthy 
technology that, unlike more traditional techniques like microarrays, could discover 
new genes. Gene expression profiling has been enhanced by high-throughput tran-
scriptomics, which has also made it possible to find previously unknown sequencing 
transcripts (Lowe et al. 2017). 

Meta-Proteome 

Wilmes and Bond define meta-proteomics as the identification of all gene products 
within an ecosystem at a certain time and in a particular circumstance (Heyer et al. 
2016). Heyer et al. discovered that the microbial population is shaped by microbial 
competition, interaction, and transposon-induced interactions, which cause cell lysis 
to produce biogas slowly. They discovered enzymes involved in numerous activities, 
such as pentose phosphate pathways, glycolysis, and CO2/acetate methanogenesis 
(Heyer et al. 2019). 

Meta-Metabolome 

Metabolites are the term for the metabolic process’s intermediates and final products. 
Utilizing meta-metabolome analysis techniques, metabolites from living things, such 
as enzymes, hormones, and light compounds, are identified and evaluated (Kikuchi 
et al. 2018). The meta-metabolome can therefore offer a glimpse of recent or ongoing 
cellular activities (Callaghan 2013). The biggest issue with metabolomics is that iden-
tifying metabolites necessitates an understanding of biological processes (Xiao et al. 
2012). Gas chromatography-mass spectrometry (GC–MS) has demonstrated encour-
aging results when combined with chemometrics, despite the fact that numerous 
techniques for evaluating metabolites have been established (Lu et al. 2019).
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7.10.4 Improved Anaerobic Digestion Techniques 

Phase Separation Technique 

In the most commonly used single-stage stirred tank biogas reactors, all phases of 
the process are performed simultaneously. Intercellular hydrogen transfer has advan-
tages, but it also has substantial disadvantages. When hydrolytic, acidogenic, or 
acetogenic phases are more prevalent and proceed more quickly than acid uptake by 
acetoclastic species, acidification may occur. This could lead to significant fermenta-
tion failures and protracted downtime (Moeller and Zehndorf 2016). In a conventional 
multi AD, hydrolytic and acid-producing microbes predominate in the early stages, 
whereas acetogenic and methanogenic microbes predominate in the latter stages. By 
observing and adjusting the pH value, it is simple and requires minimal effort to 
separate these phases (Chatterjee and Mazumder 2019). The cost-effective produc-
tion of hydrogen-enriched biogas (10–30% v/v) has been demonstrated to benefit 
from phase separation (Dahiya et al. 2018). 

Cryogenic Separation 

Cryogenic Separation is a cutting-edge method for upgrading methane that operates 
at extremely high pressure and low temperature. It is significantly more effective 
than traditional options when producing liquefied biomethane (LBM) (Hashem et al. 
2019). The biogas mixture is compressed (200 bars), dried, and chilled (160 °C). 
Although the average pressures are lower under these circumstances, methane 
becomes a liquid that can be separated from other gases and pollutants. 

Advanced Membrane Technology for Biogas Treatment 

Biomethane was produced from more than 12% of biogas produced in Europe in 
2018. Processes for upgrading biogas to biomethane can be separated using a sepa-
ration process such as adsorption, absorption, or membrane separation (Khan et al. 
2021). The least expensive techniques among the several available are membrane 
separation and water scrubbing, but chemical scrubbing gives comparatively high 
biomethane purities with reduced CH4 losses (Katariya and Patolia 2021). Water 
scrubbing has typically been used because of its simplicity. On the other hand, 
membrane separation has stood out in the last 10 years due to its prospective 
economic advantages (Baena-Moreno et al. 2020). Since 2011, the number of plants 
has increased in lockstep, and membrane separation in particular has seen a signif-
icant increase, from less than 5% of all biomethane plants in 2011 to 34% in 2019. 
Then, approximately 56% of the biomethane produced in Europe is upgraded using 
water and chemicals (9EBA 2019).
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7.11 Recent Methods Use for Biogas Upgradation 

7.11.1 What is Biogas Upgradation? 

Biogas upgrading removes impurities from raw biogas and converts biogas into high-
quality biomethane that meets the demand of gas specifications of the grid infrastruc-
ture operator. The purified gas is then injected into the gas grid (Sahota et al. 2018). 
As mentioned earlier, biogas obtained directly from anaerobic digestion is not pure. 
It contains CH4 (55%), CO2 (40–45%), air (1%), hydrogen sulfide (H2S), oxygen, 
hydrogen, ammonia, volatile organic compounds (VOCs), and siloxanes, depending 
on factors such as feedstock and the digester technology. The discrepancy between 
the calorific values of biogas (21.5 MJ/m3) and natural gas (35.8 MJ/m3) is primarily 
due to biogas’s non-combustible component which is mainly CO2. Raw biogas is also 
freed from unwanted impurities before upgrading to avoid corrosion and mechanical 
wear on the upgrading equipment. Biogas upgrading is gaining popularity in the 
United States, Europe, Australia (like Eneraque), China, and India as a sustainable, 
renewable, and environmentally friendly solution to climate change (Sahota et al. 
2018; Chandra et al. 2020). 

7.11.2 Biogas Upgradation Technologies 

Various biogas upgrading methods or technologies are currently available in the 
market, all with the same goal: To remove carbon dioxide and other chemical 
components from methane to meet vehicle fuel standards or to achieve natural gas 
quality (biomethane) for injection into the natural gas grid, based on the mechanisms 
of absorption, adsorption, and membrane separation, the commercially available 
methods for purifying raw biogas are water scrubbing, pressure swing adsorption, 
chemical or amine scrubbing, membrane separation technology, cryogenic distil-
lation or separation, biological upgrading methods, and in situ upgrading methods 
(Kapoor et al. 2019; Sahota et al. 2018). Each of these technologies has unique 
characteristics, efficiencies, and applications that depend on the particular biogas 
source. 

Water scrubbing 

Water scrubbing, also known as high-pressure water scrubbing, is the most widely 
used technology for removing CO2 and hydrogen sulfide (which are soluble in water) 
from biogas and landfill gas because it is simple, inexpensive, and low in toxicity. 
In most cases, this purification process is carried out in a two-column system. In 
the first column, the raw biogas is passed through a scrubber or absorption column 
with a pressurized water stream to remove CO2 and most of the H2S, resulting in an 
upgraded gas stream with a high methane concentration. The CO2 is then removed 
from the H2O and returned to the first stage via a second stripper column. Reportedly,
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this technique can produce up to 97% pure methane with a methane loss of only 5% 
(Paolini et al. 2021). 

Pressure swing adsorption 

One of the most common techniques for separating CO2 from raw biogas is pressure 
swing adsorption (PSA). In PSA, compressed raw biogas (between 4 and 10 bar) 
is fed into a vessel (column) where it interacts with adsorbents (zeolites, activated 
carbon, titanium silicates, etc.) to retain CO2 selectively. At some point, the saturated 
adsorbent can be regenerated as well as recovering the purified CH4 at the top of the 
column by lowering the pressure before reloading. The use of two adsorption tanks 
allows for near-constant methane production. It also allows pressure equalization, 
using the gas from the unpressurized tank to partially pressurize the second tank. 
This is a common industrial practice that results in significant energy savings. Studies 
using PSA have yielded a final CH4 product with a purity of 99–88% and a recovery 
of 91–81% (Augelletti et al. 2017). 

Amine scrubbing 

This refers to a process for removing H2S and CO2 from raw biogas using aqueous 
solutions of various alkylamines, such as mono-diethanol amine (MDEA). It can 
also be referred to as chemical scrubbing. The scrubbing chemical does not affect 
the methane content of the biogas as it passes through the packed bed reactor. As 
observed in some countries, e.g., Germany, high methane purities (> 99.9%) can be 
achieved in the recovered biogas with minimal losses. Therefore, it is considered one 
of the best systems for upgrading biogas (Sahota et al. 2018). 

Membrane separation technology 

Under high pressure, polymeric membranes are used to separate the CO2 (highly 
ionically charged) from the nonpolar methane in biogas. The difference in chemical 
affinity and particle size of distinct molecules is the basic strategy of the membrane 
separation process. The gases separated by the membrane separation module are 
separated using the selective permeation technique (Chen et al. 2015). 

Currently, serious progress is being made toward developing new advanced biogas 
upgrading technologies such as cryogenic separation, in situ methane enrichment, 
and hybrid membrane cryogenic technologies (Baena-Moreno et al. 2019).



204 C. O. Nwuche et al.

7.12 Biogas Technologies: Their Benefits and Drawbacks 

7.12.1 Benefits of Biogas Technologies 

Significantly declined GHG production 

Significant reductions in GHC emission were recorded after the consumption of 
biogas over the other household fuel, thus subsequently easing the reduction of 
biomass fuel and kerosene usage and annual GHC emission (Mengistu et al. 2016). 

Reduction in the use of chemical fertilizer 

According to the estimation made by Mengistu and co-workers, about 36% from 
the household biogas users agree that the obtained biogas slurry helped to reduce 
the usage of chemical fertilizers, consequently resulting in the reduction of GHC as 
well as declined usage of chemical fertilizer attained from the increased utilization 
of biogas (Mengistu et al. 2016). 

Reduction in the usage of woody biomass 

Utilization of biogas helps in minimizing the usage of woody fuels. Thus, it helps in 
improving the efficiency of energy and reducing the depletion of woody biomass. 

Boosting soil fertility 

With the usage of biogas, not only it gives energy efficient and pollution free alterna-
tive, perhaps, it also contributed in the enhancement of soil fertility. The application 
of bio-slurry obtained as an end product of biogas production improves the soil 
fertility and quality that reduces the overall consumption of chemical fertilizer. With 
regards to manure, bio-slurry provides the readily available nutrients (micro and 
macro nutrients) to plants (Shireen 2017). 

7.12.2 Limitations of Biogas Technology 

Production of Methane increases 

Biogas production requires organic waste including animal and agriculture wastes. 
Subsequently, it raises the cattle farming and related human activities. Thus, it leads 
to the significant methane production. However, this is not having direct impact on 
human. Nevertheless, methane is a potent greenhouse gas (GHG) and responsible 
for the several significant damage to the environment. 

Less significant technological advancement 

Biogas technology is beneficial in several ways yet less technological advancement 
was reported in this direction. No significant technology is available for the bulk 
production and low-cost inputs.
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Spiked with certain impurities 

Biogas itself is not considered as pure combustible fuel, as it contains impurities 
that need to be clean. However, even after the cleaning and upgradation process, still 
some impurities are remained in general that may cause the damage to the engine or 
machine. Further it can be suitable for household usage including kitchen stoves etc. 

Not ideal for urban areas 

Biogas production demands plenty of agriculture and animal waste to proceed. Thus, 
this is not considered at larger urban and metropolitan areas (Shireen 2017; Omer 
2017). 

7.13 Conclusions 

Animal manure is a substantial waste product that varies with farm size, nutrient 
content of the animal feed, and animal species. Because this waste product poses a 
significant environmental risk if it is not managed correctly, manure cannot be applied 
to the field immediately after it is produced. It can usually be stored for a while until 
it is time to apply it to the field. It could be utilized as a feedstock in digesters to 
produce biogas in the time between production and application to the field. Biogas 
is produced by anaerobic digestion, in which microorganisms (bacteria, fungi, and 
enzymes) break down the biodegradable components of manure in a closed chamber. 
The financial and environmental benefits of dealing with manure produced by live-
stock farms can be tapped using the biogas produced by this process. All natural gas-
based uses, such as cooking, drying, cooling, absorption heating, gas turbines, direct 
combustion, space heating, and water heating, can be used with biogas. It can also be 
utilized to power electrical and mechanical processes in turbines, internal combus-
tion engines, and fuel cells. It can be utilized in gas pipelines for steam generation 
and lighting after being purified and compressed adequately. Furthermore, it also 
contributes to the reduction of methane-related greenhouse gas emissions. Biogas 
plants offer a number of advantages and benefits that increase farm profitability while 
ensuring proper stewardship of resources and the environment. 
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Chapter 8 
Greenhouse Gases Emissions 
Assessments and Mitigation 
Opportunities from Animal Manure 
Processing 

Muhammad Umar Ijaz, Muhammad Faisal Hayat, Sher Zaman Safi, 
Ali Hamza, Asma Ashraf, and Muhammad Arshad 

Abstract Our atmosphere is continuously depleting due to immense emission of 
greenhouse gases (GHGs). This chapter will assess the emissions of GHGs and 
ameliorative opportunities from animal manure processing. Animal manure is a 
major contributor in the generation of GHGs during different management processes. 
Animal manure is generated 37% of total GHGs globally. Emission of GHGs occurs 
during manure collection from animal yards, manure storage and manure spreading in 
fields for the sake of fertility. Methane (CH4) and nitrous oxide (N2O) are two signif-
icant GHGs which are generated from animal manure by the process of methano-
genesis and denitrification, respectively. Livestock adds 240 metric tons of CO2 eq. 
to methane in the atmosphere and it is designated as top-notch contributor of anthro-
pogenic methane emitter. Emissions of GHGs from animal manure are rely on certain 
environmental conditions viz. temperature and water availability which correlate with 
microbial processes (Methanogenesis, Nitrification, Dentification, Methane oxida-
tion). The complete assessment of GHGs from livestock may help to understanding 
the contribution of livestock in climate variations and to develop strategic approaches 
to ameliorate these emissions. Mitigation of these emissions is strictly based upon 
the type of manure, management practices and climatic conditions. Phase feeding in 
livestock yards is tremendous strategy to reduce the emission of GHGs. Limit the 
losses of ammonia by the process of biofiltration is another approach to diminish 
the emissions of GHGs. Reduction in the storage time of manure prevents anaer-
obic decomposition which ultimately reduces the emissions of GHGs. Shuffling of
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heaps, impermeable covers and acidification of manure has proved to be efficient 
in the mitigation of these GHGs except nitrous oxide. Anaerobic digestion (AD) 
technology uses huge biogas digestor and it is a modern approach to not only limit 
the emissions of GHGs but also act as alternative source of fossil fuel to overcome 
the energy crises. As a result of this assessment, it is determined that livestock is the 
significant contributor in total GHGs emissions and effective management practices 
can mitigate these GHGs emissions. 

Graphical Abstract 

Keywords Greenhouse gases ·Methanogenesis · Anaerobic digestion ·
Biofiltration 

8.1 Introduction 

The world population is estimated to outreach 9 billion till 2050. Demands for energy, 
food and lands will increase day by day due to population pressure. Land will be 
less accessible to cultivate other food or bioenergy if it is employed for animals. The 
solution will be to intensify production in all regions of the globe by approaching to 
the usage of fertilizers and other inputs, which will cause a broad range of environ-
mental concerns, such as the contamination of water and soil (IAASTD 2008). When 
resources become limited, the results will appear in the form of soil deterioration 
and eventually low productivity everywhere (FAO 2006). The body of evidences on 
the emission of greenhouse gas (GHG) associated to livestock husbandry is substan-
tial and expanding day by day (Cederberg and Mattson 2000; Cederberg and Stadig 
2003; Basset-Mens and van der Werf 2005; Casey and Holden 2005, 2006; FAO  
2006; Lovett et al. 2006) (Table 8.1).

Our atmosphere is the core component of our Earth. It directly or indirectly inter-
acts with all the other components of earth such as hydrosphere, lithosphere and 
biosphere (Jerez et al. 2018). Anthropogenic activities are continuously disrupting
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Table 8.1 GHGs emissions 
on the basis of region (FAO 
2015) 

Region GHGs emissions 

Eastern Europe 127 million tons CO2—EQ 

North America 604 million tons CO2—EQ 

Caribbean and Latin America 1889 million tons CO2—EQ 

Western Europe 579 million tons CO2—EQ 

Oceania 157 million tons CO2—EQ 

South Asia 1507 million tons CO2—EQ 

Sub-Saharan Africa 416 million tons CO2—EQ 

East and South Asia 1576 million tons CO2—EQ 

Near East and North America 579 million tons CO2—EQ 

Russian Federation 92 million tons CO2—EQ

this balanced chain by various sorts of actions. The societal actions caused by human 
beings put devastating impacts on the balance of atmospheric gases which ultimately 
leads to the disruption of natural equilibrium (Dai 2016). Greenhouse gases are those 
gases which have potential to absorb and emit infrared radiations. These gases trap 
the energy (heat) from our atmosphere and warm the planet. We can predict the 
dynamic state of our atmosphere from the fact that concentration of carbon dioxide 
in our atmosphere increases about 43% from 1755 to till now (Ciais et al. 2013). 

This immense elevation in growth rate was due to anthropogenic actions such 
as ignition of fossil fuels for energy and cutting of forests for different purposes. 
This growth rate casted highly devastating impact on global temperature by raising 
it to 0.85 °C as compared to pre-industrial time (Hansen et al. 2010). Similarly, the 
concentration of methane, another greenhouse gas, was 722 ppm since pre-industrial 
time but elevated to 1834 ppm till 2013. This excessive concentration elevated by a 
factor of 2.5 and highest recorded concentration since 0.8 million years. The most 
important greenhouse gas nitrous oxide (N2O) had 300 times more warming abilities 
than carbon dioxide since last decade (Myhre et al. 2013). 

Animal manure is the world second largest root cause of greenhouse gases 
primarily of methane and nitrous oxide (USEPA 2006a, b). NH3 in volatilized form 
by animal manure can constitute up to 70% of total nitrogen loss. It incorporated 
in the water and other terrestrial bodies to impart devastating effects as well as it 
becomes the major source of N2O (Hristov et al. 2002). From the twentieth century, 
the size of population increased day by day without proper balance which eventually 
created pressure on world resources. To fulfil the demand of food, milk and other dairy 
products, the trend for livestock production increased excessively in well-developed 
nations (Gerber et al. 2005) (Table 8.2).

As a consequence, the continuum of livestock manure produced in immense 
volume. The direct emission of greenhouse gases results as anaerobic digestion, 
incomplete metabolism and manure management, while the indirect ammonia release 
occurs from microbial activities in the animal manure. Animal manure is generally 
used in agricultural lands to improve fertility, productivity and nutrient balance but
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Table 8.2 World population estimation and different sorts of meat consumption from 2010–2050 

2010 2020 2030 2050 References 

Population of human (billions) 6.96 7.6 8.6 9.8 (FAO 2009) 

Meat demand (millions of tons) 

Poultry 100.2 131.2 143 181 (McLeod A and Food and 
Organization of the United 
Nations 2011) 

Cows and buffalo 65 70.9 88.9 106 

Pork 108.7 106.3 129.9 143 

Sheep and goat 13.2 15.5 18.5 25 

Total demand 287.1 323.9 380.3 455

on the other hand its continuous usage set forth severe impacts on the equilibrium 
of greenhouse gases in the atmosphere (Zhou et al. 2017b). Almost 7 billion tons of 
animal excreta are used widely in world each year in agriculture land for the sake of 
high productivity and fertility (Thangarajan et al. 2013). 

Because of their impact on the earth’s climate, emissions of greenhouse gases 
have drawn more attention on a worldwide scale. There are various reports of GHG 
emissions, livestock documented to produce 8.4% total of US GHGs emissions and 
11% of global GHGs emissions overall (Smith et al. 2014; EPA  2017). Due to their 
impacts on the environment and their commitment to GHG emissions, livestock has 
garnered additional attention. According to recent statistics, livestock produces 5335 
Mt of carbon dioxide eq. annually, or 11% of all greenhouse gases caused by humans 
(Smith et al. 2014). 

Animal manure is used to overcome the deficiency of essential nutrients to the soil. 
It was reported that excreta of animal contributed 22% of total nitrogen and about 
38% of total phosphate used globally (United Nations Environment Programme, 
undated). Animal excreta enhance the soil fertility as well as make it biologically 
active as compared to fertilizer alone (Fließbach et al. 2007). After application to 
land, manure emits N2O and CH4 as it gets decomposed into soil (FAO 2006). It has 
been reported that 1/3 of all cultivated cereals crops all over the world are used to 
feed animals which eventually become the part of their manure. Later on, this manure 
is used to endure their own existence. Without any doubt, the rearing of livestock for 
different purposes poses some serious threats in the form of greenhouse gases which 
overweigh the advantages (Garnett 2009). 

Overall, animals manure contributed about 37% of globally produced greenhouse 
gases emission (Vac et al. 2013). Soil pH, crop type, pore spaces and topography 
are the key factors for greenhouse gases (GHGs) emission from terrestrial ecosystem 
(Severin et al. 2015). Almost 5–30% of global methane emission comes from manure 
of livestock (Svenson et al. 1991; Sommer et al. 2000; Kulling et al. 2002). Emissions 
of methane from animal manure depend upon (i) type of animal from which manure 
was being collected such as pig, cattle, (ii) temperature at which manure was stored 
and (iii) storage condition of the manure, for instance, slurry, paste or pasture (Husted 
1994; Amon et al. 2001; Su et al.  2003). CH4 emission occurs when conditions favour 
anaerobic decomposition, so decomposition in the presence of aerobic environment
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can disrupt the peak of this emission. Emission of nitrous oxide (N2O) accounts for 
18% of total GHGs from livestock manure. In this chapter, we will assess the emission 
of these GHGs from different animal manures and amelioration of these emissions 
with management potential. The rising concern of greenhouse gases regulated by the 
Kyoto protocol under the supervision of UNFCCC. The reported outcomes claimed 
the reduction in GHGs emission by 9% between 2008 and 2012 since 1990. 

Ruminants have special digestive track to convert plant material into nutritious 
food. These animals also synthesize fibres which are further consumed by human. 
This special type of digestion produces methane as well as other greenhouse gases 
which directly affect the climate. These gases have different global warming potential 
(GWP) such as CO2 has 1 GWP, CH4 has 25 GWP and N2O has 310 GWP (Sejian 
et al. 2011). 

8.1.1 Emission of Methane and Nitrous Oxide from Livestock 
Manure 

Methane (CH4) and Nitrous oxide (N2O) are considered as major gases which 
have significant contribution in total GHGs emission. Both of these gases emitted 
as response of various microbial activity during management of animal manure. 
Following are the processes which involve in the generation of these gases: 

8.1.2 Methanogenesis 

Methanogenesis is an anaerobic mechanism to form methane as final product as a 
result of manure metabolism. Emission of methane occurs from all type of manure 
but most significantly it is linked with liquid and compact excreta (Osada et al. 2000). 
Manure contains organic matter, the anaerobic conditions along with other chemical 
processes break down the content of manure (Valentine 2007). But the process of 
methanogenesis occurs under strict conditions such as at low temperature and that’s 
why cooling is the ameliorative factor of methane emission from manure. Aerobic 
bacteria involved in the process of methane oxidation (Hanson and Hanson 1996). 
Both the processes, methanogenesis and methane oxidation, contain similar bacteria 
that are present in compact animal manure (Sharma et al. 2011) (Fig. 8.1).

In case of livestock slurry, an organic layer is present on the surface which 
enhances the oxidation of methane (Ambus and Petersen 2005; Hansen et al. 2009). 
Another investigation of Nielsen et al. (2013) demonstrated that potency for CH4 

oxidation in two natural pig farms remain stunted prior to late autumn. It is indicated 
that activity of methanogens and oxidizing bacteria remained low in early autumn 
and summer when most of the emissions take place (Husted 1994).
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Fig. 8.1 Illustrating the process of methanogenesis

8.1.3 Emissions of Nitrous Oxide (N2O) by Nitrification 
and Denitrification 

Plant losses nitrogen during conversion of oxidized nitrogen to gaseous form during 
various sorts of operations viz. manure handling, storing and applying in field as 
fertilizer (Rotz 2004). Different form of N such as N2O, NH3 and NO

− 
3 contribute 

to the GHGs during manure management operations. The process of nitrification 
proceeds in two steps, in the foremost step ammonia is converted into nitrite (NO− 

2 ) 
with the help of NH3 oxidizing bacteria and in later step NO

− 
2 converts into NO

− 
3 

with the help of nitrite oxidizing bacteria. 

Ammonia                               Nitrite                                Nitrate 

NH3 oxidizing bacteria NO2
- oxidizing bacteria 

Ammonia oxidizing bacteria most prominently found in compact manure or soil 
and their contribution is totally uncertain (Jia and Conrad 2009; Yamamoto et al. 
2010). Nitrous oxide generated during the process of ammonia formation or by the 
mechanism of denitrification (Goreau et al. 1980; Kool et al. 2011). The process of 
denitrification is accomplished by nitrifier bacteria which operate in the presence 
of oxygen otherwise, they used NO− 

2 or NO
− 
3 as electron receptor (Thomsen et al. 

2012). During the storage of manure and application in field, it is enriched in O2 

due to intense decomposing operations which enhance the process of nitrification 
and denitrification. During these chemical processes, N2O emissions occur. Fresh 
manure contains neutral-alkaline pH while contain high quantity of ammonia and 
ammonium ions. In the atmosphere, CO2 and NH3 release in gaseous form. As the 
ammonia oxidizing is an acidic process, therefore pH of manure decreases. Petersen
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et al. (1992) documented that application of low pH manure in loam soil is ten times 
increase the ammonia oxidizing capacity. 

8.2 Manure Management and Emission of Greenhouse 
Gases 

Manure management consists of four fundamental steps (i) Generation from live-
stock, (ii) Manure storage, (iii) Manure treatment and (iv) Application to the 
fields/spreading. Each step of manure management emits certain amount of GHGs 
with different potential. 

8.2.1 Emission of N2O from Animal Yards 

Animal yards without proper bedding material contain slurry, urine and faeces in 
anaerobic state. In this situation, there is negligible or no opportunity for nitrification 
of NH+ 

4 . As a consequence, there is little or almost no nitrous oxide emission from 
these yards (Zhang et al. 2005). Other investigations showed that animals’ yards 
having straw bedding emit 4–5 mg of nitrous oxide N-m2/d, while there was little or 
no emission in those yards which didn’t have bedding material/slurry (Thorman et al. 
2003). According to sources mentioned by Jungbluth et al. (2001), cow sheds emit 
0.14–2.0 g N2O/livestock unit (LU)/d or 0.05–0.7% of nitrogen excreted. Slurry-
based pig homes with fully perforated flooring have been shown to emit between 
0.66 and 3.62 g of N2O per LU per day (Costa and Guarino 2009). Deep litter 
setups with fattening pigs may emit greenhouse gases that are substantially higher. 
Groenestein and Van Fassen (1996), for instance, recorded ratios of 4.8 and 7.2 g 
N2O/LU/day, which correspond to 50–60% of the total N fluxes from the waste, with 
ammonia serving as the other prime component of gaseous N loss. Owing to higher 
fluxes nitrification and subsequent denitrification of NO3, it has been documented 
that mechanically stirring of deep litter in the animal building causes N2O emissions 
upsurge (Groenestein et al. 1993). 

8.2.2 Emission of Nitrous Oxide During Manure Storage 
and Treatment 

Animal manure in solid form contains both aerobic and anaerobic conditions and 
therefore can be a prime stimulator of nitrous oxide emission/generation. Emission 
of nitrous oxide ranges from < 1 to 4.3% of total stored nitrogen recorded in the 
heaps of cattle and pig farmyard. However, emission of 9.8% is also recorded in
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certain farmyard (Webb et al., in press). Other investigations showed the emission of 
nitrous oxide ranges from 0.2 to 0.8% (Thorman et al. 2006), in those animal heaps 
which have proper covering. These covering ultimately lessen the emission of NH3 

but did not show pronounced effect on reduction of nitrous oxide emission. Another 
study conducted by Chadwick (2005) manifested that covering of heaps in farmyard 
lessen the emission of NH3 and N2O. So, aforementioned studies demonstrated that 
maintaining anaerobic conditions in the farmyard is key factor to limit the emission of 
N2O from solid manure heaps. Sommer et al. (2000), Yamulki (2006) demonstrated 
that addition of straw during solid excreta storage has ability to lessen the emission 
of GHGs. It has been reported that addition of 50% chopped straw in solid manure 
lessen the emission of nitrous oxide about 32% (Yamulki 2006). 

Storage of slurry remained anaerobic under normal conditions until O2 is intro-
duced in the process of treatment. Slurry or liquid manures which do not have proper 
surface covering emit negligible amount of N2O during storage (Sommer et al. 2000). 
Additionally, slurry with surface covering provides aerobic condition and thus nitri-
fication takes place along with the emission of nitrous oxide (Sommer et al. 2000). 
Crust/surface layer in cattle manure is normal process while in the case of pig manure, 
it only form when content of organic matter will high. Different sorts of materials 
are used to cover liquid manure for lessen the release of NH3 but these conditions 
enhance the process of crust formation which ultimately leads towards the emission 
of N2O (Berg et al. 2006) (Fig. 8.2). 

Crust formation in slurry has potential to control nitrous oxide emission. Sommer 
et al. (2000) demonstrated that emission of N2O became high when water contents 
were reduced and even at extremely low water content, emissions of nitrous oxide 
have been reported as high as 25 N2O-N-m2/h. A study performed by Sommer et al. 
(2000) emphasized that N2O emissions remained negligible during winter when the 
temperature was low and water contents were high at surface crust. Mechanism of 
intensive aeration for the sake of nitrogen removal enhances the emission of N2O 
from the slurry. Burton et al. (1993) reported that emission of nitrous oxide exceeds 
to 19% of total nitrogen in the slurry during the process of aeration. 

Process of slurry partitioned was also performed to get nutrient enriched solid 
and liquid fraction as well as to increase the storage capacity (Fangueiro et al. 2008).

Fig. 8.2 Processing of manure management 
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Almost 4.8% of total nitrogen content of solid slurry losses in the form of N2O 
in first 4 month of storage (Hansen et al. 2006). However, storage of liquid slurry 
emits negligible amount of N2O as compared to untreated slurry. But overall, slurry 
fraction process losses nitrous oxide in the atmosphere during storage phase due to 
immense emission from solid slurry (Fangueiro et al. 2008; Dinuccio et al. 2008). 

8.2.3 Emission of Nitrous Oxide (N2O) from Manure 
Spreading 

The spreading of solid/slurry manure to fields causes the emission of N2O when 
ammonium ions (NH+ 

4 ) of manure are subjected to aerobic condition of soil and it 
is start the process of nitrification which generates flux of nitrate (NO− 

3 ) (Chadwick 
et al. 2001). Emission factor ranges from < 0.1 to 3% but in case of pig slurry, it 
may reach up to 7.3–13.9% (Velthof et al. 2003). Variation in the range of emissions 
depends upon different factors viz. soil composition, soil conditions such as pH, open 
pore spaces, temperature and soil type. Manure spreading never causes the emission 
of nitrous oxide immediately until it already contains the flux of NO− 

3 . Emission of 
nitrous oxide from manure spreading can be outlined by following factors: 

8.2.4 Type of Manure 

Chadwick et al. (2000) showed the emission of N2O from soil having pig manure and 
dairy slurry where NH4-N applied at same rate. The emission of N2O was noticed 
substantially higher in dairy slurry as compared to pig. The dairy slurry showed the 
emission 2.42% of NH3-N and 0.97% of total applied nitrogen, while the slurry of 
pig showed the emission of 0.94% of NH3-N and 0.44% of total applied nitrogen. 
Difference in the emission pattern was observed due to carbon contents present in 
the manure as well presence of fine solids in the dairy slurry which block the pores’ 
spaces in the soil and enhance anaerobic conditions. Rochette et al. (2008) reported 
no difference between the rate of emission by applying solid and liquid manures 
treatments. 

8.2.5 Type of Soil 

The emission of N2O was recoded high in clay soil as compared to sandy. In another 
study conducted in the soils of Netherlands showed that emission rate in clay soil 
became two times higher as compared to sandy soil (van Groenigen et al. 2004). The 
main factor behind this difference is that clay soil provides favourable conditions
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for dentification while sandy soil favours nitrification only; therefore, emission of 
nitrous oxide was higher in clay soil as compared to sandy soil (Rochette et al. 2008). 

8.2.6 Season of Manure Application 

Agricultural crops demand proper manure application at proper time for better soil 
fertility and productivity (Anon. 2010). Excessive supply of manure can provide 
opportunity for NO− 

3 by the process of leaching as well as emission of N2O. The 
process of N2O emission takes place by the activity of microbes; however, the rate of 
emission vary according to the time at which manure was applied and the temperature 
or water condition of the soil (Dobbie et al. 1999). The leaching of nitrogen as NO− 

3 
was observed highest during autumn/winter as compared to spring (Chambers et al. 
2000). 

8.2.7 Rate of Manure Application in Fields 

Many studies manifested that rate of application of manure was found to be directly 
proportional to the emission of N2O. Similar findings showed that high quantity of 
nitrogen fertilizer result in high emission of nitrous oxide (Cardenas et al. 2010). At 
high application rate, the oxygen depletion takes place which causes denitrification 
and eventually became a source of N2O emission. Velthof et al. 2003 determined that 
application of manure at optimum rate, temperature and time is effective for proper 
utilization of nutrients and ceases the direct and indirect emission of N2O. 

8.3 Emission of Methane from Manure Management 

Ruminants are generating methane gas as result of normal digestion. According to 
an estimate, the methane emission from manure contributed about 4% of all anthro-
pogenic methane emission (USEPA 2006a, b). CH4 emission from livestock esti-
mated to be more than 16% till 2030 as compared to data collected in 2005 (USEPA 
2011). This expending trend of methane emission reported in African countries 
(45%), Asian countries contributed 39% and Middle East account for 10% from 2005 
till 2030; however, 3% of decreasing trend was observed between 1995 and 2005 
due to reduction in livestock production. Swine contributes 50% methane production 
because their manure management significantly depends upon liquid-based systems 
which generate more CH4 as compared to other systems (USEPA 2011).
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8.3.1 Emission of CH4 from Animal Houses 

Manure present in animal yards emit continuously methane but most of the methane 
emission results as enteric emission. This globe emits more than 7 billion Gt of green-
house gases every year from livestock. The majority of greenhouse gases emission 
occurred from cattle (81%), buffaloes (11%), while contribution of small ruminants 
limit up to 8%. Enteric fermentation from aforementioned ruminants contributes 
about 90 teragram of methane in the atmosphere while the rest of emission takes 
place by excrement. It has been reported that enteric emission of methane enhanced 
when the ruminants were fed with fibrous feed. Different approaches in different 
places were conducted to determine the enteric emission of methane. One of these 
approaches was conducted in Indian livestock where enteric emission was observed 
to be high. But the publish data is not consistence, some showed low emissions while 
others showed immense enteric emission from livestock yards (Popp et al. 2010). 
Animal yards are the major source of methane emission when manure was stored in 
the form of slurry and continuous elimination of slurry can become a potential factor 
to reduce this emission (Sommer et al. 2009). 

8.3.2 Emission of CH4 from Storage 

Animal manure store in the solid form is considered as a major source of methane 
generation (Sommer and Møller 2000; Amon et al. 2001; Chadwick 2005; Hansen 
et al. 2006; Yamulki 2006; Szanto et al. 2007). Chadwick (2005) stated that manage-
ment of heaps directly affects the generation of methane. Yamulki (2006) investi-
gated that incorporation of straw with equal volume of cattle manure reduced the 
emission of methane. Methane emission can be reduced by promoting or inhibiting 
the anaerobic conditions. As covering of heap with air tight container inhibits the 
establishment of aerobic condition but elevation in temperature favours the anaer-
obic condition which leads to emission of methane. For instance, perfect covering of 
heaps reduces the emission of methane from 1.6 to 0.2 kg C/t or from 1.3 to 0.17% 
from initial carbon contents (Hansen et al. 2006). Frequently, turning and shuffling 
of heaps during management reduce the occurrence of anaerobic circumstances thus 
reducing the emission of methane (Amon et al. 2001, 2006). 

Storage of slurry also caused emission of methane gas. A slight agitation in the 
stored slurry produces bubbles and dissolved gas which contain methane in the 
atmosphere (VanderZaag et al. 2010a, b). However, emission through this pathway 
considered to be very little and non-viable for long term. Covering the slurry with 
straw having porous surfaces limits the production of methane due to oxidation of 
carbon dioxide (Sommer et al. 2000; VanderZaag et al. 2009). VanderZaag et al. 
(2010b) elaborated that covering the slurry with permeable floating synthetic cover 
could reduce the emission of N2O, CO2 but remained unable to limit the emission 
of methane. Proper clearing of slurry can reduce the emission of methane from
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an area. For instance, elimination of slurry from animal yard can reduce 40% of 
methane emission because frequently removal of slurry also removes the bacteria 
which enhance methanogenesis (Haeussermann et al. 2006). 

A pragmatic association was observed between the temperature and emission of 
methane from manure or slurry (Massé et al. 2003; Møller et al. 2004b; Pattey et al. 
2005). Emission of methane was reported to be high when temperature exceeded 
15 °C and it became low when temperature reached less than 15 °C (Husted 1994; 
Khan et al. 1997; Clemens et al. 2006; Sommer et al. 2007). Methane emission 
was observed high at 20 °C as compared to 10 °C. Vanderzaag et al., indicated that 
emission of methane has positive correlation with temperature (VanderZaag et al. 
2010a). Fangueiro et al. (2008) reported that instead of complete slurry, cattle slurry 
should be converted into liquid and solid fractions which have potential to reduce 
the emission of methane more than 35%. On the other hand, Dinuccio et al. (2008) 
observed minor reduction (3–4%) in methane emission by slurry fraction during 
storage depending on various temperatures and conditions of slurry. Therefore, it 
is difficult to say that fraction of slurry can decrease or increase the emission of 
methane because it depends upon the storage condition as well as the type of slurry 
being stored. 

8.3.3 Emission of CH4 by Manure Spreading 

The process of methanogenesis begins as soon as manure is spread on the soil (Chad-
wick and Pain 1997; Chadwick et al. 2000). These immediate methane emissions 
are short lived because as the spreading of manure takes place, the O2 contents 
start to diffuse and hinder the process of methanogenesis thus ultimately reducing 
the emission of methane. In case of outdoor storage, the process of fermentation 
or separation of slurry in biogas digester is tremendous pathway to minimize the 
emission of methane. Treatment of slurry in the biogas digester reduces the emis-
sion during storage, the reported emissions from treated slurry were 30–66% lower 
in contrast to that slurry which left undisturbed (Clemens et al. 2006; Amon et al. 
2006). 

Major emissions of GHGs take place by enteric fermentation, management of 
manure, feed production and energy consumption. Enteric fermentation takes place 
in the gut of ruminant during the process of digestion and produce methane. Manure 
management produces both methane and nitrous oxide which depends upon the 
type of manure management system. Feed processing is another major source 
of CO2 which contributed about 41% in GHGs emission as shows in Table 8.3. 
Energy consumption for fertilizer and other machinery also generates GHGs which 
accounted for 5% of total emissions (FAO 2015).
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Table 8.3 Contribution of 
different resources in the 
emission of GHGs (FAO 
2015) 

Sources Emissions 

A. Enteric fermentation 44.3% CH4 

B. Feed processing 

(i) Deposited and applied manure 13.5% N2O 

(ii) Feed 13% CO2 

(iii) Fertilizer and crop residue 5.9% N2O 

(iv) Pasture expansion 4.8% CO2 

(v) Soy and palm 3.8% CO2 

(vi) Rice 0.5% CH4 

C. Manure management 5.2% CH4 & 4.3% N2O 

D. Energy consumption 

(i) Post formgate 2.8% CO2 

(ii) Direct entirely use 1.6% CO2 

(iii) Indirectly use 0.3% CO2 

8.4 GHGs Mitigation Opportunities from Animal Manure 
Processing 

The variety of manure conditions and management techniques observed in different 
regions has been discussed in the earlier sections. The complicated monitoring of 
microbial processes that cause CH4 and nitrous oxide emissions makes it evident that 
GHG mitigation for manure management is a major problem. Regional differences 
in the socioeconomic and cultural environment of livestock farming can affect the 
availability of options to enhance manure handling for Mitigation. Number of envi-
ronmental issues originated due to immense production and accumulation of organic 
waste in the surrounding and inappropriate way to manage it. Sufficient and balanced 
supply of animal manure provides essential micro and macro nutrients to enhance 
soil fertility and productivity (Moral et al. 2009). However, overcrowding of cattle 
in yards produced huge volume of manure each year. This immense volume needs to 
be recycled otherwise it cause adverse effects such as leaching of essential nutrients 
from the soil, leaching of nitrogen and ammonia, emission of greenhouse gases and 
other harmful gases (Massé et al. 2011). Introduction of appropriate technologies to 
recycle/process the animal manure are highly and urgently needed to eliminate the 
risk of environmental/climatic balance. 

Although, NH3 is not actual greenhouse gas but along with its ionized form NH+ 
4 

these are vital component of manure nitrogen cycle. As the animal urine spread 
on barn floor and pasture, the process of decomposition initiates immediately in 
which microbial enzyme urease releases ammonia in the form of NH+ 

4 ions. Urease 
enzyme is abundant in faecal organic matter and therefore converts excreted waste 
into ammonium ions when existing conditions are favourable. Under aerobic condi-
tions, the ammonium ions are converted into NO− 

3 . . Plants have potential to avail
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Fig. 8.3 Conversion of animal manure into soil ammonia 

both of these forms while cannot intake organic form of manure (Beegle et al. 2008). 
NH+ 

4 ions also act as carrier of soil nitrogen to the atmosphere as well as precursor of 
nitrous oxide emission from manure applied in the field or stored in pasture. There-
fore, ammonia is put under strict consideration while managing the greenhouse gases 
emissions from animal manure (Fig. 8.3). 

8.4.1 Management of Animals and Their Housing 

Covering the animal house cannot directly limit the emission of methane or nitrous 
oxide but the type of material used to cover the house can help to quantify the manage-
ment, storage and application of manure. Animal houses along with solid floors 
with straw/hay can accumulate more dry matter manure which enhances the process 
of nitrification and denitrification thus emission of greenhouse gases takes place. 
Külling et al. (2001, 2003) argued that slurry can limit the emission of greenhouse 
gases as compared to solid manure. Amon et al. (2001) reported that slurry-based 
system produces less greenhouse gases as compared to composted manure where 
most of the gases emission occurs due to their turning for the sake of aeration. 

Hassouna et al. (2010) investigated that emission of gases was high in solid and 
straw bedding-based system while generation rate was much lower in liquid-based 
system. Manipulating the route of nitrogen emission is key tool for mitigation. Urea
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contributed 60–80% of total nitrogen in the urine due to CP. Therefore, reducing the 
amount of dietary CP is the core strategy to ameliorate the emission of NH3 in stored 
manure. Velthof et al. (2005) observed that emission of N2O and CH4 decreases as 
the protein content of swine diet decreases during storage of manure. 

Management and feeding are another key factor to mitigate the emission of green-
houses. For instance, phase feeding operations diminish the emission of GHGs. 
Lessen the amount of dietary protein during production cycle, reduce the emission 
of N (Cole et al. 2005, 2006; Vasconcelos et al. 2007). Erickson and Klopfenstein 
(2010) observed 12–21% less emission of N through phase feeding in cattle yards. 

8.4.2 Animals Grazing Practices 

Improving forage digestibility is wonderful approach to minimize GHGs emissions 
and volume of manure production. In pasture, forage digestibility improvement 
means enhancing application rates of nitrogen fertilizer which pose noxious impact 
on urinary nitrogen excretion thus eventually on emissions of N2O and NH3. Emission 
of N2O was observed to be high in pasture-based system because of high concentra-
tion of nitrogen in the urine due to elevated CP content in diet. De Klein et al. (2001) 
reported 40–57% reduction in nitrous oxide emission when animals were bound to 
graze on an area of 3 h/day in late autumn. Reduction in the emissions of GHGs 
has been reported by adopting following approaches (i) improve the nitrogen use 
efficiency, (ii) enhance soil management practices, (iii) pasture rehabilitation, (iv) 
using soil additives to manipulate nitrogen cycling in soil, (v) planation for proper 
utilization of nitrogen and (vi) modifying grazing and farm management (Luo et al. 
2010). 

8.4.3 Process of Biofiltration 

The process of biofiltration captures the ventilated air of pasture building to control 
odour, absorb NH3 and conversion of ammonia to NO3 by the assistance of biolog-
ical scrubbers. Limit the losses of ammonia is an indirect approach to diminish the 
emission of nitrous oxide in the atmosphere by reducing the deposition of ammo-
nium ions in the soil and ultimately cease the process of nitrous oxide generation 
as discussed above. Different biological filters have distinct potential to eliminate 
ammonia. For instance, acidic scrubbers have 91% efficiency to remove ammonia 
while bio trickling filters have 70% (Melse and Ogink 2005). Biofilters along with 
heat exchangers proved to be efficient in elimination of NH3. It has been reported 
that biofilters proved effective in treating high concentration of ammonia with elim-
ination efficiency of 79% (Shah et al. 2011). These biofilters proved to be efficient in 
trapping the sulphur gases emitted from broiler house. The elimination of ammonia 
in biofilters is directly linked with the conversion of ammonia to NO− 

2 to NO
− 
3 . . So,
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in the elimination process through biofilters, the generations of nitrous oxide must 
be kept under considerations (Maia et al. 2012). 

Several studies reported the reduction in CH4 by passing the swine through biofil-
tration process. Reduction in CH4 was observed about 50–60% by Canadian pork 
council in 2005. Girard et al. (2011) observed the elimination rate up to 40%. Melse 
and van der Werf (2005) findings revealed that 85% of methane reduction was 
reported via the biofiltration system which consisted of compost and perlite treated 
with methane oxidizing bacteria (taken from manure). The elimination potential 
of methane in biofilters depends upon the concentration of methane present in the 
biofilters stream. Therefore, to eliminate 50% of methane emission require immense 
biofilters systems which limit the use of this technology on random basis. Melse 
and Timmerman (2009) suggested the use of multipollutant scrubbers, biofilters and 
acid combing filters to not only mitigate the greenhouse gases but also ameliorate 
the particulate matter from animal yards. 

8.4.4 Amelioration of GHGs from Manure Storage 
and Treatment 

Manure storage as aforementioned facilitates anaerobic conditions to favour methane 
emission, although the emission of nitrous oxide and ammonia also takes place in high 
quantity. A quick approach to reduce the emission of GHGs particularly methane is 
reduction in storage time (Philippe et al. 2007; Costa et al. 2012). Long-term storage 
provides opportunity for emission of methane along with fast rate of emission due 
to anaerobic condition (Philippe et al. 2007). Regulating the manure temperature is 
another strategy to reduce the emission of methane during storage condition (Steed 
and Hashimoto 1994). 

Providing the temperature of less than 10 °C to manure by removing it from 
building and store in cold weather can reduce the emission of methane (Monteny 
et al. 2006). In poultry manure, the storage treatments along with appropriate moisture 
and aeration lessen the emission of CH4 (Li and Xin 2010). Partitioning of swine 
slurry into liquid and solid and later treated the solid slurry with aerated composting 
diminish the emission of methane to 99% and nitrous oxide to 75% as compare to 
undisturbed manure (Vanotti et al. 2008). However, due to opposite relationship of 
ammonia and nitrous oxide (Petersen and Sommer 2011), this process may surge 
the emission of nitrous oxide. Amon et al. (2001) observed substantial nitrous oxide 
emission from turned pile of solid manure as compare to those which left undisturbed.
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8.4.5 Different Types of Covers for Manure Storage 

Different types of covers mentioned in the literature for manure such as wood cover, 
oil layer, natural crust, straw cover and many others. How much a cover is affective 
is correlated with number of factors such as degradability, porosity, permeability of 
cover and thickness. Semipermeable covers enhance the emission of nitrous oxide 
because they provide aerobic condition which favour nitrification, while on the down-
side it creates oxygen deficient environment which further induces the process of 
denitrification (Hansen et al. 2009; Nielsen et al. 2010). Such sort of covers helps 
to limit the emission of methane, ammonia and to control odour but elevate the 
emissions of nitrous oxide (Sommer et al. 2000). 

Impermeable covers (oil layers, solid plastic) help to mitigate the emissions of 
methane, nitrous oxide and ammonia (Sommer et al. 2000; Guarino et al. 2006; 
VanderZaag et al. 2008). Guarino et al. (2006), VanderZaag et al. (2008) reported 
that using vegetable oil as cover can limit the emissions of GHGs but in practical not 
applicable due to its quick degradation. Use of impermeable cover becomes effective 
to limit the emission of methane, if trapped methane used immediately for other 
purposes such as running an engine to generate electricity otherwise accumulation of 
methane under the cover will create pressure which may burst the cover. The success 
of the impermeable covers depends upon the transfer of trapped gases particularly 
GHGs for other purposes (Nicolai and Pohl 2004). 

8.4.6 Mitigation by the Process of Anaerobic Digestion 

Anaerobic digestion is a process that is carried out by archaea in the absence of 
oxygen to degrade organic material and it cause the emission of CO2, N2O, CH4 and 
other gases as by-product. A careful practice can assist to ameliorate the emissions 
of GHGs. When this process is carried out in efficient way, it produces 60–80% 
methane which is used as a source of energy depending upon the substrate and oper-
ation conditions (Roos et al. 2004). Biogas digesters are widely used to capture the 
emitted methane and direct it for energy uses to prevent its emission into atmosphere. 
Biogas digester varies in size, functions and other operations. Some digester designed 
to operate with manure from some animals to many. These digester produce 23–53% 
less GHGs as compared to house hold biogas digester (Dhingra et al. 2011). Anaer-
obic digestion (AD) technology adoption can eliminate the emission of greenhouse 
gases. Results demonstrated in Table 8.3 showed that AD not only offset the emis-
sion of greenhouse gases but also act as an alternative of fossil fuels to overcome the 
downfall of energy. Anaerobic digestion reduced the GHGs annually 177 mg CO2 

eq. emissions from dairy manure, 87.7 mg CO2 eq. from sow and 125.6 Mg CO2 eq. 
from pig farms (Kaparaju and Rintala 2011) (Fig. 8.4).
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Fig. 8.4 Mechanism of anaerobic digestion 

8.4.7 Acidification of Manure 

Lowering the pH of stored manure is effective way to mitigate the emission of 
greenhouse gases. Petersen and Sommer (2011) reported that acidification of manure 
is effective strategy to mitigate the emission of ammonia but its effect on nitrous 
oxide is not reported so far. Study of 15 different cattle, swine and poultry manure 
in which emissions of NH3 were ameliorated successfully (from 14 to 100%) by 
using hydrochloric acid, sulfuric acid, calcium, phosphoric acid or monocalcium 
phosphate. These studies concluded that using the strong acid mitigated the emission 
of ammonia to larger extent rather than weaker one but use of strong acid at farms 
may be hazardous (Ndegwa et al. 2011). 

Petersen et al. (2012) investigated the impact of acidification on emission of 
methane from stored manure. PH of stored manure was fixed at 5.5 with the help 
of H2SO4 and sample was stored for 95 days. During the storage, emissions of 
ammonia and methane were monitored carefully. PH of manure gradually increased 
up to 6.5–7.0. Results showed that the emissions of methane reduce by 67–87% and 
NH3 was completely mitigated. Aforementioned study showed that acidification is 
cost-effective technique to mitigate the emission of greenhouse gases. 

8.4.8 Composting 

Composting is microbial process carried out in the presence of oxygen to decompose 
the organic matter (OM) which helps to control odour, manure handling and pathogen 
control. Solid composted manure is used as bedding for the comfort of cows ensuring 
that their health is not compromised (Husfeldt et al. 2012). The process of composting 
of manure causes the losses of N which depends upon moisture level, temperature, 
PH and material stability (Zeman et al. 2002). The authors also claimed that by raising 
the solids content of the feedstocks and the carbon to Nitrogen ratio, it is conceivable 
to drastically diminish emissions from compost piles. Consequently, composting can 
be a useful technique for lowering GHG emissions from a variety of waste products, 
especially livestock manure (Brown et al. 2008).
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8.5 Conclusions 

Carbon dioxide (CO2), nitrous oxide (N2O) and methane (CH4) are all key sources 
of manmade GHG (greenhouse gas) from animal manure (CO2). About 37% of 
the world’s methane emissions are caused by animals. The accumulation of liquid 
manure, also known as slurry, and compact solid manure is the prime sources of GHG 
(Vac et al. 2013). According to IPCC statistics, animal agriculture is accountable 
for 8–10.8% of the overall of the world’s greenhouse gas (GHG) emissions, and 
according to lifecycle assessment, livestock can account for up-to 18% of these 
emissions. Cattle emissions account for the majority of these emissions (O’Mara 
2011). At every step of the manure management chain, it is evident that manure 
handling has an influence on the volumes of both direct and indirect nitrous oxide 
emissions and CH4 emissions. Anaerobic digestion (AD) processing of liquid manure 
and other wastes contributes to renewable energy goals by making it a desirable 
option for greenhouse gas (GHG) mitigation. In order to reuse nutrients for crop 
production, unprocessed manure is frequently kept in storage for a period. Methane 
(CH4), nitrous oxide (N2O) and ammonia (NH3) emissions that occur throughout 
storage influence the balance of greenhouse gas emissions. 
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Chapter 9 
Lifecycle and Risk Assessment of Animal 
Manure Utilization 

Hamid Masood, Sami Ullah Khan, Shujaul Mulk Khan, Aneela Nawaz, 
Syeda Haseena Wajid, Atiq Ur Rehman, and Abdullah Abdullah 

Abstract Animal manure is the main source of biofertilizer, biogas, and bioenergy. 
It increases soil fertility leading to increased agricultural crop production which 
ultimately fulfills the food demand. Nowadays, animal manure is used in biogas 
and bioenergy production throughout the world and by 2050 the world will face a 
severe energy crisis, so animal manure can be used as a sustainable alternative to 
non-renewable energy resources. Animal manure is the source of pathogenic microor-
ganisms, which causes severe illness in the human population and studies showed that 
these pathogens are resistant to most of the currently available antibiotics. Before 
applying animal manure as fertilizer in the soil, the manure should be processed 
through various methods including biological, physical, and chemical, to reduce the 
number of pathogens and their pathogenicity in the manure. Aerobic composting 
of animal manure reduces the pathogens’ burden. Likewise, studies showed that 
anaerobic digestion of animal manure at various temperatures not only reduces 
the pathogenic microbes, but it also down-regulates the antibiotic resistance genes 
(ARGs).
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Graphical Abstract 

Keywords Biofertilizers · Organic matter · Pathogens · Antibiotics · Anaerobic 
digestion 

9.1 Introduction 

Animal manure is the animal excretion that mainly contains feces and urine, but it 
also contains bedding material, wasted feed, water, scurf, and soil depending upon 
the animal management system (Zhang et al. 2014). A huge amount of manure is 
produced in the livestock industry which is the richest source of organic and inorganic 
nutrients essential for the promotion of plant growth and crop yield (Sharma et al. 
2022). The utilization of animal manure as fertilizer recycles nutrients, improves 
the physiochemical structure of the soil, and increases soil organic content. Animal 
manure provides essential minerals like potassium (K), phosphorus (P), nitrogen (N), 
and other minerals (Eghball et al. 2002) to soil that enhances its fertility and ultimately 
promotes plants growth and productivity. The contents of different nutrients and 
minerals largely depend upon the feed, animal type, and also on manure collection, 
how it is stored and the way of application to the soil. Studies showed that the organic 
content of the soil is reduced after continuous harvesting of crops but the addition of 
regular manure into the soil will increase its organic contents (Rawal et al. 2022). 

On the other hand, animal manure is the major source of heavy metals and 
pathogens that potentially contaminates the environment (Liu et al. 2021). According
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Fig. 9.1 Major sources of manure (Reproduced from Ribaudo et al. 2003) 

to World Health Organization (WHO), many pathogens like viruses, bacteria, para-
sites, and fungi causing many diseases are the second leading cause of deaths world-
wide. The animal manure used as a fertilizer enhances soil fertility, but also spreads 
pathogens in soil and water, which ultimately cause food and water-borne infections 
(Ayilara et al. 2020). In fields, mostly cow, buffalo, goat, and sheep manure is used to 
increase fertility (Fig. 9.1). To reduce the spread of these pathogens and to protect the 
environment, animal manure should be treated before its application to soil. Anaer-
obic digestion and aerobic composting are the most promising biological methods 
to reduce or eliminate the pathogens in manure (Agga et al. 2022). 

9.2 History 

Previously, it was believed that the use of fertilizer had started back 2000–3000 years 
ago, but now it is thought that it had been more than 8 thousand years ago that the 
farmers were fertilizing their crops by using manure (Xiong et al. 2010). To find the 
shreds of evidence about the earlier use of fertilizers, an Archaeo-botanist team at 
Oxford University conducted a study, and Amy Bogaard led this team. The team 
observed that in ancient times one of the most logical forms of fertilizer was manure 
because manure contains a high content of nitrogen (N-15 isotopes) (Szpak et al. 
2012). Archeological samples of cereals and pulses like barley, wheat, peas, and 
lentils were collected by researchers from 13 different ancient field sites in Europe, 
that were dated back from four thousand and four hundred years to seven thousand 
and nine hundred years ago. More than 2500 pulse and cereals seeds were analyzed, 
and it was observed that in the ancient samples that were treated with manure, the 
concentration of Nitrogen-15 was higher in them than the untreated ones (Reed 
2015). 

While some studies reported that the use of organic fertilizers (animals and plant 
residues, human manure, and river humus in the soil) as a rich source of nutrient 
for crops and agriculture, dated back to the Neolithic period (12,000 years ago) 
(Goudie 2018).Till the mid of eighteen century, there was a shortage of organic 
manure especially animal manure due to its high demand in various regions of the 
world (Huang 2002).The beginning of 1950 was the era of technological advancement
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in the field of agriculture which resulted in improved capacity, high productivity, 
and storage of crops. This advancement in technology also resulted in increased 
animal farming (source of organic manure). But nowadays, the increase in the use of 
synthetic inorganic fertilizers has reduced the demand for organic fertilizer (Kumar 
et al. 2019). With the help of modern technology, manure can be used efficiently 
to protect our environment from the effect of greenhouse gases and also to protect 
the quality of air and water, because improper management of manure can harm our 
environment, while the proper management of manure can make it a renewable and 
valuable resource (Chiumenti et al. 2007). 

Animal manure utilization can be preferred over the utilization of inorganic 
synthetic fertilizers because it not only provides nitrogen, potassium, and phospho-
rous to the soil to increase its quality but it is also a good source of macro-nutrients, it 
acts as a complete package of nutrients, can reduce the risk of soil erosion, and help 
in the improvement of soil quality, and it is cheaper than synthetic fertilizer (Tabitha 
et al. 2018). 

9.3 Composition of Animal Manure 

Manure contains phosphorous, nitrogen, and potassium and considered is an efficient 
source of micronutrients that are essential for plant growth (Table 9.1). Manure can 
be applied either directly to the soil or after proper processing such as nutrient 
extraction, pelleting, and composting. Manure can be securely recycled through 
modern agricultural systems (Logan and Visvanathan 2019).

For making all the nutrients available in the manure to the plants, there should 
be proper management plans defining the required concentration mandatory for the 
proper growth of plants. To prevent over-application, avoid runoff and protect water 
quality all the specifications of manure should be mentioned in the manure nutrients 
management plan (Sims et al. 2000). The use of manure as fertilizer in a proper way 
not only helps in the buildup of fertile soil but also plays a substantial role in the 
minimization of nutrient pollution in groundwater and running water. In addition to 
its use as a fertilizer for crops, manure can also be used to grow insect larvae, worms, 
algae, and also some other organisms. These organisms transfer the nutrients present 
in manure to biomass, these nutrients from their biomass are then harvested and used 
for soil amendments, as fertilizer, and as animal feed (Huis and Oonincx 2017). 

9.3.1 Organic Matter 

Organic matter present in manure is the undigested animal feed and bacteria that 
are part of the gastrointestinal tract of animals. An outstanding way to increase the 
organic matter in the soil is the addition of manure to it. Organic matters present in 
soil help in the overall health of soil including its sustainability and ability to act
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Table 9.1 Macro-nutrients composition in different manures 

Composition 
macro-elements 

Form Role Nutritive element 
percentage in the case of 
cow dung manure (%) 

Nitrogen Present both 
in organic and 
inorganic form 

It is one of the essential 
macro-nutrients. It plays 
an important role in plant 
function. Nitrogen is a 
component of 
nitrogenous bases and 
amino acids and both are 
essential for life survival. 

2.5 

Phosphorus Inorganic form It is easily accessible by 
plants. It is important for 
cell division and the 
development of the 
growing tip of the plants. 

0.2 

Potassium Inorganic form It has a role in the 
movement of water and 
nutrients in plant tissues. 

0.5

as a living ecosystem (Liang et al. 2019). Moreover, organic matters also play an 
important role in the improvement of soil structure as well as its capacity to hold 
water, enhance the retention of essential nutrients, and promote the growth of plants 
and growth-promoting microorganisms in the soil. Organic content also prevents soil 
from both water and wind erosion. It can also protect the quality of water by lowering 
the contaminated runoff (Baumhardt et al. 2015). The quantity of organic content 
in manure is hard to quantify but the higher yield and economic return of crops are 
associated with high organic content. 

9.3.2 Fibers 

A huge number of fibers are present in manure. Some of these fibers are mixed 
with manure from straws, undigested animal feed, sawdust, and some other 
beddings. Various products are produced from the fibers of manure, such as plant pots, 
plant growth mediums, paper, building materials, and fertilizer garden sculptures 
(Miller et al. 2015). 

9.3.3 Nitrogen Content 

Nitrogen in animal manure is present in both organic and inorganic forms. The organic 
form of nitrogen releases slowly compared to the inorganic form. The organic form of
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nitrogen is not easily accessible to plants, but it is vulnerable to ammonia volatiliza-
tion that occurs during the storage and application of manure as fertilizer. Utilization 
of manure as fertilizer reduces the nitrogen loss in soil because inaccessible nitrogen 
become available to the next crop. Fertilizers’ nutrients in animal manure is the guide 
that provides information about the amount of nitrogen accessible to plants in 1st 
year and subsequent years (Rashmi et al. 2020). 

9.3.4 Phosphorus and Potassium Contents 

The availability of phosphorous and potassium in manure is mostly in inorganic 
form and is easily accessible to plants. Most nutrient management plans limit the 
utilization of animal manure as fertilizer in the field without determining the nutrients 
required by the crops by the testing of soil to achieve yield goals. 

9.3.5 Micronutrients Content 

Micronutrients (calcium, magnesium, and sulfur) are important for the promotion 
of plant growth, these nutrients are found in manure in sufficient form (Möller and 
Müller 2012). 

9.3.6 Energy 

A huge amount of carbon and other elements are present in manure that are used 
for the generation of various types and forms of biofuels (Fig. 9.2). A technology 
known as anaerobic digestion is used in which microbes process manure and convert 
it into biogas. And this biogas is further used to generate electricity and heat (Zhou 
et al. 2016). We can also obtain biodiesel from manure which has properties like 
petroleum diesel. Manure has also an application in gasification in which manure 
is converted into syngas, and this synthetic gas can be used to run power engines, 
fuel cells, and turbines. Using manure to generate biogas and biofuel can reduce our 
dependency on non-renewable fossil fuels, so farmers can save money (Ghaffarpour 
et al. 2018).

9.4 Antibiotic Use in Animal Farms 

Antibiotics in animal feed are either used for therapeutic purposes in higher doses 
for specific diseases or used sub-therapeutically in small doses for increased feed
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Fig. 9.2 Recycling process of manure and methane production (Reproduced from Benali 2019)

efficiency rate and the prevention of disease (Diaz-Sanchez et al. 2015). However, 
some antibiotics are not fully degraded and absorbed in the animal gut and sufficient 
quantities of the antibiotics and their residual metabolites are passed with manure 
and urine into the soil that leads to the emergence of antibiotics resistance in envi-
ronmental microbes and dissemination of resistance to human pathogens (Kim et al. 
2011). About 0.7 million deaths occur worldwide per annum due to antimicrobial 
resistant bacteria (Gaur 2017). In 1928, the discovery of penicillin became a source 
of cure for many lethal and life-threatening diseases that were more beneficial for 
animal breeders and veterinarians (Kirchhelle 2020). But since 1960, these antibi-
otics are extensively used in sub-lethal doses in animal feed as growth promoters. The 
actual mode of action is still unclear but it has been assumed that when antibiotics are 
used in a sub-lethal dose, they stimulate the intestinal synthesis of vitamins, they also 
reduce the count of intestinal tract bacteria by lowering competition between host 
and microorganisms for nutrients, help in modification of the microbial metabolic 
system of the rumen (Capita and Alonso-Calleja 2013), also involve in the growth 
inhibition of pathogenic bacteria, but the extensive and uncontrolled use of sub-lethal 
doses aid the selection of antibiotic-resistant bacteria by introducing novel mutation 
or also by promoting their growth. The presence of antibiotic-resistant bacteria can 
help in the transfer of ARGs (antibiotic-resistant genes) between the intestinal tract’s 
enteric bacteria of the host organism, may affect their quorum sensing (Gilmore et al. 
2013), and can also stimulate the presence of biofilm.
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9.5 The Spread of Manure-Born Antimicrobial Resistance 
in the Environment 

Several studies have been carried out, revealing that multiple environmental factors 
are involved in the spread of manure-borne resistance in human beings (Wang et al. 
2021). Antibiotics resistant bacteria surviving in the manure are transferred to humans 
either by the consumption of plants that are fertilized with animal manure or by the 
consumption of surface or ground water contaminated with animal manure by runoff 
of leaching. The rate of resistance in the environment is likely to be increased during 
the application and storage of manure. One of its most important reasons could be the 
interchange of resistance genes between soil bacteria and the bacteria present inside 
the manure. And another important reason could be the adaptation of resistance in 
soil bacteria is the presence of a high concentration of antibiotics released in animal 
manure in un-metabolized form (Jechalke et al. 2014). 

9.6 Issues Associated with Manure 

9.6.1 Storage 

Many people believe that not only the smell of manure is unpleasant, but also it is 
dangerous too, this nasty smell is due to the production of some toxic gases that 
can affect both human beings and animals. Overtime, the gases are generated by 
manure and as long as the manure is stored its smell becomes more intoxicating. 
This unpleasant smell becomes nastier if the manure is stored without ventilation in 
a closed location (Nimmermark 2004). 

9.6.2 Gases Produced by Manure and Their Effects 

When a large quantity of any type of animal waste is being stored, multiple hazards 
must be present there for both human beings and animals. One of the most hazardous 
dangers is the production of toxic gases. These gases are produced during the decom-
position of manure by bacteria (Driehuis et al. 2018). Before dealing with manure, 
we should know the risk factors of the gases produced by manure. 

9.6.2.1 Hydrogen Sulfide 

According to the United States Department of Agriculture, hydrogen sulfide is the 
most dangerous gas produced in manure that smells like rotten eggs (Blunden et al. 
2008). Humans and animals suffer from nausea, dizziness, and headache when they
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breathe this gas. Hazardous effects increase when hydrogen sulfide is produced in 
higher concentrations, because, at a higher level, the gas loses its smell, and its 
inhalation causes the most terrible effects including comma, sudden failure of the 
respiratory system, and even death. 

9.6.2.2 Ammonia 

Ammonia has a very sharp, penetrating, and distinct odor that can be very easily 
detected even at lower concentrations. Its medium concentration can irritate the 
respiratory tract and the eyes. Its high concentration can cause severe respiratory 
tract irritation and ulceration to the eyes. If someone got exposed to ammonia the 
best first aid is to flush the irritated eyes or skin (Timmer et al. 2005). 

9.6.2.3 Carbon Dioxide 

It is difficult to detect carbon dioxide because it is heavier than air. In the air, it 
replaces O2 and acts asphyxiating. At medium concentration, it is responsible to 
cause dizziness and shortness of breath. One of the major causes of the death of 
animals is asphyxiation caused by carbon dioxide in a building with an improper 
ventilation system. On the other hand, in manure decomposition, CO2 is also a 
livestock respiration byproduct (Sonwani and Saxena 2016). 

9.6.2.4 Methane 

The anaerobic digestion of animal manure in many countries is being used for the 
production of valuable products like biogas under the waste-to-energy production 
system. Besides, biogas is the ultimate digestate that can be used as a biofertilizer for 
increased crop production technology (Karim et al. 2005). Methane is an odorless gas 
and lighter gas and its concentration is high at the top of manure dents. At extremely 
high concentrations, it is responsible for asphyxiation. Its major hazard is that it is 
explosive and flammable. As methane is odorless so it is very difficult to detect it 
without any proper instrumentation (Carson 2002). 

9.7 Introduction of Heavy Metals in Soil 

Manure of different animals is added to agricultural land to increase organic contents 
as well as to improve the fertility of the soil, but this practice is also becoming a 
cause of some severe environmental problems such as surface water contamination 
due to phosphate and nitrate. Another serious problem persuaded by manure is metal 
pollution. A high concentration of metals including Zinc, Cadmium, Arsenic, and
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Copper is present in animal manure (Dhaliwal et al. 2020). Heavy metal residues 
can be accumulated on the surface of soil due to the long-term use of manure on 
agricultural land. Heavy metal accumulation in soil not only affects the fertility of 
the soil but also contaminates surface and ground water through runoff and leaching 
(Yan et al. 2018). 

9.8 Antibiotic Resistance Bacteria in Manure 

One of the public health problems which is of growing concern is antibiotic resis-
tance. The application of animal manure to the soil is known to be the major cause 
of dissemination and propagation of ARB (Antibiotic-resistant bacteria), antibiotic 
residues, and ARGs (antibiotic resistance genes) in soil and water system (Chec-
cucci et al. 2020). In the recent era, studies have been increased on the effect on soil 
microbiomes by antibiotics-contaminated manure. The antibiotic resistance genes 
are mostly present as MGEs (Mobile genetic elements). Horizontal gene transfer 
of mobile genetic elements has been recognized as a leading cause dissemination 
and persistence of antibiotics resistance. Bio-sanitizing and chemical treatment can 
reduce the ARB and antibiotic load (Zhao et al. 2019). 

In recent eras, the misuse and overuse of antibiotics in veterinary practices 
have become one of the most serious public health problems (Ferri et al. 2017). 
The increased number of commensal and pathogenic resistant bacteria has been 
linked with the environmental blowout of antibiotics and the proliferation of ARGs 
(Antibiotic-Resistant genes). In soil, microbial diversity can be lost and changed due 
to antibiotic environmental diffusion. Worldwide antibiotics are used in the produc-
tion of livestock which is becoming the leading cause of the spread of antimicrobial 
resistance. Selective pressure of antibiotics directly increases when they are used for 
prophylactic purposes, which favors the antibiotic resistance bacteria generation. In 
order to minimize antibiotics resistance during animal husbandry, improved waste 
management, and livestock strategies should be adopted, that includes diet, waste 
treatment, and proximity between animals, operating conditions, and use of additives 
(Tian et al. 2021). 

There are multiple pathways through which ARGs (Antibiotic-resistant genes) 
can persist and enter the ecosystem. They proliferate across crops, soil, and the gut 
microbiota of livestock and wild animals as well as human. The ARGs proliferate 
through HGT (horizontal gene transfer) of mobile genetic elements (MGEs) in the 
form of plasmids, phages, integrons gene cassettes, or transposons. The acquirement 
of antimicrobial resistance may be due to antimicrobial resistance genes from other 
bacteria through horizontal gene transfer or due to spontaneous mutation (Sobecky 
and Hazen 2009). 

Generally, antibiotics are given to livestock utilizing drinking water or feed for 
their treatment and protection from different types of diseases. After administration, 
these antibiotics are not fully absorbed, and 30–90% is excreted in the urine and feces 
of animals after excretion these antibiotics can make a favorable condition for the
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development and spread of antibiotic-resistant bacteria in the environment (Manyi-
Loh et al. 2018). On the other hand, antimicrobial resistance genes and bacteria 
are also naturally present in the GIT of animals that can be excreted in urine and 
feces. So, manure can act as a means for the spread of antimicrobial resistance in the 
environment (Chee-Sanford et al. 2009). 

9.9 Pathogens Present in Manure 

With the increasing population of humans, livestock industries are also terrifically 
increasing which are becoming the rising source of organic residues and production 
that can become the cause of a huge number of hazards if proper strategies are not 
set for their management and disposal (Karim et al. 2005). Agricultural animals are 
producing abundant quantities of animals’ manure which consist of animals’ urine 
and feces along with microorganism, bedding, spilled and undigested feed, process-
generated wastewater, fur, antibiotics, nutrients, and secretions of the nose, throat, 
mammary glands, blood, placenta, and skin (Sakar et al. 2009). Moreover, all these 
animals’ manure is also full of a huge variety of both pathogenic and non-pathogenic 
microorganisms that can be harmful to both humans and animals. The types and levels 
of pathogens present in manures are different, depending on animal species, health 
status, dietary sources, age of animals, and chemical and physical characteristics 
of manure as well as manure storage facilities (Hutchison et al. 2005; Spiehs et al. 
2007). 

The pathogenic microorganism found in animal manure and excreta consists of 
different types of bacteria, protozoa, and viruses. This pathogenic and microbial 
diversity present in the manure mainly depends on the characteristics of organisms, 
its chemical composition, and the source of manure such as ammonium content, 
temperature, pH, oxygen level, dry matter, moisture, and their competition for nutri-
ents among the microbial community. Therefore, it is recommended to manage the 
proper handling, storage, and disposal of manure properly, otherwise, it can cause 
severe infection in both humans and animals either by direct contact with animals or 
their waste or utilizing contaminated water or food (Martin et al. 2005). 

The potential risk should be minimized in animal manure by reduction of the 
pathogen during collection, storage, and finally during application of manure to the 
agricultural land. On the other hand, inadequately treated and raw manure can act 
as a means of pathogenic contamination, responsible to cause water, air, and soil 
pollution which will cause critical and severe public health issues (Manyi-Loh et al. 
2013). 

Various physicochemical and biological environments are provided to microor-
ganisms by manure. Different types of manure-based pathogenic microbes have 
been found the major ones are zoonotic bacteria that include Campylobacter spp., 
Salmonella spp., Yersinia enterocolitica, Escherichia coli, and Listeria monocyto-
genes and protozoa viz. Giardia lamblia and Cryptosporidium parvum (Table 9.2). 
Another group of pathogens present in manure especially in cattle manure is viruses;
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Table 9.2 Various types of bacteria present in manure 

Bacteria Manure source Diseases associated with pathogens 

Escherichia coli Cattle Enterohemorrhagic, verocytotoxic, 
or Shigatoxin-producing 
Escherichia coli 

Salmonellaspp. Cattle, poultry, swine and birds Salmonellosis 

Campylobacterspp. Poultry, cattle and birds Stillbirths, abortion, the birth of 
weak sheep’s lambs during some 
late pregnancy stages 

Yersinia enterocolitica Swine Acute-enterocolitis, lymphadenitis, 
septicemia, polyarthritis, nodosum 
erythema, and even death 

Listeria monocytogenes Cattle, poultry Localized-cutaneous infections 

primarily these pathogens are inhibited in the animals’ intestinal tract and then 
asymptomatically shed in the environment (Abdalla 2021). 

The chances of infection depend on infective doses, types of bacteria, and 
the immune status of the individual. Due to differences in virulence factors and 
pathogenicity across the domains of bacteria, the numbers of bacteria that are respon-
sible for infection differ from one bacterium to another (Sarowska et al. 2019). It has 
been found that in the case of some bacteria only a few that are around 10 cells are 
enough to cause infection while in some cases larger numbers of bacterial cells are 
required for the same purpose. However, in some cases, a small numbers of bacteria 
are shed in manure but after finding favorable conditions these bacteria multiply and 
result in a higher risk and greater level of contamination in soil, food, and water 
(Newell et al.  2010). 

9.10 Some Important Bacteria Present in Manure 
and Their Pathogenicity 

9.10.1 Escherichia coli 

Escherichia coli is a rod-shaped, gram-negative, motile, and facultative anaerobic 
bacteria that is found as normal flora in the intestinal tract of healthy humans and 
animals. It acts as an indicator organism of fecal contamination (Gillen and Augusta 
2018). Escherichia coli O157:H7 is a bacterial strain found in the manure of cattle 
which has been reported as the most hazardous pathogen and produces an intoxicating 
toxin that can cause severe infections in humans. This strain of E. coli can also be 
called Enterohemorrhagic, Verocytotoxic, or Shigatoxin-producing E. coli. Human 
beings can be infected by this pathogenic E. coli, either by consuming contaminated



9 Lifecycle and Risk Assessment of Animal Manure Utilization 253

water or food or by direct contact with the feces of livestock. It can also be transferred 
by person-to-person contact (Mohawk and O’Brien 2011). 

9.10.2 Salmonella spp. 

Salmonella spp. belongs to the family of Enterobacteriaceae, rod-shaped, gram-
negative, non-spore-forming, non-capsulated, motile, and facultatively anaerobic 
bacteria. These pathogenic bacteria have been observed in humans and a wide range 
of animals, i.e., cats, dogs, birds, pigs, and cattle (Khan et al. 2019) and cause 
salmonellosis. The mode of transmission of salmonella is the consumption of water 
or food that has been contaminated with the feces of different types of animals and it 
can also be transmitted by direct contact with animals’ feces. This type of infection 
is characterized by 3 major symptoms, i.e., acute enteritis, septicemia, and chronic 
enteritis. The severity of salmonellosis varies from species to species and from host 
to host. The multi-drug resistance strains of Salmonella are very hazardous due to 
their resistance to the available classes of antibiotics. This high resistance rate can 
lead to high rates of death and can present a path toward epidemic outbreaks (Wu 
and Hulme 2021). 

9.10.3 Campylobacter spp. 

Most commonly Campylobacter spp. is found in the intestinal tracts such as pigs, 
cattle, wild-living mammals, chickens, and birds. This pathogenic bacterium is the 
main cause of a wide range of infections in sheep, pigs, and cattle (Pao et al. 2014). 
The Campylobacter fetus and Campylobacter jejuni cause stillbirths, abortion, and 
the birth of weak sheep’s lambs during some late pregnancy stages (Givens and 
Marley 2008). In the same way, an infection called Campylobacteriosis is caused 
in humans by this pathogenic bacterium by consuming contaminated water and 
uncooked food products. Campylobacter coli and C. jejuni are the two most important 
species that are bacterial human gastroenteritis. 

9.10.4 Yersinia enterocolitica 

It is a gram-negative coco-bacillus, a member of the genus Yersinia, and belongs 
to the Enterobacteriaceae family. It is a non-capsulated, non-spore-forming, that is 
found in the intestinal flora of humans as well as of many domestic and wild animals, 
such as cattle. Yersiniosis is an infection caused by this bacterium in both humans and 
animals manifested as acute enterocolitis, lymphadenitis, septicemia, Polyarthritis, 
Nodosum erythema, and even death (Aziz and Yelamanchili 2021).
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9.10.5 Listeria monocytogenes 

It is a Gram-positive, rod-shaped, facultative, and intracellular bacteria associated 
with many food-borne illnesses of humans and transmission is by oral-fecal route. 
The main reservoirs of this pathogen are dairy cows (Dhama et al. 2015). 

9.10.6 Enterococcus Species 

Enterococcus spp. belongs to the subgroup of Group-D fecal Streptococcus, is Gram-
positive, spherical, and found either singly, in form of short chains or pairs. They are 
facultative anaerobic and lactic acid producers that live in the gastrointestinal tract 
(GIT) of animals and humans as commensal bacteria. Members of this subgroup 
are significantly different from each other based on their virulence factors, their 
distribution in dry and fresh cattle manure is based on their antibiotic resistance 
genes (Herrera et al. 2009). 

9.10.7 Mycobacterium Species 

The acid-fast Mycobacterium species have been reported in the manure of cattle. 
These bacteria can survive in the stored manure for a long period even in harsh 
conditions such as fluctuations in pH and temperature, exposure to sunlight, and 
dehydration (Manyi-Loh et al. 2016). 

9.11 Control and Prevention of Pathogens in Animal 
Manure 

As animal manure is the source of pathogenic microbes which can harm the environ-
ment and have a potential risk to the human population, there are some methods by 
which the pathogens can be minimized (Table 9.3; Fig.  9.3). These methods include 
physical, chemical, and biological or combinations of these methods (Gerba and 
Smith 2005).
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Table 9.3 Methods to control pathogens in manure 

Physical methods Drying 

Heating 
Irradiation 

Chemical methods Use of lime substances 
Hydrogen peroxide 

Biological methods Anaerobic storage of manure 
Composting 
Anaerobic digestion 

Fig. 9.3 Pathogen control using different techniques (Reproduced from He et al. 2020) 

9.12 Chemical Methods 

9.12.1 Use of Lime Substances 

Chemicals like Calcium oxide (CaO) or Calcium Hydroxide (CaOH) are used to 
inactivate the microbes in animal manure. For this purpose, some amount of lime is 
homogenized with manure to attain a pH of 12 for two to three hours of contact time. 
At that pH, ammonia production occurs which ultimately inactivates the pathogens 
(Bean et al. 2007).
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9.12.2 Hydrogen Peroxide 

Hydrogen peroxide, an oxidizing agent is used for the inactivation of pathogens and 
it oxidizes the cellular component of most microbes (Guo et al. 2021). 

9.13 Physical Methods 

Physical methods include heating, drying, and irradiation. 

9.13.1 Heating 

In this method, the manure is heated to some extent so that the pathogenic microor-
ganism becomes inactivated, but it requires a trained person. This method only 
inactivates the vegetative organisms by heating at 70 °C for 30 min. 

9.13.2 Drying 

Air drying is the physical method by which a sufficient concentration of microbes 
can be reduced in animal manure. The reduction of microbes by air drying depends 
on the exposure of manure to environmental conditions. In summer, shorter period 
is required as compared to winter. 

9.13.3 Irradiation 

The inactivation of pathogens in manure by irradiation like ultraviolet radiation (UV 
Light) depends on the type of pathogen, the intensity of the light, the quantity of 
the solid materials in the manure, and time and duration of exposure to ultraviolet 
light (Bilotta and Kunz 2013). This method has an advantage as it only destroys 
the pathogenic microbes without any change in the consistency of the manure, i.e., 
physiochemical and nutritional characteristics of the manure (Spiehs et al. 2007).
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9.14 Biological Methods 

Biological methods include anaerobic storage of manure, composting, and anaerobic 
digestion. 

9.14.1 Anaerobic Storage of Manure 

For this purpose, lagoons or tanks are constructed away from the animal farm on 
elevated ground with a well-drained area and a concrete floor covered with a roof. 
The animal manure in solid, semisolid, and liquid forms is placed in these lagoons 
for a longer period for optimum reduction of the pathogen level (Nicholson et al. 
2005). 

9.14.2 Composting 

Composting is the degradation of organic material in animal manure under aerobic 
conditions. It is an effective biological method during which the living aerobic 
microbes degrade or decompose the organic material in manure into carbon dioxide, 
water, and heat. This compost (manure) is then used as a biofertilizer for enhanced 
crop production (Spiehs et al. 2007). 

9.14.3 Anaerobic Digestion 

It is also one of the most important biological methods by which microorganisms 
can be inactivated to a level acceptable for public health concerns (Manyi-Loh et al. 
2013). The production of methane and carbon dioxide gas (greenhouse gases) which 
are produced during the anaerobic digestion of manure treatment has no adverse 
or detrimental effect on public health because these gases are under the controlled 
environment of the digester. These gases have a challenging effect on global warming 
and climatic change when released into the environment when the animal manure is 
not treated properly (Rao et al. 2010). 

However, with the reduction in pathogenic microbes, anaerobic digestion also 
synthesizes biogas. This gas leaves no carbon soot (Arthur et al. 2011). Addition-
ally, anaerobic digestate has high nutritive value and can be used as soil fertilizer 
(biofertilizer).
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9.15 Conclusion 

Animal manure is an important source of biogas and nutrient-rich fertilizer for agri-
cultural crop production. It is inappropriate and harmful to use as fertilizer without 
treatment and has very serious consequences to other livestock, the environment, 
and the human population in terms of pathogenic and antibiotic resistance genes 
and antibiotic-resistant microorganisms. Before the development of technology, the 
manure after collection from the animal was directly applied to agricultural land 
as a fertilizer. Such type of practices leads to the emergence of resistant microbes 
and the development of new challenges to the environment and human health. With 
the advancement of technology such as aerobic composting and anaerobic digestion, 
animal manure can be efficiently used to produce biogas, bioenergy, and biofertilizer. 

It is concluded that animal manure can be an alternative source of energy, non-
renewable sources are decreasing with time and an alternative source for energy 
production should be investigated to fulfill the energy demand of the increasing 
global human population in the future. Research needed other efficient and advanced 
technology for treating animal manure for enhanced biogas production and pathogen-
free digestate as biofertilizer for increased crop production. 

9.16 Future Recommendations 

Animal manure is used in the production of energy and biogas as an alternative 
to sustainable energy technology globally nowadays. Livestock rearing produces 
large quantities of livestock manure worldwide, and it should be properly operated, 
handled, managed, and treated. Traditionally, animal manure was directly applied 
to agricultural land as a fertilizer, which should be avoided, and it is recommended 
that the manure must be properly collected and stored before treatment. Therefore, 
proper procedures for handling, management, and treatment of animal manure must 
be taken in safeguarding the land, water, environment, and public health. Also, all 
the methods and procedures adopted must be cost-effective and environment-friendly 
(Tomasch et al. 2018). 

As animal gastrointestinal tract contains a diversified community of microbes’ 
containing both pathogenic and commensals and these microbes passed out with 
feces. Therefore, the pathogenic microbes of animal manure after land application 
may pose a serious threat to the environment. Since animal manure also contains 
antibiotic residue and antibiotic resistance genes (ARG), which could lead to antibi-
otic resistance bacteria (ARB). So, every management practice should be evaluated 
on case-to-case bases for the complete removal of antibiotic residues, antibiotic 
resistance genes, and pathogenic microbes (Sun et al. 2019). In storage facilities, 
the manure should be covered properly to prevent any leakage or runoff into the 
environment (Zhang et al. 2015). It is evident from various studies that anaerobic
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digestion of batch methods at various temperatures could efficiently lower the antibi-
otic residues as well as the antibiotic resistance genes and pathogenic microbes. Also, 
it is of prime importance that inappropriate antibiotic administration in veterinary 
practices at the sub-therapeutic level for disease prevention and growth promotion 
of animals should be avoided. For this purpose, strict rules and regulations by the 
drug regulatory authority should be initiated in true spirit to stop the inappropriate 
usage of veterinary antibiotics. The animal manure after various treatments can be 
used as a biofertilizer for agricultural land for enhanced crop production. It is also 
recommended that public campaigns and awareness programs should be arranged to 
transfer knowledge to the farmer community regarding safe handling, storage, and 
treatment of animal manure before land application. At last, further new research is 
suggested to carry out improved management and technology which have low cost 
and that would minimize the transfer of the pathogen from animal to the environment. 
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Chapter 10 
Utilization of Animal Wastes to Mitigate 
the Climate Changes 

Sadia Javed, Sher Zaman Safi, Saboor Gul, Nazima Anwaar, Amreen Aftab, 
and Muhammad Arfan Zaman 

Abstract Over the past ten years, consumption of animal by-products has grown 
significantly. This is because it has the potential to help many nations’ battle protein 
deficiency and food insecurity. Animal by-products are divided into edible and ined-
ible portions shortly after slaughter. 55% of the production is considered to be edible, 
with the remaining 45% being inedible by-products (IEBPs). These IEBPs can be 
processed again to create sustainable goods for use in industry and agriculture. The 
cost and scarcity of feed sources, which are now high due to fierce competition from 
both the humans and the animals, can be decreased through the efficient utilization 
of animal wastes. Additionally, this will help the society’s environmental pollution 
be reduced. In this sense, effective use of animal by-products, like rumen digesta, 
can lead to cheaper feed, less competition, and lower production costs. Animal by-
products like rumen digesta have been successfully used in livestock feed over 
the years without having any negative effects on the animals. However, there are 
growing gaps in the items’ sustainability and food security that need to be further 
addressed. The goal of this review is to emphasize the efficiency and usefulness of 
employing animal waste and by-products as substitute sources for feed components 
in the pharmaceutical and leather industries, among other industries.
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Graphical Abstract 

Keywords Animal manure · Environmental pollution · Climate changes · Novel 
technologies · Anaerobic digestion 

10.1 Introduction 

The high proportion of waste related to a product that characterizes waste in the food 
industry means that not only is its generation inevitable, but it also means that it is 
almost impossible to change the quantity and type of waste product which primarily 
contains the organic waste left behind after processing raw materials while main-
taining the consistency of the finished product’s quality. Product-specific waste is 
challenging to use because of its low biological stability, potential pathogenicity, 
increased water content, likelihood of quick auto oxidation, and high level of enzy-
matic activity. The numerous waste types created by the various branches of the food 
industry can be measured based on the equivalent amount of production. 

The human diet includes a significant portion of meat and animal products because 
they offer necessary nutrients that are difficult to obtain from the vegetables and the 
by-products of vegetables (Byers et al. 2002). They offer a way to improve household 
food security and lessen malnutrition (Chikwanha et al. 2018). The demand for flesh 
and the meat products has expanded over the past 20 years in many regions of 
the world, which has caused a rapid expansion in livestock production for long-
term food security (Sans et al. 2015). Abattoirs typically produce a large amount 
of by-products during the process of turning livestock into meat, which can then 
be used by people as food or processed again as secondary by-products for use 
in both industrial and agricultural applications (Liu et al. 2002). Although animal 
by-products make up around two-thirds of the animal after slaughter, it has been 
stated that the yield of these by-products accounts for 10–15% of the value of the 
live animal in developed countries (Irshad et al. 2015). For usage by humans and
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livestock, bones, hides and skin, feathers, hooves, horns, hair, bristles, and rumen 
digesta can be made into beneficial and valuable items. It is generally believed that 
while skin/hide and feathers can be processed and used in the upholstery, leather, 
and textile industries, bone can be recycled and used as livestock feed (a source of 
minerals). However, since most developing nations are experiencing a lack of feed 
components due to extreme weather conditions, rising feed costs, and rivalry for 
cereal crops between humans and livestock, the use of rumen digesta could serve as 
an alternate feed source for the livestock business (Elfaki et al. 2015). As a result, 
this analysis emphasizes the use of animal by-products in the food system as sources 
of nutrients for people and as substitute ingredients in animal feed. The recycling of 
organic waste from on-farm like livestock manure or off-farm like sewage sludge, 
industrial wastes sources, is a crucial aspect of the circular economy to develop 
more sustainable food production systems. For the safe, effective, and efficient use 
of organic “waste” streams as resources for fertilizer provision and soil enhancement 
in agricultural systems, Bernal (2017) identifies a number of obstacles that must be 
solved: 

i. to improve the availability of nutrients and land cycling. 
ii. to invent the technologies for re-use of the nutrients. 
iii. to lessen contaminations and enhance the safety of food. 
iv. to reduce the environmental emissions. 
v. to improve soil or land health and functioning. 

Although livestock manure is an important natural resource for agricultural re-
use, it is frequently treated as waste due to the growing specialization and geographic 
separation between the production of livestock and crops in many regions of the 
world, as well as the accessibility and affordability of synthetic fertilizers. Manure-
based inputs are widely used by both conventional and organic growers, not only 
for their usefulness as fertilizer but also for improving and preserving soil quality. A 
number of safety requirements must be followed in order for organic food production 
and distribution to continue to grow globally (Cooper et al. 2007). 

A typical tons of cow manure will likely contain 10 pounds of N (nitrogen), 
5 pounds of P (phosphate), and 10 pounds of potash. Beneficial bacteria found in 
manure can help improve the biological activity and soil structure. But over the past 
50 years, the use of manure has gradually decreased on many farms for a variety of 
reasons, such as:

• Specialized farms with rising separation of reproduction and cultivation (livestock 
and crop production).

• Cost factors for transporting manure.
• Greater availability of synthetic fertilizer with preferable compositions and 

concentrations at less expensive prices. 

A stunning amount of manure is produced nowadays by mass producing animals 
in industrial farms to meet the world’s food needs—nearly 130 times as much as 
human waste.
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The main method for utilizing the animal by-products produced in slaughter-
houses is to process them through renderers to produce pet food and animal feed. 
However, this approach frequently yields low-value goods including poultry waste 
meal, raw meat, feather meal, and flesh and bone meal. The annual average cost of 
such manufactured products has been falling in recent years. For instance, compared 
to their pricing in 2015, the estimated yearly price of pig meat, bone, and raw meat 
declined by 17% on average, while the cost of feather meal declined by 25%. Recent 
developments on using slaughterhouse leftovers in variety of applications include 
using them as feedstock for anaerobic digestion as a reservoir of protein hydrolysate, 
catalysts, and lipids for making processed food for consumption by humans as well as 
for recovering bioactive peptides (Bah et al. 2014). Therefore, establishing the appro-
priate processing conditions and protein enriching techniques to transform them into 
more homogeneous, soluble, easily processable, and safe protein-enriched feedstock 
is a crucial step in creating technical applications of such wastes. 

Among the various available alternative sources of energy, biogas is an environ-
mentally responsible and practical option for a sustainable power source. Anaerobic 
decomposition of biodegradable waste and materials high in nutrients results in the 
creation of a significant volume of biogas in the biogas production process. The 
degradation of natural materials by bacteria devoid of oxygen is known as bio-
methanation. Natural carbon is converted generally into carbon dioxide and methane 
through a multi-step process (Angelidaki et al. 2003). A variety of substrates, such 
as animal compost, energy crops, waste from specific sectors, and so on, can be used 
to make biogas. Anaerobic reactions typically take place in biogas setups where 
methanogenic reactions promote the use of poultry and animal waste as the waste 
substrate. According to the energy report development series, methane production 
ranges from 50 to 70%, while carbon dioxide production ranges from 30 to 40%, 
hydrogen production ranges from 5 to 10%, nitrogen production ranges from 1 to 
2%, and water vapor and hydrogen sulfide (H2S) production are minimal (Chatterjee 
et al. 2015). The common anaerobic process that occurs when bio-waste decomposes 
(Heng 2017). 

To meet the population’s demand for protein, more than 25,000 poultry farms are 
currently in operation in Pakistan. These farms include of laying hens (for eggs), 
broilers (for meat), and hatcheries (for breeding) forms. This figure is rising because 
of the nation’s growing population. Large amounts of trash are created as a result 
of processing chickens (Hussain et al. 2015). Pure organic matter makes up all of 
the poultry waste, which is now produced as waste because it has no use in any 
industry (Salminen et al. 2002). Feathers, blood, and manure—all organic wastes 
that can be utilized to create biogas—are created during the processing of poultry. 
The generated biogas can be used to generate electricity (León and Martín 2016). 
By using the anaerobic digestion process, it is possible to create biogas from poultry 
manure. The biodigestate created during the anaerobic digestion process is a nutrient-
rich by-product that is used as fertilizer (Balsam 2022). Along with power generation, 
the generated biogas is a useful energy source with many other uses. Therefore, using 
chicken manure to produce biogas for energy production is a good idea (Mandeno 
et al. 2005).



10 Utilization of Animal Wastes to Mitigate the Climate Changes 267

10.2 Classification of Animal By-Products 

Animal by-products are described and categorized differently from one country to 
the next and in accordance with various uses in the meat business. They can be 
categorized as organs and non-organs by-products, or EBPs and IEBPs. They can 
also be divided into groups according to their muscle composition, appearance, and 
color (Pérez-Alvarez 2011). 

10.2.1 List of Animal By-Products 

Includes the fat, skin or flesh, blood, milk, whey, eggs, and gelatin. Animal organs 
such as the pancreas, blood, bones, pituitary gland, and kidney and liver. 

Animal by-products are broken down into 3 categories, with Category 1 including 
the materials with the highest danger. Category 3 by-products have the greatest 
potential for future usage because it carries the lowest amount of risk. Every by-
product should always be treated independently in each of its categories. 

10.2.1.1 Category 1 

All healthy ruminants that have passed away naturally on farms fall into Category 1, 
along with particular ruminant organs like the brain and spinal cord. The category also 
includes animal carcasses and organs that may have been affected by transmittable 
spongiform encephalopathy (TSE) or another illness that can affect both humans and 
animals. Additionally, animals that have been shown to have remnants of drugs that 
are unlawful or detrimental to public health are under Category 1. 

10.2.1.2 Category 2 

Comprises healthy pigs and chicken that have died naturally on farms, which lowers 
the risk level. Additionally, animal by-products that exceed the allowable limit for 
residues of authorized pollutants or chemicals are listed in Category 2. 

10.2.1.3 Category 3 

The broadest range of by-product categories and the lowest amount of risk. It includes 
all of the healthy animals’ carcasses, organs, and other components that have been 
slain for the production of meat. 

All animal by-products, as well as waste from the meat and food sectors, are 
classified as by-products in their entirety. It specifies, for instance, how to manage
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meals containing by-products from non-farm animals, overseas animals, and products 
of animals of animal origin. 

10.2.2 By-Products to Expensive Industrial Products 

10.2.2.1 Category 1 

Category 1 by-products may only be used as raw materials in products that are not 
disseminated on the ground as fertilizers, used as animal feed, or in contact with 
humans. Category 1 fats are processed in Honkajoki to be used as the base for 
biodiesel. In huge industrial co-incineration plants or industrial boilers, dry goods 
are refined to create fuel for electricity generation. 

10.2.2.2 Category 2 

By heating and drying leftovers, protein products are made from them. The materials 
are employed when making animal feed for furry creatures, and because they are 
abundant in nitrogen and phosphorus, they are also suitable for the creation of organic 
fertilizers. Organic fertilizers are easier to incorporate into the soil, persist longer, 
and enhance soil quality over time. The majority of the technical uses for refined 
Category 2 fats are in the manufacturing of biodiesel. 

10.2.2.3 Category 3 

For further industrial application, by-products are processed into PAP products and 
triglycerides. The PAP products are an excellent source of nutrients for making 
foods for animals, such as pet food, which can also be made using Category 3 
fats. Additionally, fats are widely used in a variety of industries, including biofuels, 
cosmetics, and pharmaceuticals. It is also possible to deliver fresh Category 3 by-
products to fur feed kitchens. 

10.3 Utilization of Poultry Wastes 

As chicken farms increase, huge amounts of excrement are produced. The Euro-
pean Union produces more than 107 tons of poultry dung, a significant agricul-
tural fertilizer (Regueiro et al. 2018). However, poorly balanced use of chicken 
manure in agriculture can result in serious environmental issues such as air pollution, 
nitrogen leaching into aquifers, and eutrophication, emissions of greenhouse gases 
and disease spread, despite of the fact that it is nutrient-rich in nitrogen, phosphorus,
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and potassium natural wastes. Given that poultry manure is stabilized and energy is 
produced, anaerobic digestion (AD) of poultry litter is appealing for the management 
of bio-waste. 

10.3.1 Biogas Production from Poultry Waste 

Among the various available alternative sources of energy, biogas is an environ-
mentally responsible and practical option for a sustainable power source. Anaerobic 
decomposition of biodegradable waste and materials high in nutrients results in the 
creation of a significant volume of biogas in the biogas production process. The 
degradation of natural materials by bacteria devoid of oxygen is known as bio-
methanation. Natural carbon is converted generally into carbon dioxide and methane 
through a multi-step process (Angelidaki et al. 2003). A variety of substrates, such as 
animal compost (including cow manure, poultry manure, and horse manure), energy 
crops (rice hulls, wheat hulls), waste from specific sectors, and so on, can be used 
to produce biogas. Anaerobic processes typically take place in biogas setups where 
methanogenic reactions promote the use of poultry and animal manure as the waste 
substrate. 

The organic biodegradable components of the poultry waste include lipids, 
proteins, and carbs. Through an acid hydrolysis, the biomaterial is broken down 
into glucose, amino acids, and fatty acids (Sowunmi et al. 2016). Overall, there were 
four stages to the biogas manufacturing process: hydrolysis, acylation, acetogen-
esis, and methanogenesis (Mani et al. 2016). Acidogenic bacteria have the ability 
to generate biogas by hydrolyzing breakdown products into CO2, H2, acetates, and 
flammable fatty acids. Acetate and H2 are formed from the breakdown of the volatile 
fatty acids. Lastly, methanogenic bacteria create CH4 (Rasheed et al. 2016). The 
dead bird parts and the enormous amounts of manure that are also produced from 
laying birds are used to make manure. It has already been proposed that rice husk 
and poultry manure may be used together to create electricity, and the method was 
seen as both cost-effective and environmentally benign. The process of anaerobic 
digestion is a practical way to turn manure into fertilizer since it can produce biogas 
from it and manage trash in an environmentally acceptable way. The leftovers from 
anaerobic digestion contain essential nutrients (Smith et al. 2014). The production 
of biogas from the poultry waste has shown in the Fig. 10.1.

10.3.2 Birds Feathers and Their Utilization 

An estimated 40–109 kg of feather by-products are produced annually by the 
processing of poultry meat globally. Despite the fact that some feathers are frequently 
converted into useful goods like feather meal and fertilizers, feathers are still seen as 
waste. A detailed examination of the structure and makeup of feathers reveals that
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Fig. 10.1 Biogas production from poultry wastes

the entire chicken feather can be used as a source of keratin, a pure structural protein 
that can be used to create a variety of high-value bio products. Additional biolog-
ical feather components can be transformed into high-value goods using a variety of 
technologies. Feathers may thus be a desirable raw material for the development of 
bio products due to the conversion of waste into useful products. Therefore, turning 
leftover feathers into a useful resource can aid the poultry business in getting rid of 
leftover feathers in a way that is both ecologically friendly and brings in additional 
revenue. 

10.3.2.1 Feathers Used for Decoration 

Large bird feathers have been used to create artificial flowers. The shading, shape, 
size, and plumage patterns of feathers must be taken into consideration while
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Fig. 10.2 Utilization of feathers into bio fertilizers 

choosing them for decorative purposes. Due to their exquisite shading, cock pheasant 
feathers are in high demand for decorative uses (Levine 1991). 

10.3.2.2 Feathers Used for Medical Purposes 

Traditional medicines often include the use of chicken feathers. For example, in 
India, Indian peacock feathers have been used in traditional medicine for barren-
ness, hacking, and snakebites. In South America, condor feather mixes are used in 
traditional pharmaceutical products (Murari et al. 2005). 

10.3.2.3 Feathers Used as Fertilizer 

Feathers are amazing for composting since they have a nitrogen concentration of 
more than 13% (Tesfaye et al. 2017), which is better than the blood feeding used 
for these applications (Choi and Nelson 1996). As a result, feathers are utilized in 
plant-growing processes that ask for dressings high in nitrogen. However, feathers 
are difficult to disintegrate due to their high cysteine crosslinking (Park et al. 2000). 
As a result, there is very little nitrogen from the feathers that can be used as fertilizer. 
Feathers are a good mulching material as well. This is because they steadily decay 
and continuously release nitrogen. Most proteins-degrading substances cannot break 
down their stiff, fibrous structure, but when combined with manure, they disintegrate 
well (Gurav and Jadhav 2013). When feathers break down, their metabolites reverse 
direction and are incorporated into the soil as organic matter, increasing the soil’s 
fertility. Given that they supply nitrogen, a vital component of fertilizer, they create an 
important poultry composites blend (Veerabadran et al. 2012). The feathers obtained 
as poultry waste are utilized to produce organic fertilizers and the process has been 
shown in Fig. 10.2. 

10.3.2.4 Feathers to Create Leather Composites 

There is a need to switch to eco-friendly materials because the various treatment tech-
niques employed in tanning leather may result in skin and respiratory diseases as well 
as cancer. In this regard, wool and colleagues created bio-composites by processing
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scraped, powdery chicken feather fibers into synthetic leather using methods created 
by aeronautical engineers. Under pressure and heat, wool consolidates natural fiber 
and plant oil polymers to create a Wool consolidates natural fiber and plant oil poly-
mers under pressure and heat to produce a nanocomposite that resembles leather 
(Sydney 2015). 

10.3.2.5 Feather Meal as a Feedstock 

Due of their harmfulness (microbiological infections present) and poor digestion 
when consumed on land, the majority of feathers are not suited for the applications 
especially. The conversion of feather waste into feather meal for use as stock fodder 
is thus the main method of managing feather waste. The rhizome must undergo 
hydrolysis to become digestible in order to produce feather meal. A typical method 
is as following:

• After being collected from industries, feathers are cleaned in water and then 
de-watered and heat is preferred above mechanical pressure.

• After the water was removed, they would have been heated and wet-cooked for 
one to two hours under pressure to facilitate hydrolysis.

• The feathers are subsequently dried, chilled, and crushed.
• To remove the large metal particles, the powdered food is next placed through 

metal detectors (El Boushy et al. 1990). 

The quantity of hydrolysis (cooking time and pressure) has a direct impact on 
how digestible feather meal (McCasland and Richardson 1966). However, the protein 
edibility is very low due to the presence of disulfide bonds, resistant to the digestive 
enzymes found in chickens. Feather feed contains about 92% crude protein (ranges 
from 70 to 80% as digestive protein). Methionine, histidine, lysine, and tryptophan, 
the four essential amino acids, are insufficient in feather meal, whereas threonine, 
cysteine, and arginine are abundant (El Boushy et al. 1990). About 0.5–1.5% is a 
reasonable percentage to use feather meal as a feedstock (Park et al. 2000). The 
production of animal feed from the feathers waste of poultry has been presented in 
Fig. 10.3.

10.4 Utilization of Wastes of Slaughter Animals 

10.4.1 Utilization of Animal Blood 

Animal is a significant food by-product that is rich in myoglobin and protein (Wan 
et al. 2002). Blood dessert, blood meatballs, biscuits, and bread have all been made 
with animal blood throughout Europe for a very long time. In Asia, it is used to make 
blood yogurt, blood pudding, and blood sausage (Ghosh 2001). Additionally, it is
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Fig. 10.3 Animal feed preparation using chicken feathers is shown schematically

used for non-food items including binders, feeds, and fertilizers. According to the 
United States’ Meat Inspection Act, blood that has been drawn from an animal that 
has undergone inspection and been given the all-clear for its use in meat items is 
permitted. 

Normally, an animal in good health has sterile blood. It contains a high protein 
content of 17.0 and a decently balanced amino acid profile. (2.4–10.0% of the animal 
weight) The animal’s blood makes up a sizeable portion of its body mass. Pigs, cattle, 
and lambs can each recover an average of 3.0–4.0, 3.0–4.0, and 3.5–4.0% of their 
blood, respectively. However, using blood during the processing of meat could result 
in a product that is unappealingly black in color. Due to its beneficial properties and 
absence of color, plasma is the component of blood that attracts the most interest. 

10.4.2 Blood Usage in Medicine and Pharmaceuticals 

Several therapeutically useful fractions of blood can be extracted from whole blood. 
The biggest fraction (63.0%) is liquid plasma. 3.5% albumin, 4.0% globulin, and 
4.0% fibrinogen make up its composition. Numerous blood products are utilized 
in the laboratory as nutrients for tissue culturing media, an essential component 
of agar media, and also as peptones for microbiological usage (Kurbanoglu 2004). 
For biological assays, glycerophosphates, albumins, globulins, sphingomyelins, and 
catalase are also employed. Numerous blood components, including plasminogen, 
fibrinogen, serotonin, and immunoglobulins, are separated for use in drugs or chem-
icals. Animals who have lost blood or fluids can be helped by administering purified 
bovine albumin. It serves as a stabilizer for vaccines and is used to screen for the Rh 
factor in human beings. Antibiotic sensitivity testing also employs it.
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10.4.3 Utilization of Hides and Skins 

Humans have utilized animal hides as storage, garments, and shelter since the begin-
ning of time. Between 4 and 11% of the living animal’s weight is made up of the 
hides. One of the most important by-products from animals is typically hides and 
skins. Cattle, pig, and sheep hides can be used to make completed goods including 
leather shoes and purses, rawhide, sports equipment, reformation of sausage casing, 
cosmetics, palatable gelatin, and adhesives (Benjakul et al. 2009). 

10.4.3.1 Gelatin from Hides and Skins 

A water-insoluble collagen formed from protein is controlled hydrolyzed to create 
gelatin. It is created using recent, consumable raw materials like edible skins or bone. 
Collagen is present in great abundance in both skins and bones. Three main processes 
are involved in the production of gelatin from hides. The first step is the separation of 
non-collagenous components from the raw material. Controlled collagen hydrolysis 
into gelatin occurs next. Recovery and drying of the finished product are the last two 
steps. 

10.4.3.2 Uses of Gelatin in the Food and Pharmaceutical Industries 

Gelatin made from animal hides and skins can be consumed (Choa et al. 2005). Fat 
can also be produced by rendering the source material. Pig skin is dipped, boiled, 
dried, and then fried to create pork peels, also known as “pork scratching,” in the 
United States, Latin America, Europe, and some Asian nations. Since it can bind a 
lot of fat, collagen from hides and skins also serves as an emulsifier in meat products. 
It can, therefore, act as a filler or ingredient for meat food. The meat’s utilization of 
collagen sausage can also be made by extracting collagen from cow skins. 

In addition to being a key component in jellies and aspic, gelatin is added to 
a variety of meals (Jamilah and Harvinder 2002). Due to its “melt in the mouth” 
qualities, it is primarily used to create flavored desserts, but it is also added to a 
variety of meat items, most notably meat pies. A common stabilizer for desserts that 
are frozen, such as ice cream is gelatin. For further protection, high-bloom gelatin is 
added to pies with cream, curd, and ice cream. It is believed that the gelatin prevents 
lactose from recrystallizing and ice crystals from forming during storage. In the 
pharmaceutical sector, gelatin is used for about 6.5% of total output (Hidaka and Liu 
2003). The majority of it is employed in the creation of capsules’ exterior shell. In 
addition, gelatin can be utilized as a binding and compounding agent in the production 
of pharmaceutical pastilles and tablets. When treating ulcerated varicose veins, it is a 
key component of preventive ointments such as zinc gelatin. By beating gelatin into 
foam, applying formaldehyde, and then drying it, gelatin could be transformed into 
a sterile sponge. These sponges are employed during surgery as well as for the direct
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implantation of medications such as antibiotics. Gelatin, a protein, is used to expand 
blood plasma in cases of really severe shock and injury. For many emulsions and 
foams, gelatin works great as an emulsifier and stabilizer. It is utilized in cosmetics 
as well as printing processes including silk screen printing and photogravure. 

Although collagen casing goods were created in Germany in the 1920s, American 
consumers didn’t start using them until the 1960s. Like with gelatin, the procedure 
does not make the collagen into a soluble substance. Instead, it creates a product that 
is robust enough to be utilized as a casing for sausages and other items while yet 
retaining a significant amount of the native collagen fiber. The purified collagen is 
combined with water to create a dough that may be extruded either wet or dry. The 
collagen is subsequently precipitated by passing the collagen extrusion tube through 
a chamber of ammonia and a saturated salt solution. Gel that has swelled contracts 
to form a film with respectable strength. Glycerin can be added to it to make it better 
and more flexible. The tube is subsequently dried until it contains 10–15% of water. 

10.4.3.3 Medicinal Uses of Hides and Skins 

During surgery, a collagen-derived substance can encourage blood clotting. Pork 
skin can be used as a bandage for wounds or skin ulcers since it resembles human 
skin. Pork skin that will be used as a dressing needs to be broken into 0.2–0.5 mm 
thick strips or patches, cleaned, sanitized, and packaged. It is appropriate for skin 
transplantation. 

10.4.4 Utilization of Waste as Biofuel 

The accessibility of wet biomass as a by-product of industrial processes and the 
requirement to adhere to environmental requirements serve as the primary impe-
tuses for exploring various disposal alternatives for this waste. Operators of power 
plants are becoming increasingly interested in the thermal recycling of leftovers as 
secondary fuel (Arvanitoyannis and Ladas 2008). Poultry litter has been used as a 
substitute for the production of natural fuel sources, according to studies. Notably, 
chicken litter with a water content of less than 9% can burn on its own without 
additional fuel. As a result, these samples could be employed as fuel for the produc-
tion of electrical power. To improve the effectiveness of removing organic matter, 
wastewater from the meat sector is subjected to physicochemical treatment, which 
produces a significant volume of sludge. This particular wastewater was treated 
using commercial ferric sulfate as a coagulant, which led to high organic material 
removals, significantly lowering the volume of waste that needed to be handled in 
natural systems and enabling the production of 0.83–0.87 kg of biomass fuel for 
every m3 of treated water (De Sena et al. 2008). Due to hygienic, environmental, and 
operational concerns related to the discharge, land disposal, and re-use of wastes, 
the use of biofuels for steam production has shown to be a realistic choice. This fuel
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type is a source of renewable energy and has a high heating value. The 4:1 biofuel to 
sawdust ratio used in the combustion test met the technical criteria for characterizing 
this prospective fuel, but optimal operating conditions are still needed to keep NO2 

and SO2 emissions within regional and/or global restrictions. 
Diesel fuel made from petroleum can be substituted for or combined with fuel 

made from animal and fish fats and oils called biodiesel. There is a wealth of infor-
mation available on the manufacture of biogas from cow manure, pig waste, and 
fishery leftovers (Arvanitoyannis and Kassaveti 2008). 

10.4.5 Organ and Gland Applications in Medicine 
and Pharmaceuticals 

Traditional medical practices in numerous nations, including China, India, and 
Japan, include the use of animal glands and organs. Hormones, which are actu-
ally enzymes that control the body’s metabolism, are secreted by the endocrine 
glands. These include the kidney, corpus luteum, ovary, follicle, pituitary, thyroid, 
pancreas, stomach, parathyroid, and adrenal glands. Only healthy animals are used 
in the collection of the glands. The glands require considerable experience to locate. 
They frequently contain other tissue and are tiny. 

Distinct glands have different roles in various species. The species, gender, and 
age of the animal all affect how the glands work. Rapid freezing is the most effective 
way to preserve most glands in order to halt bacterial growth and tissue destruction. 
The glands must be cleansed and the fat and connective tissue around them removed 
before freezing. After that, the glands are put on waxed paper and maintained at 
or below 18 °C. When the glands arrive at the pharmaceutical facility, they are 
examined before being cut up and combined with various extraction solutions or put 
in a vacuum dryer. Solutions like acetone, ethylene, light petroleum, or gasoline are 
used to dissolve excess fat from desiccated glands if there is too much of it. 

The raw materials for vitamin D3 synthesis are found in the brains, neurological 
systems, and spinal cords. Additionally, cholesterol serves as cosmetics emulsifier 
(Ejike and Emmanuel 2009). For the same objective, other components of the brain’s 
hypothalamus can be removed. Mental retardation, sleeplessness, and other issues 
are being studied as potential treatments for with the hormone melatonin, which is 
derived from the pineal gland. 

Bile can be obtained from the gall bladder and is made up of acids, pigments, 
proteins, cholesterol, and other substances. It is used to treat biliary tract problems, 
constipation, and indigestion. It is also employed to boost the liver’s secretory activity. 
It is possible to buy liquid or dry extracts of bile from cows or pigs. Prednisone and 
cortisone are two examples of bile components that can be isolated and utilized as 
medications. Gallstones can be purchased for a high price and are said to have aphro-
disiac characteristics. Typically, they are incorporated into necklaces and brooches 
as ornaments.
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The largest gland in an animal is the liver. A mature cow’s liver typically weighs 
5 kg, but a pig’s liver weighs roughly 1.5 kg. Raw powdered liver is combined with 
heated, just little acidic water for the extraction of liver. The pharmaceutical sector 
uses the stock as a raw material once it is condensed into a paste in a low-temperature 
vacuum environment. Liver extract, which may be derived from cattle, has long been 
used as a dietary supplement and as a source of the vitamin B12 for treating various 
types of anemia (Devatkal et al. 2004a, b; Colmenero and Cassens 1987). The liver, 
lungs, and small intestine lining are among the organs from which heparin can be 
obtained. It serves as an anticoagulant to postpone the time at which blood clots. 
Additionally, it is employed in organ transplants to thin the blood and stop blood 
clots from forming during surgery. 

Pig ovaries can be used to extract progestin and estrogen. It can be used to treat 
female patients with reproductive issues. The hormone relaxin, which is extracted 
from the ovary of the pregnant sows, is frequently utilized during birthing. 

Insulin, which controls how sugar is metabolized and is used to treat diabetes, 
is produced by the pancreas. Blood sugar is raised using pancreatic tissue-derived 
glucagon, which is also used to cure insulin overdose and low blood sugar brought 
on by alcoholism. Trypsin and chymotrypsin are utilized to speed up the recovery 
process following surgery or injury. 

For the production of catgut, which is utilized to create internal surgical sutures, 
sheep and calf intestines are employed. While the intestines are being prepared for 
use as casings, the cattle’s small intestinal lining can be extracted. For distribution 
to heparin producers, it is either stored in a raw form or turned into a dry powder. 
The applications of animal waste are presented in Table 10.1. 

Table 10.1 Types of animal 
wastes and their uses 

Types of animal wastes Uses 

Manure and litter for poultry Recycled feed and agricultural 
land surface dressing 

Hatchery products Egg shell meal as high calcium 
diet 

Feathers Decorative purpose, feather 
meal 

Heads Poultry meal 

Blood Blood meal 

Skin Leather industry 

Wool Dress making
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10.5 Utilization of Livestock Animal Wastes 

10.5.1 Manure Utilization on Crops 

Around the world, food production area has been fertilized with animal excrement 
for millennia. Although this method has generally met the needs of the farming 
community and is a respectable way to conserve resources on a variety of grain, bean, 
and cotton crops, it disperses surviving viruses across a wide area (Bicudo and Goyal 
2003). It is obvious that using animal manure in the initial stages of growing fruit and 
vegetable crops has risks and raises the potential for enteric pathogens, which can 
survive in animal waste inputs, to cause contamination. In the United States between 
1990 and 1998, outbreaks of foodborne disease connected with tainted produce (24%) 
were calculated to be virtually equivalent to those linked with meats (29%). 

Several outbreaks involving produce were documented during this time period 
from tiny, organic gardens where raw manure had just been administered (Cieslak 
et al. 1993; Guan and Holley 2003; Nelson  1997). Organic farming uses animal 
manures, crop rotation and residues, ammonia legumes, soil additives, and mineral 
limestone granules to preserve soil quality and feed plant nutrients. Insects, weeds, 
and other pests are controlled via cultivation, cultural treatments, and biocontrol. 
The current USDA certified organic requirements mandate that growers’ compost 
manure under thermophilic conditions, or if they utilize raw manure, harvest cannot 
start before 90–120 days after application. The USDA National Organics Program 
(NOP) and National Agricultural Statistics Service do not keep detailed records of 
the number of farms, certified natural or conventional, that use manure or dung-based 
products to produce fresh food. The NOP mandates certification for businesses with 
organic sales of more than $5000 and compels organic growers and food handlers 
to adhere to a unified organic standard. Through independent certifiers that it audits, 
the NOP puts the regulations into effect. The NOP has accredited approximately 40 
overseas programs and about 50 states and the private certification programs in the 
United States. 

Manure-based inputs are widely used by both conventional and organic growers, 
not only for their usefulness as fertilizer but also for improving and preserving soil 
quality. A number of safety requirements must be followed in order for organic 
food production and distribution to continue to grow globally (Cooper et al. 2007). 
According to records, both commercially and organically grown produce has had 
epidemics. It is evident that both production processes use similar inputs. The 
non-preferential contamination of fresh fruit outbreaks across conventional and 
organic sources suggests that actual on-site circumstances and practices, rather than 
marketing-based designations (such as “organic”), are the key determinants of the 
hygienic state of fresh produce. However, in order to employ their own composts, 
small farmers and backyard gardeners might need to be continually informed on 
proper agricultural methods. 

Along with applying manure directly to the soil, runoff from key fresh market 
crop producing locations such as enclosed lots where animals graze might raise



10 Utilization of Animal Wastes to Mitigate the Climate Changes 279

the threat of disease infection of crops for fresh produce crops. In cattle and poultry 
production facilities both domestically and overseas, the economics and efficiency of 
animal husbandry have resulted in an increase in the animal density per unit area over 
the past few decades. Within very small landscape areas, these intensive production 
practices now employed for broilers, layers, turkeys, swine, beef, and dairy animals 
produce significant amounts of excrement. In order to use these manures as fertilizers 
properly and prevent the contamination of surface and groundwater by pathogens, 
organic matter, sediments, nutrients (nitrate, phosphorous), and other substances, it 
is necessary to calculate the nutrient content, especially nitrogen and phosphorus, 
relative to crop needs and existing soil test values (Al-Kaisi et al. 1998a, b). Due to 
the high volumes of manure produced by intensive livestock and poultry operations, 
numerous complex manure management methods have been created (Vanotti et al. 
2003, 2005b). Development has concentrated on pathogen disinfection in both liquid 
and solid-phase materials in addition to nutrients (Vanotti et al. 2005a). Although 
these innovations were aimed at swine manure, they can be used in dairy systems 
that employ liquid collection techniques. 

10.5.2 Transesterification of a Lipid Component in Livestock 
Waste to Produce Biodiesel 

In majority of nations that use biodiesel, the fuel is created by trans esterifying the 
lipids found in palatable crops, animal fat oils, and used oils for cooking (Khounani 
et al. 2019). Triglycerides (lipids) are initially extracted from the oil containing 
biomass feed stocks including chicken fat, rapeseed, sunflower, rapeseed oil, soybean, 
palm tree, and used fish oils, etc., in the biodiesel production process. There are very 
few fatty acids present in lipids, and the triglycerides that are present have three 
distinct or partially distinct fatty acids bound to the backbone of glycerol. Triglyc-
erides and free fatty acids are then (trans)esterified with the addition of methanol 
or ethanol to produce fatty acid methyl esters (FAMEs) or fatty acid ethyl esters 
(FAEEs). In order to separate the lipids in the unprocessed biomass materials, lipid 
extraction is a pretreatment procedure. Currently, a number of strategies have been 
developed, including solvent extraction using a Supercritical CO2 expunction, the 
Soxhlet device, and ultrasonic-assisted extraction (Siddiquee and Rohani 2011). 

The process of turning lipid into biodiesel requires both the free fatty acid esteri-
fication and triglycerides transesterification when alcohol is present. When utilizing 
acidic or alkaline catalysts to transesterify lipids, methanol is frequently used as an 
alcohol. The type of catalyst, reaction temperature (30–120 °C for homogeneous 
catalysts), reaction time (0.1 h–1 day), and molar ratio of lipids to methanol have 
all had a significant impact regarding the yield and manufacturing rate of biodiesel 
(1:1–40:1). 

It is an undeniable truth that the cost of the feedstock (> 70%) predominates 
the entire production cost of biodiesel, even if many oil-bearing feed stocks can



280 S. Javed et al.

provide high yields of biodiesel. As a result, the cost of producing biodiesel rises, 
necessitating the search for low-priced biomass waste that contains oil. Gomaa and 
Abed transesterified livestock manures due to the significant lipid content (11–14 
wt%) of chicken, goat, and cow manures. Before using the samples during 24 h 
at 50 °C for concurrent lipid extraction and transesterification using a co-solvent, 
cattle dung was dried and homogenized. Based on the weight of the dried dung, 
the biodiesel yields from chicken, goat, and cattle manures were 4, 6, and 6.5 wt%, 
respectively. The biodiesel yield ranged from 35.7 to 54.1 wt% based on the lipid 
content (Gomaa et al. 2017). 

Kim et al. explored the production of biodiesel from swine dung, which has a 
dry basis lipid content of 12 wt% (Kim et al. 2020). In order to separate the solvent 
from the solvent, lipid was extracted using a Soxhlet extractor in the presence of 
n-Hexane, and the acid value of the lipid extractive was 72.25 mg KOH g1 lipid. 
The considerable concentration of free fatty acids is indicated by the high acid value. 
In order to produce biodiesel, transesterification of lipid with an alkaline catalyst is 
kinetically quicker and more effective than transesterification with an acidic catalyst. 
But when there are more than 5 free fatty acids, an alkaline catalyst reacts with 
them to form soap (soap production). The transesterification of triglycerides and 
the esterification of free fatty acids should be carried out separately utilizing two 
procedures or in addition to the acidic catalyst in order to prevent the saponification 
reaction. 

Using an acid catalyst, synchronous (trans)esterification of swine dung lipid 
extract (H2SO4) was carried out by Kim et al. for 26 h at 60 °C. Based on lipid extrac-
tion, the production of biodiesel was 14.2 wt%. The amount of biodiesel produced 
from swine excrement was minimal because (trans)esterification is very vulnerable 
to the presence of contaminants. They devised a thermochemical non-catalytic trans-
esterification to address the technological difficulty. In this procedure, silica, a porous 
material, and methanol were used to quickly transform lipid extractive into biodiesel 
at high temperature (200–400 °C). When swine dung lipid was transesterified at 
a temperature of 360 °C, the yield of biodiesel increased to more than 90 wt% 
(lipid basis). Without lipid extraction, pig excrement might likewise be converted 
directly into biodiesel using this method. At 400 °C, the maximum biodiesel yield 
produced by transesterification was greater than 95 wt% (Kim et al. 2020). This tech-
nique also had the advantage of not requiring the steps for separating and extracting 
lipids, which can improve reaction efficiency overall and lower process costs. With 
the concept of valorizing manure leftovers following the generation of biodiesel, 
Fig. 10.4 compares thermochemical non-catalytic transesterification procedures with 
traditional transesterification.

10.6 Conclusion 

One of the waste materials produced during the production of cattle is animal waste. 
Animal waste has significant negative effects on both people and the environment,
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Fig. 10.4 Transesterification of a lipid component in cattle waste to produce biodiesel

but it also has extremely significant positive effects. Animal wastes can be used 
as a growing medium for earthworms, a source of nourishment for plants, and an 
energy source in the form of methane gas. Environmental pollution can result from 
improperly treated animal waste. In an animal, around one-third of its body—the 
meat portion—is consumed as food, and the other two-thirds are non-meat. In fact, 
if technology is added to the non-meat element, its economic potential can be maxi-
mized. Applications for livestock by-products can be found in a wide range of large-
and small-scale industries. The government’s initiatives to raise the cattle population 
will undoubtedly enhance the potential for by-products as well. One exportable live-
stock product is animal skin. The method of maintaining cattle during the cultivation 
phase has a significant impact on the quality of leather export. The quality of the 
finished skin is significantly influenced by the nutrition, management, maintenance, 
and treatment of cattle in slaughterhouses. 
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Chapter 11 
Circular Bioeconomy of Animal Wastes 
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Abstract Animals and poultry produce a significant amount of waste or by-products 
on a global scale. They are currently underutilized in high-value applications or used 
to produce relatively low-value goods like animal feed and pet food. The disposal of 
some animal by-products poses a significant environmental risk since they cannot be 
used to produce food or feed. This chapter aims to approach possible solutions to envi-
ronmental pollution by highlighting the waste biorefinery as a sustainable bio-based 
circular economy. The circular bioeconomy is also made possible by incorporating 
trash into bioprocesses to create valuable goods and metabolites. The concept of 
a circular bioeconomy which manufactures valuable bioproducts from biological
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sources aims to reduce environmental pollution. Animals are an essential compo-
nent of the modern world economy, and new technologies are needed to upgrade 
wastes and coproducts and produce high-value products. The successful application 
of these technologies will address the environmental and productivity challenges 
that are increasingly important to producers and consumers while also attempting to 
bring commercial value. 

Graphical Abstract 

Keywords Bioeconomy · Circular economy · Animals’ wastes 

11.1 Introduction 

Along with the global expansion in farm livestock units, animal waste is also 
increasing. The advantages of a circular bioeconomy include: (1) increased resource 
and ecofriendly; (2) decreased greenhouse effect; (3) a decreased dependence on 
fossil fuels; and (4) the restraint of waste and side products from a variety of sources 
as it create a sustainable and environmental-friendly environment, and it can thus 
be viewed as a low-carbon economy (Astals et al. 2014; Australian Meat Processor 
Corporation 2016). 

Biological resources are collected and reused to the greatest extent possible in 
a circular bioeconomy. This economic strategy is gaining ground as a means of 
addressing sustainability concerns while meeting societal needs. In the circular 
economy, both biological and technological cycles are taken into account. Only
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the biological cycle, in which products generated from biological nutrients (bio-
based products) are used again in the biosphere, is connected to the bioeconomy. 
The World Meter estimates that in September 2022, 7.9 billion people were living in 
the world; by 2050, that number is expected to rise to 9.7 billion (Bruinsma 2003). 
The creation of biomaterials and energy can support the energy-environment nexus 
and replace petroleum as the production feedstock, resulting in lower carbon emis-
sions and a cleaner environment. The goal of this assessment is to promote a cleaner 
environment (Carrez et al. 2017). A large portion of the global bioeconomy and 
a crucial component of society are animal-based products, including food, leather, 
and wool. The use of animal products is pervasive in modern society, and as the 
world’s population has grown, so has consumer demand for these items (Carus and 
Dammer 2018). The livestock industry is reliant on a variety of predictable factors. 
Maintaining agricultural profitability is made more difficult by the rising prices and 
unavailability of essential farm inputs, including electricity, water, capital, and labor 
(Chan et al. 2018). Agriculture-related sectors have been working to meet market 
expectations for high-quality and safe products while improving yields, feed conver-
sion efficiency, and lowering production costs to improve economic sustainability. 
The sustainability of production systems is necessary to fulfill the increased global 
demand for food, energy, or other consumer goods. Worldwide, livestock sectors are 
developing plans to improve and show their environmental sustainability. (Commis-
sion 2005b; Cromwell 1980). However, a more recent estimate puts the number at 
50% of farmers worldwide (Djissou et al. 2016). Over 50% of the world’s croplands 
are fertilized organically by livestock dung, turning waste into ingredients for creating 
high-value foods (Directive 2006; Drummond et al. 2019). Manure contributes 
significantly to replenish soil organic matter, which is essential for preserving the 
soil’s health and quality, supporting crop productivity, and rebuilding degraded 
soils (Drummond et al. 2019). 

11.2 Bioeconomy, Bio-Based Economy, Green Economy, 
and Circular Economy 

Various terminologies are linked to the term “bioeconomy,” including “bio-based 
economy,” “green economy,” and “circular economy.” Fig. 11.1 depicts how the 
phrases are related and where they overlap. It is believed to “increase human well-
being and social equity while substantially lowering environmental dangers and 
ecological scarcities.” A green economy can be defined as low carbon, resource-
efficient, and socially inclusive in its basic form (Fagbenro and Jauncey 1995). The 
bioeconomy is typically regarded as a component of the green economy (Fig. 11.2). 
Early on, the terms “bioeconomy” and “circular economy” were used to describe the 
same. The principles used are summarized in Fig. 11.2. The processing of agricultural 
products is typically a part of the feeding; hence, it fits into the bio-based economy. 
The bioeconomy can complement the circular economy, which is becoming more
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popular (Fagbenro and Jauncey 1995; FAO  2018). The idea of circularity is not new, 
and it has served as the foundation for economic modeling since the writings of 
François Quesnay and the Physiocratic school of thought in the eighteenth century 
in France (Gasco et al. 2020). 

Fig. 11.1 Main sources of keratin (Seerley 1991) 

Fig. 11.2 Flowchart demonstrating the keratin supply chain and potential end applications (Staroń 
et al. 2014)
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11.3 Approaches to Waste Management 
and Value-Addition in Livestock Industries 

The wide spectrum of organic wastes produced during animal processing is normally 
categorized as liquid waste (wastewater) or solid waste, depending on the water 
content and material handling characteristics (Godfray 2011; Gollnow et al. 2014). 
Rumen waste rejected meat, and offal from screens, settling tanks, and dissolved 
air flotation are the main components of meat processing wastes. Many processing 
facilities use rendering to decrease waste further and produce by-products by using 
offal and waste materials from the boning room and slaughter floor. Rendering 
and other coproduct processing steps (like tanning) also produce organic wastes, 
including hiding trimmings, hair, and hooves. Whey is one of the coproducts that 
dairy processing has created to reduce waste. However, minor amounts from spills 
and rejected products still end up in waste streams. Large amounts of organic (and, 
occasionally, nutrient-rich) effluent are produced when animals, pens, processing 
areas, and equipment are washed. These wastewaters are typically sent to wastew-
ater treatment plants. The solid waste produced by these treatment facilities may 
include aerobic sludge. The livestock industry produces single-use packaging and 
other plastic trash on and off farms. About 5.9 kg/hot standard carcass weight is 
the average amount of meat processing waste in landfills. Although materials that 
come into contact with meat, blood, or feces are deemed polluted and are landfilled, 
packaging wastes like cardboard and plastic are recycled at high rates (79% in 2009). 
Regarding overall waste generation, animal manure also makes up a sizeable portion 
of organic waste. Table 11.1 displays the various wastes from animal production 
(Cromwell 1980; Guerrero and Cremades 2012).

11.4 Waste Valorization Technologies and Markets 

The creation of new technologies benefits the economy, the environment, and society. 
Figure 11.2 illustrates a circular economy strategy for the livestock industry, with 
multiple opportunities to turn waste materials into high-value goods. What was 
formerly referred to as “trash” has changed as a result of the development of the 
potential to upgrade low-value by-products with the advent of modern technolo-
gies (Hatfield and Stewart 1997). Recycling and waste recovery result in signif-
icant sustainability gains if carried out along the value chain of animal produc-
tion. Closing nutrient loops in agriculture, lowering carbon dioxide emissions, and 
boosting soil organic matter composition can all be accomplished using organic 
wastes (Ellen). This is seen on farms through the usage of manure and wastew-
ater. Since nutrients from leftover fractions are reintroduced into the system and 
new inputs from elsewhere are reduced, the total nutrient usage efficiency may be 
higher, e.g., mineral fertilizers (Hezron et al. 2019). The carbon dioxide and methane 
emissions caused by burning fossil fuels are also decreased by biogenic energy
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Table 11.1 Summary of general and current applications of fisheries’ waste and by-products in 
Bangladesh 

Fishery waste product General use Present situation/use in 
Bangladesh 

Recommendations 

Air bladder Use for the 
production of 
surgical yarn and 
capsule cover caps 
[80] 

Smaller size is utilized 
as chicken feed, while 
larger sizes are 
exported to China, 
Thailand, and Malaysia 

To properly use them, 
build the 
pharmaceutical 
industry 

Viscera Used as feed for the 
poultry industry and 
several fish species, 
including catfish 
(Leong et al. 2021) 

Widely employed in 
the fish and poultry 
feed industries 

Feeding materials used 
as a protein alternative 
in fish and animal 
diets, such as fish 
silage and fishmeal 

Skin To recover burned 
skin to human 
beings [80] 

These are exported to 
China, Vietnam, and 
Thailand 

To get it extensively 
used in Bangladesh’s 
medical community, 
empirical study is 
required 

Oil Used as a raw 
material in the 
production of feed 
for livestock, 
poultry, and fishes 
[81] 

Utilized in exports for 
the animal as well as 
fish feed 

Used in biodiesel after 
being refined as edible 
oil 

Powder/silage Used mostly in 
moistened feed 
pellets and fish diets 
[82] 

Used as fish and 
animal feed 

It can be used in animal 
feed as hydrolysate and 
in poultry feed

from trash. Advanced technologies recycle and recover wastes, such as anaerobic 
digestion and composting (Hezron et al. 2019b). Although conversion rates and 
cost-effectiveness are still be enhanced, the advantages of these techniques are well 
understood. Creating economically viable applications might be challenging, given 
these items’ operating and shipping costs (https://www.keenanrecycling.co.uk/rec 
ycling-services/organic-recycling/; https://www.statista.com/statistics/263962/num 
ber-of-chickens-worldwide-since-1990/). 

11.5 Utilization of Waste Materials from Meat 

11.5.1 Meat Industry 

Utilizing the proper meat by-products is essential for the meat industry to be prof-
itable. According to estimations, the income from pigs and beef is made up of

https://www.keenanrecycling.co.uk/recycling-services/organic-recycling/
https://www.keenanrecycling.co.uk/recycling-services/organic-recycling/
https://www.statista.com/statistics/263962/number-of-chickens-worldwide-since-1990/
https://www.statista.com/statistics/263962/number-of-chickens-worldwide-since-1990/
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7.5% and 11.4%, respectively, of the by-products. As a result of low costs and 
hygienic concerns, traditional markets for edible beef by-products have been grad-
ually vanishing. In order to address these issues, meat producers have focused their 
marketing and development efforts on non-food applications. According to the avail-
able research, the live weight of cattle, pigs, and lambs, respectively, is made up of 
66.0, 52.0, and 68.0% of their by-products. Because of this, a significant earnings’ 
stream is vanished, along with the price of getting rid of things of this type which 
is rising (Leiva-Candia et al. 2014). According to data from the US Department of 
Agriculture’s Economic Research Service, by-products account for 11.4% of the beef 
industry’s gross revenue. Pork makes up 7.5% of the total. Unused meat products 
harm the environment severely in addition to causing financial losses. 

11.6 Recovery of Nutrients from Animal Wastes 

In large amounts, ammonia produced from the breakdown of proteins, urea, or nucleic 
acids might stifle the digestive process (McCabe et al. 2016, 2020). Proteins, urea, 
and fat concentrations in animal processing wastes can be significant (MacArthur 
2013). The rates at which biogas is produced in lagoons, for instance, can vary 
depending on the seasonal temperature (Meadowcroft 2009). All the wastes are not 
acceptable for lagoon-style digesters. Animal farming businesses are better suited 
for more sophisticated and pricey in-vessel reactors. Unfortunately, these wastes 
sometimes necessitate lengthy processing durations and provide modest amounts of 
biogas; as a result, anaerobic digestion may become less profitable. 

11.7 Producing Nutritionally Advanced Feeds 

Anaerobic digestion by microorganisms offers a practical method for treating wastes 
and producing fertilizer and other higher-value bio-based products. Microalgae like 
Chlorella sp. and Scenedesmus sp., as well as macroalgae like Lemna minor, have 
the potential function in wastewater systems (Mozumder et al. 2022; Musyoka et al. 
2020; Navone and Speight 2018). These microbes are photosynthetic, and despite 
the nutrient-rich environment of wastewater, these species require additional carbon 
to support growth. These products also contain essential amino acids, vitamins, and 
probiotics, which can improve animals’ productivity and digestive health. Microalgae 
have recently been developed and used in wastewater treatment applications and have 
been touted as viable biofuel. Fishmeal is one of the high-priced and unsustainably 
obtained commodities that must be replaced when developing alternative protein 
sources for animal and aquaculture feed (Rajagopal et al. 2013).
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11.8 Waste to New Materials 

Bio-based polymers and biocomposites can be made from both liquid and solid 
wastes. Blood is converted into biodegradable bioplastic rather than blood meal 
for use as animal feed or fertilizer (Ramirez et al. 2021). Plastic waste is typically 
disposed of in landfills since it cannot be recycled or reused due to contamina-
tion. High-performance plastics are necessary for packaging applications to preserve 
freshness and avoid product contamination. If certain physical requirements are met, 
newly developed biodegradable or compostable polymers might be appropriate for 
various uses in the preparation of meat. Some varieties of polyhydroxyalkanoates, 
for instance, can be utilized in food packaging (Rivera et al. 2000). The biocompos-
ites’ strength can be increased and prices can be reduced by adding additives like 
natural fibers (Schenk 2016). In order to reduce plastic contamination and overall 
landfilled trash, it is essential to continue developing food-grade and biodegradable 
plastic substitutes. 

11.8.1 Processing of Keratin Wastes 

It includes keratin present in feathers. The richest sources of keratin are stratum 
corneum, feathers, wool, hair, and hooves (Schmidt et al. 2019; Seerley 1991). 
Feather waste is pervasive (Shepherd and Jackson 2013). The Super Grinder provides 
an alternate method to eliminate a problematic waste stream that, in some parts of 
the world, is even thrown on the streets. Other significant sources of keratin exist as 
well (Fig. 11.2) although they are either less common or are not widely collected. 
Waste keratin is chemically hydrolyzed using a technique called chemical hydrolysis 
(acid, base, catalyst). Chemical hydrolysis presents a bigger environmental danger 
and calls for more aggressive reaction conditions (high temperature and pressure) 
(Sogbesan 2006). The supply chain has shown in flowchart of Fig. 11.2 for explaining 
the supply chain of keratin (Staroń et al.  2014). 

Keratin recycling already uses a variety of various procedures and products. 
Keratin is hydrolyzed for use in a variety of hair products. Feather waste can be 
composted into fertilizer by mixing wood chips and bacteria with it; this is an easy 
and reasonably priced way to get rid of feathers. Feather meal is a product made 
from cooked, dried, and ground feathers that is frequently used as an animal feed 
supplement due to its high nitrogen and protein contents. 

Globally, seafood waste has been a major issue that results in annual losses of 
billions of dollars. The sector produces about 100 tons of garbage annually, the 
majority of which is dumped or transformed into low-value items. The practice 
of recycling seafood trash is not well-established, and a significant portion of this 
material is dumped directly into the environment. Some of these raw resources can, 
however, be used to create products with significant value. Chitosan, a polymer
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produced by deacetylating chitin and present in the exoskeletons of insects, arthro-
pods, and mollusks, is one example. Chitosan possesses antibacterial and antifungal 
properties that could be employed in the textile, culinary, cosmetic, and agricultural 
industries. The majority of the current extraction techniques for chitin rely on chem-
ical processes, which may be costly and ineffective from an energy standpoint. New 
processing and management strategies are required in order to process and produce 
such goods from seafood trash. We think that by utilizing the Super Grinder, we might 
enhance the present extraction techniques and offer a more environmental-friendly, 
long-lasting substitute. 

11.9 Bioprocesses with Waste For Bio-Lipids’ Synthesis 

The bioprocessing of waste contributes to the accumulation of bio-lipids as well as 
the creation of green biopolymers. As a substitute feedstock for the manufacturing 
of biofuels, health, food supplements, and oleo-chemicals, the generation of micro-
bial lipids utilizing inexpensive substrates from waste materials has drawn signifi-
cant interest from both the industry and research fields. Oleaginous microorganisms, 
including yeast, cyanobacteria, algae, certain bacteria, and fungi, can collect signif-
icant lipids up to 80% of their body weight (Stevens et al. 2018). The microbial oils 
are non-toxic, biodegradable, and safe to use so that they can be used in industrial 
settings without the need for chemicals derived from petroleum. These character-
istics support a greener society and can assist in resolving many global challenges 
(Tait et al. 2009; Thornton 2010; Vadiveloo et al. 2019). Acid at a concentration of 
4–20 g/L is favourable, and the previous study used acetic acid as the only carbon 
source (5). 

11.10 Reutilization of Aquaculture Wastes 

Over the past few years, the European Union has promoted sustainable resource 
usage, proper waste management, raw materials like biomass and biological 
resources, and environmental media like water (Wiedemann et al. 2017; Worldometer 
2022; Yong et al. 2021). Aquaculture has started to develop sustainable production 
methods that are both profitable and environmentally friendly. It will play a crucial 
part in supplying animal protein in the future. Aquaculture wastes, such as metabolic 
wastes or uneaten food, must be considered as possible sources of minerals, vita-
mins, proteins, and lipids for further usage to increase the productivity of aquacul-
ture systems and lessen their environmental impact (Sabir et al. 2021). According 
to this production design, a small number of species from various trophic levels 
are cultivated; like in natural ecosystems, wastes produced by species at higher 
trophic levels are used as nutrients by species at lower trophic levels (Arshad et al. 
2021). Fish, crustaceans, and cephalopods are frequently found on the first level.
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The second type involves filtering and suspensivorous invertebrates (such as filter 
molluscs, anemones, sea cucumbers) that consume the organic materials produced by 
the first level, such as feed residues or by-products. Third-level marine macroalgae 
utilize inorganic substances, such as those from excretory products generated by 
earlier stages. Monoculture farms release a lot of pollutants that are rich in dissolved 
nutrients and solid waste (such as uneaten food and feces) that can cause water 
eutrophication and impact the ecosystems around (Arshad et al. 2022). 

11.11 Fishery Waste and Fishery By-Products 
in Bangladesh 

In Bangladesh, a large amount of work has been done on researching the usage of fish 
scales from seafood industrial wastes. Bangladesh produces around 93,000 metric 
tons of waste products from fish processing annually. However, just 900 tons are 
employed to manufacture various items. The seafood sector in Bangladesh generates 
approximately 43,320.88 tons of seafood waste each year, with a value of USD 13.73 
per tons totaling USD 44.09 million. Khulna produces the most fish and shrimp 
waste, followed by Chittagong, Cox’s Bazar, Dhaka, and Sylhet. Based on primary 
and secondary data, the authors outlined the general applications of fishing waste and 
by-products and their current usage in Bangladesh, followed by recommendations 
for the sustainable use of such resources (Table 11.1) (Arshad et al. 2014). 

11.12 Fishery Waste Utilization: Opportunities 
and Challenges to Sustainable Use 

This portion of the book chapter summarizes the respondents’ perception of and 
knowledge about the potential and challenges of utilizing fishery, the idea of a circular 
bioeconomy, fish feeds generated from fishing waste, nutrition gained from it, recy-
cling, and lowering pollution. A lot of things will be feasible in this situation. First and 
foremost, we receive high-quality goods. Additionally, value can be added. Third, 
efforts are being made to reduce pollution. The waste produced by the fishing industry 
offers innovation potential. There are numerous products on the market; however, we 
are unable to perform extraction operations of that nature in Bangladesh, including 
fish scales, cosmetics, air bladders, and medications (surgical yarn). Shark soup, a 
popular meal in China, can be produced with shark fin. Additionally, numerous kinds 
of ornaments and jewelry can be manufactured from bones or teeth. Leather items 
made of leather can be made from fish scales and skin; shells can be used to produce 
chitin and chaetocin (Arshad et al. 2014).
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11.13 Fisheries and Aquaculture 

A Latvian case study including round-goby fish wastes from the Baltic Sea conducted 
laboratory-scale experiments to investigate the biochemical methane potential of 
such wastes when co-digested effectively and sustainably with sewage sludge. 
Indeed, as the authors point out, what applies to goby fish wastes also applies to 
other species across the planet. Shells from gastropods, oysters, and crabs have all 
been used as bio-calcite phosphorus adsorbents in wastewater treatment and for 
other value-added bioproducts. As bio-extractors of nitrogen, phosphorus, CO2, 
and toxic heavy metals from wastewater (Commission 2005a), sources of third-
generation biofuels, and effective remedies for the food-fuel-fiber-feed impasse 
(Thornton 2010). Aquaponics is the combined practice of growing food plants, such 
as vegetables and raising fish. According to Pous, the most effective way to recycle 
the wastewater from the aquaculture sub-system to the hydroponics sub-system is by 
employing bio-trickling filters. The extra algal biomass can be utilized as a substrate 
in microbial fuel cells to produce power when eutrophic lakes need to be cleaned up. 
Microcystis aeruginosa exhibits increased electrochemical performance compared 
to traditional substrates, according to experiments by Thornton (2010). 

11.14 Animal Manures 

In all parts of the world, soil biology is mostly supported by organic compounds 
from animal manure. Manures are valuable fertilizers for agricultural soils because 
of their significant nutrient concentrations. Most of the manure on animal farms 
is sold to neighbors or spread back onto nearby fields. Processing and properly 
utilizing such vast amounts of animal manure have become particularly challenging 
as massive concentrated livestock feeding facilities have grown. By driving off C 
through decomposition, concentrating nutrients, and extracting value from these 
vast amounts of manure, composting and biogas digestion facilities have been used 
to minimize volume. 

11.14.1 Nutrients in Manure (Animal Wastes) 

Nitrogen corn and soybean meal make up more than 80% of the grain and protein 
supplements given to pigs and poultry in the USA. When employed as the main source 
of energy in swine diets, corn falls short of meeting the needs of the growing pig 
for some essential amino acids. Corn’s primary and secondary limiting amino acids 
are lysine and tryptophan, with threonine and isoleucine coming in third and fourth. 
These essential amino acids must be coupled with maize in sufficient concentrations 
to give a diet enough levels of each. Soybean meal is included in swine diets made
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of maize and soybean meal in an amount sufficient to meet the lysine requirements 
of the pigs. When prepared in this way, all additional amino acids required to meet 
the nutritional needs of a growing pig are included in the diet (Arshad et al. 2022). 

11.15 Animal-Based Ingredients and By-Products 

Food and animal’s wastes can be used to produce proteins and other useful 
substances; for instance, the manures from chickens, pigs, and cattle are used to 
grow houseflies (Musca domestica) and maggots, which are then utilized as fish 
meal supplements or as a feed ingredient for fish. Production of biofuel from animal 
waste has been shown in Fig. 11.3. Maggots can be collected and processed to provide 
a meal that can be used in replacement for fish meals. Cattle blood and wheat bran 
were used to develop the maggots, which had 92.7% dry matter, 47.6% crude protein, 
25.3% fat, 7.5% crude fiber, and 6.25% ash, as well as an amino acid profile similar to 
fish meal. Maggots were used to replace 25% of the fishmeal in catfish feed, culture, 
and diet, and the results were higher growth rates and greater profitability. Many 
studies have used red worms, black soldier flies, common houseflies, and yellow 
mealworms as protein sources in place of fishmeal (Arshad et al. 2014). 

Fig. 11.3 Production of biofuel from wastes collected from different sources of animals
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11.16 Conclusion 

The development of an industry based on converting animal’s wastes to high-value 
products addresses complex issues facing the meat and livestock industries. By-
product underuse or non-use results in a loss of prospective income as well as 
increased disposal costs. The improper use of animal by-products have detrimental 
consequences on human’s health and appearance. Along with environmental and 
safety concerns, meat, poultry, and fish processing wastes frequently have the ability 
to be recycled into raw materials or turned into useful goods with higher value. 

References 

Arshad M, Adil M, Sikandar A, Hussain T (2014) Exploitation of meat industry by-products for 
biodiesel production: Pakistan’s perspective. Pak J Life Soc Sci 12: 120–125 

Arshad M, Javed S, Ansari AR, Fatima A, Shahzad MI (2021) Biogas: a promising clean energy 
technology. In: Bioenergy resources and technologies, pp 91–120 

Arshad M, Ansari AR, Qadir R, Tahir MH, Nadeem A, Mehmood T, Alhumade H, Khan N 
(2022) Green electricity generation from biogas of cattle manure: an assessment of potential 
and feasibility in Pakistan. Front Energy Res 10 

Astals S, Batstone D, Mata-Alvarez J, Jensen P (2014) Identification of synergistic impacts during 
anaerobic co-digestion of organic wastes. Biores Technol 169:421–427 

Australian Meat Processor Corporation (2016) Inorganic waste management at abattoirs inorganic 
waste management at abattoirs (2016) 

Bruinsma J (2003) World agriculture: towards 2015/2030: an FAO perspective. Earthscan. Food 
and Agriculture Organization, London/Rome 

Carrez D, Carus M, Griffon M, Jilkova J, Juhász A, Lange L, Consuelo Varela O (2017) Expert 
group report-review of the EU bioeconomy strategy and its action plan 

Carus M, Dammer L (2018) The circular bioeconomy—concepts, opportunities, and limitations. 
Ind Biotechnol 14(2):83–91 

Chan CM, Vandi L-J, Pratt S, Halley P, Richardson D, Werker A, Laycock B (2018) Composites of 
wood and biodegradable thermoplastics: a review. Polym Rev 58(3):444–494 

Commission E (2005a) Taking sustainable use of resources forward: a thematic strategy on the 
prevention and recycling of waste. Communication from the commission of the European 
communities, Brussels, Belgium. COM (2005a), p. 666 

Commission, E. (2005b). Thematic strategy on the sustainable use of natural resources. In: European 
commission Brussels, Belgium 

Cromwell G (1980) Biological availability of phosphorus for pigs. Feedstuffs (USA) 
Directive E (2006) Directive 2006/12/EC of the European parliament and of the council of 5 April 
2006 on waste. Off J Eur Union 50:114 

Djissou AS, Adjahouinou DC, Koshio S, Fiogbe ED (2016) Complete replacement of fish meal by 
other animal protein sources on growth performance of Clarias gariepinus fingerlings. Int Aquat 
Res 8(4):333–341 

Drummond L, Álvarez C, Mullen AM (2019) Proteins recovery from meat processing coproducts. 
Sustain Meat Prod Proc 69–83 

Fagbenro O, Jauncey K (1995) Water stability, nutrient leaching and nutritional properties of moist 
fermented fish silage diets. Aquacult Eng 14(2):143–153 

FAO (2018) Nitrogen inputs to agricultural soils from livestock manure: new statistics. Food and 
agriculture organization of the United Nations



298 N. Zaman et al.

Gasco L, Acuti G, Bani P, Dalle Zotte A, Danieli PP, De Angelis A, Piccolo G (2020) Insect and 
fish by-products as sustainable alternatives to conventional animal proteins in animal nutrition. 
Ital J Anim Sci 19(1):360–372 

Godfray HCJ (2011) Food for thought. Proc Natl Acad Sci USA 108:19845. https://doi.org/10. 
1073/pnas.1118568109 

Gollnow S, Lundie S, Moore AD, McLaren J, van Buuren N, Stahle P, Rehl T (2014) Carbon 
footprint of milk production from dairy cows in Australia. Int Dairy J 37(1):31–38 

Guerrero S, Cremades J (2012) Integrated multi-trophic aquaculture (IMTA): a sustainable, 
pioneering alternative for marine cultures in Galicia. In: Regional Government of Galicia (Spain) 

Hatfield JL, Stewart BA (1997) Animal waste utilization: effective use of manure as a soil resource. 
CRC Press 

Hezron L, Madalla N, Chenyambuga SW (2019) Alternate daily ration as a feeding strategy for 
optimum growth, nutrient utilization and reducing feed cost in Nile tilapia production. Livest Res 
Rural Dev 31(7):113 

Hezron L, Madalla N, Chenyambuga SW (2019b) Mass production of maggots for fish feed using 
naturally occurring adult houseflies (Musca domestica). Livestock Res Rural Dev 31(4) 

https://www.keenanrecycling.co.uk/recycling-services/organic-recycling/ 
https://www.statista.com/statistics/263962/number-of-chickens-worldwide-since-1990/. 
Leiva-Candia D, Pinzi S, Redel-Macías M, Koutinas A, Webb C, Dorado M (2014) The potential 
for agro-industrial waste utilization using oleaginous yeast for the production of biodiesel. Fuel 
123:33–42 

Leong HY, Chang C-K, Khoo KS, Chew KW, Chia SR, Lim JW, Show PL (2021) Waste biore-
finery towards a sustainable circular bioeconomy: a solution to global issues. Biotechnol Biofuels 
14(1):1–15 

MacArthur E (2013) Towards the circular economy, economic and business rationale for an 
accelerated transition. Ellen MacArthur Found: Cowes, UK 21–34 

McCabe BK, Harris P, Antille DL, Schmidt T, Lee S, Hill A, Baillie C (2020) Toward profitable and 
sustainable bioresource management in the Australian red meat processing industry: a critical 
review and illustrative case study. Crit Rev Environ Sci Technol 50(22):2415–2439 

McCabe BK, Antille DL, Birt HW, Spence JE, Fernana JM, van der Spek W, Baillie CP (2016) An 
investigation into the fertilizer potential of slaughterhouse cattle paunch. Paper presented at the 
2016 ASABE Annual International Meeting 

Meadowcroft J (2009) Minding the stock: bringing public policy to bear on livestock sector 
development 

Mozumder MMH, Uddin MM, Schneider P, Raiyan MHI, Trisha MGA, Tahsin TH, Newase S 
(2022) Sustainable utilization of fishery waste in Bangladesh—a qualitative study for a circular 
bioeconomy initiative. Fishes 7(2):84 

Musyoka SN, Liti D, Ogello EO, Meulenbroek P, Waidbacher H (2020) Earthworm, Eisenia fetida, 
bedding meal as potential cheap fishmeal replacement ingredient for semi-intensive farming of 
Nile Tilapia, Oreochromis niloticus. Aquac Res 51(6):2359–2368 

Navone L, Speight R (2018) Understanding the dynamics of keratin weakening and hydrolysis by 
proteases. PLoS ONE 13(8):e0202608 

Rajagopal R, Massé DI, Singh G (2013) A critical review on inhibition of anaerobic digestion 
process by excess ammonia. Biores Technol 143:632–641 

Ramirez J, McCabe B, Jensen PD, Speight R, Harrison M, Van Den Berg L, O’Hara I (2021) Wastes 
to profit: a circular economy approach to value-addition in livestock industries. Anim Prod Sci 
61(6):541–550 

Reducing enteric methane for improving food security and livelihoods. Project highlights 2015– 
2017. Rome, Italy, FAO 

Rivera JA, Sebranek JG, Rust RE, Tabatabai LB (2000) Composition and protein fractions of 
different meat by-products used for petfood compared with mechanically separated chicken 
(MSC). Meat Sci 55(1):53–59

https://doi.org/10.1073/pnas.1118568109
https://doi.org/10.1073/pnas.1118568109
https://www.keenanrecycling.co.uk/recycling-services/organic-recycling/
https://www.statista.com/statistics/263962/number-of-chickens-worldwide-since-1990/


11 Circular Bioeconomy of Animal Wastes 299

Sabir A, Idrees H, Shafiq M, Butt MT, Jacob KI, Arshad M (2021) Impact of CO2 discharge 
from distilleries on climate changes: key facts. In: Sustainable ethanol and climate change: 
sustainability assessment for ethanol distilleries, pp 113–140 

Schenk P (2016) On-farm algal ponds to provide protein for northern cattle. MLA: Sydney, NSW, 
Australia 

Schmidt T, Harris P, Lee S, McCabe BK (2019) Investigating the impact of seasonal temperature vari-
ation on biogas production from covered anaerobic lagoons treating slaughterhouse wastewater 
using lab scale studies. J Environ Chem Eng 7(3):103077 

Seerley R (1991) Major feedstuffs used in swine diets. In: Swine nutrition. Elsevier, pp 451–481 
Shepherd C, Jackson A (2013) Global fishmeal and fish-oil supply: inputs, outputs and markets. 
Wiley Online Library 83:1046–1066 

Sogbesan O (2006) Nutritive potentials and utilization of garden snail (Limicolaria aurora) meat 
meal in the diet of Clarias gariepinus fingerlings. Afr J Biotechnol 5(20) 
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Chapter 12 
Sustainable Solutions to Animal Waste: 
Climate Change Mitigation 
and Bioproduct Harvest 

Asha Sohil and Muzaffar A. Kichloo 

Abstract Livestock waste management is one of the global environmental problems 
with significant impact on air, water, soil, and biodiversity. Global livestock output 
has increased drastically to keep up the pace with the growing demand for meat, milk, 
egg, fiber, leather, and other animal products. However, the issue is the growing harm 
to the environment posed by animal waste production. In addition to nitrogen and 
phosphorus emissions into soil and water, animal manure is also responsible for 
the emission of gases like ammonia, nitrous oxide, and methane. The emissions 
from animal waste are directly linked to environmental problems including eutroph-
ication, acidification, and climate change. The usage of hazardous chemicals in the 
livestock business and the prevalence of zoonotic viruses in animal manure have 
created concern for both human and environmental health. Animal waste manage-
ment techniques like bioenergy production, composting, vermicomposting, use of 
animal waste as nutrient media are some of the environmental sound practices to be 
taken so as to lessen the negative impacts on environment and human health. The 
chapter aims to provide the best animal waste treatment methods so as to recover valu-
able products such as renewable energy, nutrients and prepare products like compost, 
vermicompost utilized as biofertilizer. Moreover, animal waste can also be used as 
a nutrient media for the production of variety of biochemicals used in pharmaceu-
tical industry. In addition to improving human health and minimizing environmental 
damage, appropriate animal waste management procedures boosts regional and local 
economy.

A. Sohil (B) 
Government Degree College, Udhampur, Jammu & Kashmir, India 
e-mail: ashasohil04@gmail.com 

M. A. Kichloo 
Government Degree College, Banihal, Jammu & Kashmir, India 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
M. Arshad (ed.), Climate Changes Mitigation and Sustainable Bioenergy Harvest 
Through Animal Waste, https://doi.org/10.1007/978-3-031-26224-1_12 

301

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-26224-1_12&domain=pdf
mailto:ashasohil04@gmail.com
https://doi.org/10.1007/978-3-031-26224-1_12


302 A. Sohil and M. A. Kichloo

Graphical Abstract 

Keywords Livestock · Management · Sustainable · Hazardous · Zoonotic ·
Impacts 

12.1 Introduction 

12.1.1 Concept of Sustainability 

The definition of term sustainable is “which can be sustained throughout time” (Hein-
berg and Lerch 2010). To start with the term’s etymology, the word sustainable 
or sustainability has its origin in the Latin word sustinēre formed by combina-
tion of words sub and tenēre that means to “maintain,” “support,” “endure,” or “to 
restrain” (Caradonna 2014). Future preservation of natural resources has always been 
a concern. Many indigenous communities across the world have embraced the idea of 
sustainability. For instance, the leader of the Iroquois Confederacy’s Gayanashagowa, 
or Great Law of Peace, tribe took into account how his judgments will affect the 
seventh generation (Heinberg 2007). Hans Carl von Carlowitz, a German scholar 
and forester, used the term “sustainability” (German: Nachhaltigkeit) to describe 
sustained-yield forestry in his work Sylvicultura Oeconomica in 1713. The Brundt-
land Report on the United Nations’ World Commission of Environment and Devel-
opment provided a comprehensive overview of sustainable development that means 
the development that “meets the needs of the present generation without compro-
mising the ability of future generations to meet their own needs,” which led to rise in 
usage of the term after 1987 (WCED 1987). Despite its widespread use, the notion 
of sustainability has come under fire for failing to take into account the problem of 
population increase and the unsustainable use of non-renewable resources (Barlett 
1998). 

According to the economist Jeffrey D. Sachs, we are living in the age of the Anthro-
pocene, where humans have caused havoc to natural environment. The ecological
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assault on the planet was triggered by industrialization, and therefore, sustainability 
is the sole means of reversing and replenishing the imbalance. In 2005, UN World 
Summit endorsed a sustainability model that demonstrated the interconnectedness of 
the “three Es:” environment, economy, and equity or social equality. A more recent 
sustainability model depicted society and the economy as nested subsystems inside 
the larger biophysical system of the environment in the form of a series of concen-
tric circles (Daly 1973; Victor 2008). In 1989, Swedish oncologist Dr. Karl-Henrik 
Robèrt founded an organization named the Natural Step with the goal to promote 
sustainable society. He formulated four conditions for sustainability which are: In 
a sustainable society, nature is not subjected to steadily rising: 1. the volume of 
materials removed from the earth’s surface, 2. the volume of materials produced by 
people, 3. deterioration by physical means, and 4. they do not live in circumstances 
that make it difficult for them to achieve their fundamental requirements (www.the 
naturalstep.org). According to Heinberg and Lerch (2010), any society that adopts 
unsustainable lifestyles fails to persist for a longer period of time. Richard Heinberg, 
world’s leading expert on the challenge of sustainability in the energy and envi-
ronmental sectors and a senior scientist at the Post Carbon Institute, has developed 
five axioms (or “self-evident truths”) of sustainability suggesting sustainable use of 
earth’s natural deposit, judicious use of non-renewable resources, and minimizing 
release of harmful substance that impair biosphere functions. 

Livestock plays a substantial role in livelihood and economy of both developing 
and developed countries (Singh and Rashid 2017). Livestock population is one of the 
country’s valuable resource and key source of income, employment, and nourishment 
for rural as well as urban households. These socio-economic roles contribute to its 
fast global growth (Herrero et al. 2013). According to the United Nations’ Food and 
Agriculture Organization (FAO 2004), livestock industry is one of the quickest devel-
oping sectors. To offer these benefits, the livestock industry uses significant amount 
of land, water, biomass, and other resources and releases considerable quantity of 
unwanted substances into the environment chiefly in the form of animal manure 
posing a serious threat to the environment. With increasing human population and 
changing lifestyle, the demand of animal products is increasing; therefore, livestock 
population is also growing at a faster rate. As a result, the quantity of manure gener-
ated by cattle particularly in confined animal feeding operations (CAFOs) has grown 
tremendously. Animal agriculture industry is one of the most polluting industries on 
earth. The unsustainable approaches of livestock production and waste disposable 
have led to habitat degradation, environmental pollution, climate change, and spread 
of deadly diseases (Gerber et al. 2005). Therefore, disposal of animal waste is a 
challenge in terms of cost, environmental safety, and biosecurity. Now, the concern 
arises how would these livestock wastes be handled without having any negative 
impact on human health, natural resources, or food security. The implementation 
of economically viable, sustainable, and eco-friendly animal waste management 
systems through appropriate research and development is required so as to develop 
more sustainable solutions. This review was necessitated as an attempt to answer 
these questions.

http://www.thenaturalstep.org
http://www.thenaturalstep.org
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12.1.2 Sustainable Utilization of Livestock Waste 

Objectives 

1. Biological stabilization prior land application. 
2. Energy recovery from animal waste. 
3. Sustainable animal waste management strategies. 
4. Identify environmental impacts of animal waste. 
5. Treatment protocols of animal waste. 
6. Climate change adaptation and mitigation. 

Benefits 

1. Animal waste management reduces possible environmental impacts on air, water, 
soil, and wildlife. 

2. Minimizes the risks associated with human health posed by animal waste. 
3. Animal manure can be used as a soil fertilizer. Therefore, it aids in enhancing 

soil’s nutritional quality. 
4. Organic matter in animal manure enhances soil structure and water-holding 

capacity. 
5. Solids present in animal manure can be used as substitute of bedding material. 
6. Animal manure can be used as an alternative source to meet energy demand. 
7. Reduced greenhouse gas emissions from animal waste will aid in climate change 

adaptation and mitigation strategies. 
8. Creates employment and business opportunities for the locals. 

Negative impacts of unsustainable animal waste disposable practices 

1. Source of some major pollutants: Plants absorb various nutrients from the soil 
to support healthy growth and development. Animal manure serves as an effective 
fertilizer, but if it is applied at a pace faster than the plants can absorb it, a buildup 
of nutrients occurs (Tamminga 1992), especially nitrogen and phosphorus, which 
are present in constant amounts causing significant environmental contamination 
(Headon and Walsh 1994). Excessive volume of dissolved carbon from animal 
waste in addition to soluble phosphorus rapidly reduces O2 content in water and 
increases the need for biochemical oxygen demand (BOD). 

2. Water pollution by phosphorus: Phosphorus often remains in association with 
soil’s top layer. When huge amount of animal manure is spread on cropland, 
excess amount of phosphorus in the manure flows off from the soil surface layer 
into nearby water bodies increasing the amount of phosphorus in water and 
triggers the process of eutrophication. 

3. Environmental pollution by nitrogen: The excess amount of nitrogen is present 
as an inorganic ammonium ion (NH4 

+) in the soil. Some of it is lost as an ammonia 
gas (NH3) into the atmosphere (MAFF 1996) which is one of the toxic gases 
associated with animal waste (Tamminga and Verstegen 1992). The unassimi-
lated ammonium ion is converted into nitrate. Some portion of nitrate is converted 
into nitrogen gas (N2), and much of it finds its way into groundwater causing
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ground water pollution (Headon and Walsh 1994). The significant levels of phos-
phates and nitrogen in animal manure runoff create anaerobic conditions which 
are extremely deleterious to stagnant water bodies. Phosphorus and nitrogen 
promote excessive microbial growth lowering oxygen concentration necessary to 
support other life forms in water bodies. In addition to soluble nitrogen and phos-
phorus, Na, Cl, Ca, Mg, K, and total dissolved solids (TDSs) are the contaminants 
introduced in substantial amounts into the environment posing threat to environ-
ment. Most animal excrement has significant levels of TDS (≫ 10,000 mgL–1) 
(Brusseau and Artiola 2019). 

4. Heavy metal contamination: Unregulated animal waste disposal practices cause 
heavy metal contamination like copper, zinc, and lead from animal diets, use 
of pesticides, antibiotics, and growth regulators into the soil and water bodies 
(Brusseau and Artiola 2019; Li et al  2005; Rodríguez-Eugenio et al. 2018). 

5. Greenhouse gas emission: In addition to major greenhouse gases like methane 
and nitrous oxide, animal waste also emits harmful gases like ammonia, hydrogen 
sulfide, and other unpleasant gases. Large volume of particulate matter is released 
by animal dung, especially in arid areas where the manure easily transforms 
into dust and spreads out quickly. According to the United Nations Food and 
Agriculture Organization (FAO), the animal agriculture sector is responsible for 
approximately 18% of greenhouse gas (GHG) emissions. 

6. Effects quality of living: Untreated animal waste releases air pollutants like H2S, 
mercaptans, indoles, org-sulfides that creates health problems, causing health 
issues, especially for adjacent community residents (Brusseau and Artiola 2019). 

7. Health hazard: Animal waste contaminates meat and farm fields and therefore 
spreads bacteria and viruses that could be health hazard for thousands of people. 
Antibiotic overuse might result in a global public health emergency. Studies 
conducted by Nadimpalli et al. (2018) have discovered high concentrations of 
drugs and antibiotic-resistant genes in feedlot air samples. 

12.2 Biogas Production from Animal Waste 

Biogas is a clean, economical, and renewable energy utilized as a substitute for other 
non-renewable fuels for household application in rural areas most often in developing 
nations in Asia and Africa (Sorathiya et al. 2014). Biogas, commonly referred to as 
“marsh gas,” is a byproduct of the anaerobic breakdown of organic waste depicted 
as follows: 

Organic matter + anaerobic bacteria → CO2 + H2S + NH3 + CH4 

+ other end products + energy.
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12.2.1 Composition of Biogas 

Most often, “waste materials” like human excreta, animal waste like livestock 
manure, sewage sludge, and crop residues are most frequently used as a raw material 
for biogas production. According to Polprasert (2007), biogas composition is deter-
mined by the type of organic raw materials used and the time and temperature of 
anaerobic decomposition which is approximately given as follows: 

1. Methane (CH4): 55–65%. 
2. Carbon dioxide (CO2): 35–45%. 
3. Nitrogen (N2): 0.3%. 
4. Hydrogen (H2): 0–1%. 
5. Hydrogen sulfide (H2S): 0–1%. 

Of all the gases produced, CH4 is a preferred gas because of high calorific value 
of ≈ 9000 kcal/m3 at standard temperature and pressure. 

12.2.2 Raw Material 

According to Polprasert (2007), the three primary categories of suitable organic 
source materials for ethanol production are: 

(a) Raw materials containing sugar that include sugarcanes, molasses, sweet 
sorghum, etc. 

(b) Raw materials containing starch such as corn, cassava, potato. 
(c) Cellulose containing substances like wood, agricultural residues, etc. 

Starch and cellulose-based materials undergo biochemical conversion to generate 
sugars from carbohydrates before fermentation. In contrast, sugar-rich materials 
simply undergo fermentation to produce ethanol. Fermented ethanol is then separated 
by the process of distillation. 

12.2.3 Biochemical Reactions and Microbiology 
of Anaerobic Digestion Involved in Biogas Production 

Anaerobic digestion of animal waste involves following three stages: 

(1) Hydrolysis or polymer breakdown 

Animal waste consists of complex organic compounds in the form of proteins, 
fats, carbohydrates, cellulose, lignin, etc. During the process of hydrolysis, these 
complex organic polymers are broken down by extracellular enzymes produced by 
the hydrolytic bacteria into simple, soluble monomers. The hydrolysis reactions
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occurring in this stage will convert protein into amino acids, carbohydrate into simple 
sugars, and fat into long-chain fatty acids (NAS 1977). Rate of hydrolysis depends 
on type of substrate, bacterial concentrations, and environmental factors such as pH 
and temperature. 

(2) Acidogenesis 

During the process of acidogenesis, the monomeric compounds formed by the 
hydrolytic breakdown are converted into acetic acid and H2/CO2. Various fatty acids 
are produced as the end products of bacterial metabolism of protein, fat, and carbo-
hydrate like acetic acid, propionic acid, butyric acid, succinic acid, lactic acid, etc., 
of which acetic, propionic, and lactic acids are the major products. Carbon dioxide, 
hydrogen, and ammonia (gases) and methanol and other forms of alcohols (liquids) 
are the other possible by-products produced during waste catabolism. The diversity 
of the microbial consortium involved in fermentation includes microbes involved in 
hydrolysis step along with microbes belonging to the genera Enterobacterium, Aceto-
bacterium, and Eubacterium (Schnurer and Jarvis 2010). The type and number of 
by-products produced depend on the type of waste (substrate) and microbes present 
and set of environmental conditions (Schnurer and Jarvis 2010). 

(3) Methanogenesis 

The products like acetic acid (CH3COOH), methanol (CH3OH), carbon dioxide 
(CO2), and hydrogen gas (H2) produced during acidogenesis are modified into 
methane (CH4) and other by-products by methanogenic bacteria. Methanogenesis 
comprises two pathways: acetoclastic, i.e., the cleavage of acetic acid in methane and 
carbon dioxide and hydrogenotrophic, i.e., the formation of methane from hydrogen 
and carbon dioxide (Schattauer et al. 2011). Acetic acid is the most important 
substrate which approximately produces 70% of the methane, while the remaining 
is produced from CO2 and H2 gas. Methane (CH4) can also be produced using other 
substrates such as formic acid. 

The efficiency of the overall process is influenced by the interactions between the 
hydrolysis, acidogenesis, and methanogenesis. For instance, during acidogenesis, 
nitrogen containing organic compound must be converted into ammonia to ensure 
effective usage of nitrogen by methanogenic bacteria. Likewise, methanogens convert 
volatile fatty acids like H2 into CH4 and other gases that control and balance the pH 
of the digester slurry, lowering the partial pressure of H2 in the slurry and promoting 
the activity of the acetogenic bacteria. If the methanogenic bacteria are unable to 
create CH4 properly, organic molecules will be transformed into volatile fatty acids, 
which can pollute water bodies and land surfaces if discharged into them. 

The four main groups of bacteria that participate in the processes of biogas 
formation are (Brown and Tata 1985): 

(1) Bacteria that produce acid through hydrolysis and fermentation (acid-forming 
bacteria). 

(2) Bacteria that produce acetate and hydrogen gas (acetogenic bacteria). 
(3) Bacteria that produce methane (acetoclastic bacteria). 
(4) Hydrogen exploiting methane bacteria.
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Acid, acetate, and hydrogen gas-forming bacteria are collectively known as 
non-methanogenic bacteria, whereas methane-producing and hydrogen-exploiting 
bacteria are together known as methanogenic bacteria. According to Gunnerson 
and Stuckey (1986), there are two primary routes through which acid-forming and 
acetogenic bacteria assist the process of hydrolysis and breakdown complex organic 
substances into simple products like such as CO2, H2, and other volatile fatty acids 
as shown in reaction (12.1). 

McInerney and Bryant (1981) stated that at low H2 partial pressure, formation 
of CO2 + H2 will predominate, whereas at high H2 partial pressure, production 
of volatile fatty acids like propionate (C3H6O2), butyrate (C4H8O2), and ethanol 
is favored as shown in reaction (12.2). These products are further converted into 
CH3COOH, H2, and CO2 through acetogenic dehydrogenation reaction by employing 
acetogenic bacteria. 

Substrate → CO2 + H2 + CH3COOH (12.1) 

Substrate → C3H6O2 + C4H8O2 + C2H6O (12.2) 

The products thus formed by non-methanogenic bacteria are utilized by aceto-
clastic and hydrogen exploiting methane bacteria to produce CH4 as shown in the 
following reaction (12.3). Brown and Tata (1985) found that the methane-forming 
acetoclastic bacteria have a longer generation period (2 to 3 days at 35 °C under 
optimal environmental conditions) than the acid-forming bacteria (2 to 3 h at 35 °C 
under optimal environmental conditions). Therefore, biomass loadings into the anaer-
obic digesters should be avoided as the acid-forming bacteria will generate more 
volatile fatty acids at the rate faster than the acetoclastic bacteria can utilize them. 
The growth of acetogenic bacteria in the anaerobic digester is sensitive to the H2 

partial pressure (McInerney and Bryant 1981). If the H2 partial pressure increases, 
Eq. (12.3) reaction is favored and the production of acetate will be less. Since about 
70% of CH4 is formed from acetate, therefore rate of biogas production is reduced. In 
order to maintain the low H2 partial pressure and eliminate H2 gas from the system, 
Eq. (12.4) is crucial to the anaerobic digestion process. Figure 12.1 depicts the entire 
process of methane generation from animal feces. 

CH3COO − +H2O → CH4 + HCO− 
3 + energy (12.3) 

4H2 + HCO− 
3 + H+ → CH4 + CO2 + energy (12.4)
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Fig. 12.1 Methane formation of organic wastes by microorganisms (Brown and Tata 1985) 

12.2.4 Environmental Requirements for Anaerobic Digestion 

1. Temperature 

The rate of gas generation is significantly impacted by daily and seasonal temperature 
variations. Generally, two temperature ranges are taken into account for methane 
production, mesophilic (25–40 °C) and thermophilic (50–65 °C). As the temperature 
increases, simultaneously the rate of methane production also increases. But, at 
45 °C, methane production stops as at this temperature the mesophilic as well as 
the thermophilic bacteria fail to thrive. During winters, growth of anaerobic bacteria 
ceases; therefore, heating of biogas digesters is required. The temperature in the 
digester can be maintained 5–10 degrees Celsius higher than the surrounding air 
simply by insulating it with a thick, clear plastic sheet or by placing compostable 
materials like leaves (Brown and Tata 1985). Polprasert (2007) suggest that the 
digester can also be heated by recirculating hot water through pipe coils that are put 
inside of it or by heating the influent feeding materials.
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2. pH 

pH level in anaerobic digesters should range between 6.6 and 7.6 for hydrolysis 
and acidogenesis, whereas methanogens favor pH in the range of 7.8–8.2 (Kim et al. 
2003a, b; Yu and Fang 2002). When the organic loading is excessive, pH may drop to 
below 6.6 due to buildup of volatile fatty acids and rate of CH4 production decreases. 
Therefore, suitable measures should be taken quickly, such as stopping feeding of 
the digester so that the methanogens can use the accumulated volatile fatty acids. 
After the optimum rates of gas production is restored, the loading of organic matter 
in the digester can be resumed. In addition to this, pH of the digester can also be 
neutralized by adding lime 

3. Carbon-to-Nitrogen (C/N) Ratio 

For optimum microbial growth, a balanced supply of nutrients for an anaerobic 
digester is necessary to function properly. In contrast to carbon, which acts as the 
energy source and structural component for bacteria, nitrogen helps in amino acids, 
proteins, and nucleic acids formation. Anaerobic microbes use carbon 25–30 times 
more quickly than nitrogen. Thus, for efficient biogas production, the C/N ratio in 
the organic waste loadings must be maintained at 25:1, which is ideal for biogas 
production (Gerardi 2003). Excess carbon and nitrogen concentration in feedstocks 
results in more CO2 and ammonia accumulation in the digester. Codigesting of 
carbon-rich feedstocks such as crop residues with nitrogen rich feedstocks including 
animal manure, urine, and slaughterhouse wastes improves biogas yields (Capela 
et al. 2008). For instance, decomposition of potato waste together with beet leaf 
increased the methane yield by 60% with respect to the decomposition of potato 
waste alone (Parawira et al. 2004). 

4. Organic Loading Rate 

The amount of organic matter to be feed in the digester depends upon the reactor 
configuration, quantity of organic waste contained in the bioreactor, substrate amount 
and biodegradability, environmental factors like temperature and pH (Khanal et al. 
2019). Some key indicators of overloading of organic matter include reduction in 
methane production, biogas formation, a drop in pH, and a sharp rise in amount of 
volatile fatty acids (VFAs). The organic matter should be loaded at a rate that keeps 
the pH in the neutral range, the VFAs between 1500 and 4500 mg as acetic acid 
equivalent (HAc)/L, and the ammonium nitrogen concentration below 4500 mg/L 
(Braun 2007). 

5. Toxicity 

Anaerobic microorganisms are sensitive to certain compounds like heavy metals, 
halogenated compounds, cyanides, antibiotics (present in feedstocks) as well as some 
metabolic by-products like ammonia, sulfide, and VFAs (Khanal et al. 2019). These 
compounds are associated with anaerobic digester failure. The presence of molecular 
oxygen is also inhibitory to the methanogenic bacteria. The inhibition of anaerobic
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digestion depends on the ionic strength of the toxic substance, ratio of the concentra-
tion of toxic substances to microbial biomass, pH, organic loading rate, temperature, 
and other materials (Kugelman and McCarty 1965). Inhibition caused by excess 
concentrations of certain ions can be counterbalanced by some antagonistic ions and 
exacerbated by synergistic ions (Polprasert 2007). According to Price and Cheremisi-
noff (1981), the toxicity of heavy metals can be lowered either by adding precipitating 
anions such as sulfide or by operating the digester at a maximum allowable pH, as 
most of the heavy metal hydroxides have less solubility at higher pH. Similarly, VFA 
toxicity can be reduced by limiting substrate feeding into the digester until VFA 
levels drop to an acceptable limit. Toxicity caused by ammonia can be corrected 
by diluting the digester substrate with water. Also, ammonium nitrogen toxicity can 
overcome by maintaining proper C/N ratio by feeding carbon-rich feedstocks into 
the digester. 

6. Nutrients and trace elements 

A balanced supply of nutrients and trace elements is necessary for proper working 
of an anaerobic digester. Nutrients and trace elements provide a suitable physico-
chemical condition for optimum growth of microorganism (Khanal et al. 2019). 
Few strains of microorganisms, especially Archaea involved in the hydrogenotrophic 
pathway of methanogenesis (Nettmann et al. 2010), need several trace elements as 
micronutrients of which cobalt, molybdenum, nickel, and selenium are the most 
important (Gronauer et al. 2009; Lebuhn, et al. 2008). Deficiency of these trace 
elements leads to reduced anaerobic digestion performance and is usually supplied 
to biogas digesters with feedstock. Selection of feedstock directly influences the 
abundance of trace elements. The amount of trace elements suggested by different 
authors for proper functioning of anaerobic digester is given in Table 12.1. 

Table 12.1 Recommended concentration of trace elements is anaerobic digester by different 
authors 

Bischofsberger 
et al. (2005) 

Weiland 
(2006) 

Seyfried et al. 
(1990) 

Sahm (1981) Pobeheim 
et al. (2010) 

Boron 0.001–11 

Cobalt 0.06 0.003–0.06 0.003–0.06 0.06 0.024–10 

Chromium 0.05–50 0.005–52 

Copper 0.06–64 

Iron 1–10 1–10 

Manganese 0.005–50 0.005–65 

Molybdenum 0.05 0.005–0.05 0.005–0.05 0.05 0.16–50 

Nickel 0.006 0.005–0.5 0.005–0.5 0.006 0.024–0.62 

Lead 0.02–200 

Selenium 0.008 0.008 0.008 

Tungsten 0.1–0.4



312 A. Sohil and M. A. Kichloo

7. Mixing 

Maintaining homogeneity inside the digester requires mixing. Effective substrate 
usage, prevention of temperature stratification, reduction in settling of digested solids 
at the bottom, lowering of scum formation at the slurry surface are ensured only by 
proper mixing so as to enhance biogas production (Polprasert 2007; Khanal et al. 
2019). In commercial-scale digesters, propeller and screw mixers are installed which 
are quite costly and energy intensive. However, for small-scale digester such as 
household digester, recirculating slurry and gas or mixing the slurry manually could 
be sufficient to mix the digester contents (Khanal et al. 2019). 

12.2.5 Advantages of Biogas Technology 

1. Energy service: The most substantial benefit of biogas technology is the produc-
tion of biogas from organic wastes. To minimize domestic energy demand, many 
countries have launched domestic biogas programs (Feng et al. 2009; Kamp and 
Forn 2016; Katuwal and Bohara 2009; Yu et al.  2008). Bioenergy has become 
the major domestic energy for rural households, especially in developing coun-
tries, where biogas can be directly used for cooking purposes, electricity gener-
ation, etc. Rural and regional energy reliability and security are enhanced by 
production and consumption of domestic bioenergy. According to Feng et al. 
(2009), proper use of biogas not only reduces pressure on non-renewable energy 
resources but also improves health, economy, and environment. In India, a novel 
system of biogas purification and bottling was recently developed at IIT, New 
Delhi (Vijay 2011). The initial biogas bottling projects started in states of India 
like Maharashtra and Punjab have successfully produced pure biogas with 98% 
methane content compressed to 150 bar pressure for filling in cylinders. Pure 
biogas stored in cylinders is a marketable product and can be easily used any 
time anywhere just like LPG cylinders. Further, the stored biogas is also used 
to run petrol-based auto rickshaws (Kapdi et al. 2006) and diesel engines (Ilyas 
2006). 

2. Soil fertility and waste stabilization: The organic waste materials are reduced 
by 30–60% in biogas digester, and a stabilized sludge is produced. In addition 
to being used as a fertilizer, the bio-slurry also embraces important substances 
like cellulose, protein, and lignin which acts as a soil conditioner and helps in 
improving the physical properties of the soil. The application of digester slurry 
to unproductive soils improves soil quality and helps in waste lands’ reclama-
tion. Furthermore, it generates favorable condition for soil’s microorganisms 
for transformation of soil nutrients into plant usable forms. 

3. Nutrient reclamation: Nitrogen, phosphorus, potassium, and other nutrients 
present in organic wastes are usually present in complex organic forms which 
are not readily available for the crops. Anaerobic digestion does not destroy any 
of the nutrients from domestic and farm wastes, but makes them easily available
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to plants. Bio-slurry comprises both major and micronutrients valuable for the 
plant’s growth (Barbosa et al. 2014). After digestion, at least 50% of the nitrogen 
present in complex form is converted into inorganic form. Digestion increases 
the availability of nitrogen up to a range of about 30–60%. Nitrogen present 
in bio-slurry has fast and immediate fertilizer effect than the one in the fresh 
manure (Bonten et al. 2014; ESCAP  2007). The phosphate and potash contents 
are not decreased, and their availability of around 50% and 80%, respectively, 
is not changed during digestion and is converted into plant usable forms. 

4. Reduction in use of chemical fertilizer: Among biogas-user households, use 
of bio-slurry decreased their dependency on the use of chemical fertilizers. 
Chemical fertilizer production is an energy intensive process; therefore, the 
amount of GHG emission from chemical fertilizer synthesis has reduced. 

5. Pathogen inactivation: During anaerobic decomposition, the organic waste is 
held in oxygen-free environment for a considerable period of time (approxi-
mately for 15–50 days), at a temperature of about 35 °C. These conditions are 
sufficient to inactivate some of the pathogenic bacteria, viruses, protozoa, and 
helminth ova (Polprasert 2007) 

6. Reduction in greenhouse gas (GHG) emission: The use of biogas has enabled 
the biogas-user households to reduce the consumptions of various traditional 
biomass fuels like kerosene, cow dung, and in turn, emissions of GHGs 
(Mengistu et al 2016). Studies conducted by Katuwal and Bohara (2009); 
Laramee and Davis (2013); Pathak et al. 2009; Zhang et al. (2013) concluded 
that GHG emission reductions ranges from 1.3 t to 9.7 t of CO2 equivalents per 
unit domestic biogas plant. 

7. Minimize pressure on forests and other energy resources: The use of biogas 
energy has somewhat replaced the consumptions of wood fuel and other house-
hold energy sources, therefore minimizing pressure on traditional biomass fuels 
and other non-renewable energy resources (Feng et al. 2009). Biogas genera-
tion has reduced dependency on forests, therefore saved forests also from felling 
(Subedi et al. 2014). 

8. Economic benefit: Switching from non-renewable energy resources to biogas 
is a financial benefit to rural households as it is quite cheap and needs little 
investment. Biofuel production and consumption also lower fossil fuel use and 
generate economic benefits to consumers worldwide (Huang et al. 2013). Many 
countries worldwide like China generate huge revenue out of biogas power 
generation (Zhang and Xu 2020). In addition to monetary benefits of saving 
fuel cost, biogas provides several other indirect benefits. The slurry or residue 
produced from biogas plant can be used as biofertilizer saving the cost of chem-
ical fertilizers. Biofertilizers produced from biogas plants generate a source of 
income for people because of its good selling price (Zhang and Xu 2020). It 
also provides economic benefits due to employment generation. 

9. Ecological benefit: Domestic animals such as poultry, cattle, sheep, pigs 
produce more than 85% of the world’s fecal waste. The animal waste harbors 
zoonotic pathogens that pose high risk to human health. Surface waters are more 
susceptible to pathogen contamination by animal feces transported through
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runoff (Daniels et al. 2015; Odagiri et al. 2016; Schriewer et al. 2015). Indis-
criminate defecation from cattle contaminates fields resulting into soil pollution 
(Lupindu et al. 2014). This causes the pathogen to spread from animal waste 
into soil and water bodies, causing environmental pollution and human infection 
(Manyi-Loh et al. 2016). Anaerobic digestion is one of the potent techniques 
employed to convert organic wastes into useful products. Besides economic, 
social, and environmental benefits (Yu et al. 2020), biogas is a well-developed 
technology widely used in the animal manure stabilization. Anaerobic diges-
tion utilized in biogas production neutralizes pathogens and parasites present 
in animal manure and reduces the incidence of waterborne and other forms of 
zoonotic diseases among humans. Biogas technology reduces soil and water 
pollution and also reduces risk of environmental contamination and health 
hazard. 

10. Social benefit: For proper operation, maintenance, and repair of a biogas plant, a 
skilled labor is required. It also provides employment benefits through require-
ment of bricks, cement, steel, stone chips, etc. (Purohit and Kandpal 2007). 
Therefore, biogas technology produces employment opportunities for unskilled, 
skilled, unemployed youth and entrepreneurs. Biogas production also cuts LPG 
costs, and villagers get extra income from bioelectricity production (Sinsuw 
et al. 2021). Besides this, rural people also gain profit out of biofertilizers. In 
addition, people using biogas experience less health issues than the conven-
tional sources like firewood, cow dung, etc. Table 12.2 lists the benefits and 
drawbacks of biogas technology as follows:

12.3 Composting 

Composting is defined as the process of biological decomposition of organic mate-
rials carried under controlled aerobic and thermophilic (>50 °C) conditions which 
aims at the following objectives: to produce stabilized organic matter with respect 
to nitrogen, oxygen demand, and other elements, eliminate phytotoxicity, eradicate 
pathogens, and weed seeds (Haug 1980; Larney and Hao 2007; Raviv  2005). Mature 
compost is used as soil conditioner without any adverse environmental effects. 
Generally, composting is performed on solid and semi-solid organic wastes such 
as sludge, animal manures, agricultural residues, and municipal refuse (Polprasert 
2007). Aerobic composting is a preferred approach because it releases more heat 
energy resulting in a rapid decomposition of animal manure and forms stabilized end 
products, whereas anaerobic composting is a slow process and produces unpleasant 
gases including CH4, CO2, NH3, and other trace gases.
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Table 12.2 Benefits and drawbacks of biogas technology (NAS 1977) 

Advantages Disadvantages 

• Methane gas is generated in enormous 
amount and can be kept easily at room 
temperature 

• Likelihood of explosion 

• Reduces waste materials by 30–50% and 
produces a stabilized sludge which can be 
used as soil fertilizer 

• High capital cost 

• Pathogens and weed seeds are either 
eliminated entirely or reduced significantly 

• If handled improperly, liquid sludge poses a 
risk for water contamination 

• Digestate does not attract rodents or flies • For maximum biogas production, the 
digester’s working conditions must be kept 
optimal which is therefore a cost-intensive 
process 

• Pests and vermin have restricted access to 
waste 

• Offers a hygienic means of disposing animal 
waste 

• Promotes the conservation of local energy 
supplies 

• Have less environmental issues 

• Risk of health hazard is reduced to a greater 
extent. Likelihood of explosion

12.3.1 Process 

Composting is a dynamic process, accomplished by a succession of microorganisms. 
When optimum conditions are met, each group of microorganisms reaches its peak 
population. Because of many biochemical reactions, change in nutrition and temper-
ature occurs; as a result, one group of microorganisms dies and population of another 
group dominates. According to Diaz et al. (2002); Keener et al. (2001); Reinikainen 
and Herranen (2001), composting can be divided into two different phases: The first 
phase is known as the active or heating phase. In this phase, there is a rapid increase 
in temperature up to 45–60 °C and is maintained for several weeks (González and 
Sánchez 2005). During first phase of composting, oxygen consumption is very high; 
therefore, process of aeration is increased. There is rapid reduction in odor and 
biodegradable solids. During this phase, waste stabilization and pathogen destruc-
tion are most effective. In the second phase, which is also known as maturation 
phase, rate of reactions as well as temperature decreases to 35 °C and consequently 
to ambient levels. In the maturation stage, aeration is no longer a limiting compo-
nent. In this stage, secondary fermentation encourages the humification process and 
complex organic molecules are converted to hemic substances, minerals like Fe, Ca, 
N, and then to humus. The complete process of composting is shown in Fig. 12.2.
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Fig. 12.2 Composting process. Source Aikaite-Stanaitiene et al. (2010) 

Composting is a biological process that transforms complex organic waste into 
stabilized product by the activity of microorganisms naturally present in the organic 
wastes. These include nematodes, earthworms, mites, and other invertebrates as well 
as microorganisms including bacteria, fungus, and protozoa. 

The organic wastes are inhabited by group of microorganisms such as bacteria, 
fungi, and actinomycetes. Mesophilic bacteria are first to appear and carry out many 
reactions. As the temperature increases, thermophilic bacteria replace the former and 
inhabit the compost heap. During final stages, temperature declines and the members 
of the actinomycetes become the dominant which may give white or gray appearance 
to the compost heap. 

12.3.2 Environmental Requirements for Composting 

Composting requires controlled conditions which distinguishes it from other natural 
biological decomposition processes like rotting and putrefaction. The process may 
fail if physical, chemical conditions are not met required for microbial develop-
ment. The following are the main environmental parameters that must be regulated 
appropriately throughout the composting processes:
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1. Nutrient balance: The C/N ratio in a composting pile should range from 20:1 (20 
parts of carbon for every part of nitrogen) to 40:1 (40 parts of carbon for every part 
of nitrogen). The C/N ratio needs to be higher because approximately 50% of the 
metabolized carbon is released as carbon dioxide (Miller 1996). Adding carbon 
(straw, corn stalks, or woodchips) alleviates carbon content. Too much carbon 
(C/N ratio more than 40:1) can immobilize nitrogen, and composting process 
may slow down (Coyne and Thompson, 2006). C/N ratio varies greatly with the 
composting material. Difference in C/N ratio depends upon the bulking materials 
of plant origin, and in case of animal manures, it depends upon species and 
diet. Following Table 12.3 shows C/N ratios that various composting materials 
possess. 

2. Temperature: An optimum range of 55–65 °C temperature is required for 
maximum efficiency of microorganisms responsible for effective composting 
(McKinley et al. 1985). When the temperature reaches above 70 °C, the compost 
piles should be aerated which can kill the composting microorganisms (Busto 
et al. 1997). 

3. Aeration: Composting requires optimal aeration to absorb enough oxygen for 
the aerobic bacteria to grow. This is done through some non-mechanical tech-
niques such as turning of the compost piles on regular basis, inserting perforated 
bamboo rods into the compost piles, or lowering compost heaps from floor to 
floor. The forced-air aeration method, in which air is blasted via perforated pipes 
and distributed into the compost heaps, is a more efficient mechanical method of 
turning compost. Turning homogenizes the compost and breaks up clumps. Too 
much aeration is wasteful and can cause a loss of heat while too little aeration 
would create anaerobic conditions discouraging microbial growth (Polprasert 
2007). 

4. Moisture content: An optimum moisture content of the compost mixture is 
essential for microbial decomposition of the organic waste. A moisture content 
should range from 50 to 70% and should be maintained during mesophilic and 
thermophilic growth. Moisture concentration of 20% or less significantly impairs 
biological activity, while a moisture content of 80% or above leads to the leaching

Table 12.3 C/N ratios of 
various composting materials 
(Rynk et al. 1992) 

Cattle manure 19:1 

Cattle carcass 10:1 

Poultry carcass 4:1 

Sheep manure 16:1 

Dairy manure 20:1 

Swine carcass 14:1 

Horse manure 30:1 

Turkey litter 16:1 

Swine manure 12:1
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of nutrients and pathogens. More water content blocks air passage creating anoxic 
conditions harmful for microbial growth (Polprasert 2007).

5. Particle size of compost pile: Composting material size should be as tiny 
as possible to enable effective aeration and ease the process of microbial 
decomposition. 

12.3.3 Benefits 

1. Waste Stabilization: Composting transforms organic waste from its complex 
structure into a stable inorganic form which can be safely dumped on land or 
utilized as fertilizer. 

2. Pathogen Inactivation: Animal manure harbors disease-causing pathogens and 
parasites. When applied to fields as fertilizer, it causes soil contamination, and 
through surface runoff, it adds into water bodies causing biological pollution of 
surface water. Therefore, animal manure is a potential source of environmental 
pollution and human infection. Physical, chemical, and biological methods have 
been used for pathogen destruction. Anaerobic digestion is one of the most 
common biological methods used for pathogen control and stabilization (Lin 
et al. 2022). The efficiency of pathogens’ inactivation is controlled by factors such 
as pathogen type, transitional products, temperature (Dominguez and Edwards 
2011. At mesophilic temperatures, most of the pathogens survive, but as the 
temperature increases from 37 °C to 70 °C (at thermophilic temperatures), the 
fluidity and permeability of the cell membrane increase; therefore, diffusion 
of toxic chemicals into the cytoplasm increases at a rapid rate and inhibits cell 
growth of most pathogenic viruses, bacteria and destructs helminthic ova (Salsali 
et al. 2006). Mesophilic anaerobic digestion is more widely applied to practice 
for pathogen destruction (Gavala et al. 2003) 

3. Nutrient Availability: Composting makes utilization of nutrients more effective. 
Composting converts complex form of nutrients (N, P, K) present in the organic 
wastes into inorganic forms such as NO3

− and PO4
−3 easily available for plant 

uptake. The inorganic nutrients thus formed exist in the insoluble forms which 
less likely leach out than the complex soluble forms. It also allows long-term 
retention of nutrients through enhanced soil ability to retain nutrients chemically 
and biologically and reduces nutrient loss and eventually improves the soil quality 
(Polprasert 2007). The nutrient availability varies significantly with respect to the 
composition of the compost and can be similar or considerably higher or lower 
than that of the quantity of nutrients already present in the soil. Composts formed 
from high nutrient materials like municipal biosolids or animal wastes relatively 
have high nutrient content than the compost derived from cellulosic plant material 
which are more likely nutrient poor. For instance, municipal biosolids’ compost 
can be used directly as a plant growth media, whereas vegetative waste or munic-
ipal refuse composts are always needed to be amended with fertilizer nutrients 
(Harrison 2008).
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4. Physical Effects: Adding compost to the soil means addition of organic matter 
which creates the appropriate medium for vegetation growth by improving the 
physical properties of the soil such as aggregation, water-holding capacity, 
porosity, and aeration (Flavel and Murphy 2006; Harrison 2008). In addition, the 
soil tilth is also improved (Golueke 1982). The soil with good physical properties 
enhances root respiration, microorganism activity and reduces erosion beneficial 
for plant growth. 

5. Chemical Effects (Harrison 2008): Other than nutrient availability, compost has 
a beneficial effect on soil chemical properties like buffering pH levels, increasing 
soil cation-exchange capacity, and reducing potentially active toxic substances. 
Compost produced from organic waste material is neutral or slightly alkaline in 
pH, with the values ranging from 5.5 to 8.0. When applied to soil, pH is either 
increased (in case of acidic soils) or is decreased (for alkaline soil), therefore 
bring the soil pH to neutral that is most ideal for plant growth. Addition of 
organic matter also increases cation-exchange capacity (CEC) of soil which is a 
measure of binding potential of a soil to hold cations that increases soil’s ability to 
retain nutrients in an available form. Organic matter also reduces toxicity of some 
metal’s nutrients in soils such as Fe, Cu, Al, and Mn by forming organic matter– 
metal complex known as chelate. Metal nutrients in chelated form are very less 
toxic to plants. Compost inactivates certain soil-active pesticides, forms buffer 
against leaching of herbicides and insecticides through the soil profile, acts as a 
runoff adsorbent, and therefore, reduces release of pollutants into surface water 
bodies. 

6. Biological Effects: Composting reduces the prevalence of diseases in both plants 
and animals. The is either because of high temperatures created during micro-
bial decomposition that destroy insect eggs (Larney et al. 2006) or the organ-
isms present in the compost directly compete with plant pests by consuming the 
available nutrients. Parasite eggs causing severe health conditions in animals are 
also destroyed during composting due to high temperature conditions, therefore 
reducing the potential spread (Nielsen et al. 2007) 

12.4 Vermicomposting 

Due to low efficiency in nitrogen utilization (Oenema 2006), ruminants often excrete 
unutilized and undigested nitrogen and other nutrients in their feces and urine having 
adverse environmental impacts (Dijkstra et al. 2011; Hristov and Jouany 2005; 
Tamminga 1992). Ruminant manure is a good source of both macro and micronu-
trients often used as a soil fertilizer for the vegetation growth (Lazcano et al. 2008). 
Traditionally, livestock manure is stored for a month or longer before being applied 
to the soil in the majority of nations (Sommer and Hutchings 2001) or is intro-
duced untreated directly into the farm. Untreated and excessive application of animal 
manure leads to environmental issues like increase in soil toxicity, water pollution, 
greenhouse gas emission, pathogens, and weed seeds’ dispersal and could be a health
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hazard (Dominguez and Edwards 2011; Kulling et al. 2001). Therefore, a proper 
animal waste management is required so as to achieve long-term sustainability. 

Vermicomposting is suggested as one of the most efficient methods for recy-
cling animal manure and producing stabilized end products having less environ-
mental consequences (Hao et al. 2001, 2004; Loh et al. 2005; Gutiérrez-Miceli et al. 
2008). As mentioned in the previous part of this chapter, composting is one of the 
methods used for recycling animal waste but is highly economic activity, and during 
composting, noxious gas like ammonia and other greenhouse gases such as methane 
and nitrous oxide are released. Because of their potential to promote global warming, 
methane and nitrous oxide emissions are a worry for the environment (IPCC 2007). 
To overcome the cost of composting, vermicomposting is advised so as to reduce 
composting costs and provide high-quality products. In vermicomposting, organic 
material is bio-oxidized by mesophilic bacteria along with the joint action of earth-
worm to form nutrient rich humified organic product known as vermicompost (Nasiru 
et al. 2014). During vermicomposting, substrate is grinded into smaller particles in 
the earthworm gizzard. The material is further acted upon by earthworm gut microbial 
flora and converted into fine granular particles enriched with nutrients, hormones, 
and humic substances (Dominguez 2011; Hussain et al. 2018). Besides modification 
in physical and biochemical properties of organic matter, earthworms also facilitate 
uniform mixing of the material (Yadav and Garg 2011). Compared with composting, 
vermicomposting promotes nitrogen retention and produces more stabilized products 
(Frederickson et al. 2007; Lazcano et al. 2008). Vermicomposting is one of the best 
animal manure recycling options as it offers an environmentally and economically 
sound strategy to get enriched end product. 

12.4.1 Vermicomposting Technique 

Earthworms 

There are about 4000 species of earthworms broadly divided into three groups: endo-
geic, anecic, and epigeic. All the earthworm species cannot be utilized for vermi-
composting; only the epigeic earthworms comprising Eisenia fetida, Eisenia andrei, 
Eudrilus eugeniae, and Perionyx excavatus are most effective for vermicomposting. 
Owing to their high reproduction rates, tolerance to a wide range of environmental 
conditions, rapid rate of vermiconversion, and capacity to feed on a wide range of 
organic wastes make epigeic earthworms most effective organisms for vermicom-
posting (Sharma and Garg 2019). Monoculture of Eisenia fetida (Sharma and Garg 
2019) and polycultures of P. excavatus, E. eugeniae, and Dichogaster annae (Martin 
and Eudoxie 2018) were suggested best for vermicomposting of animal manures. 

Bulking Agent and Precomposting 

Organic waste used as feedstock during vermicomposting should be biodegradable, 
pH should range between 5 and 8, amount of moisture is between 60 and 80%, and
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C/N ratio is approximately 30 (Edwards and Bohlen 1996). Organic wastes utilized 
for vermicomposting should be mixed with some mixing agent known as bulking 
material. Utilizing mixing agent during vermicomposting improves earthworm effi-
ciency, lowers toxic effects on earthworms, keeps waste’s moisture content constant, 
and makes waste more palatable to earthworms (Sharma and Garg 2019). Animal 
excrement, kitchen waste like fruit and vegetables, agricultural remains, and trash 
paper are some of the most frequently employed bulking agent during vermicom-
posting. In addition to this, dried leaves, compost, and vermicompost are also used 
as bulking substrate (Alidadi et al. 2016; Varma et al. 2015). Organic waste lacking 
bulking substrate causes earthworm mortality due to anaerobic conditions and toxic 
gases’ emission (Fu et al. 2015). Mixing the organic waste with bulking substrate 
is followed by precomposting. Precomposting eliminates anaerobic conditions and 
removes volatile gases harmful for earthworms. 

12.4.2 Process 

Vermicomposting is an aerobic process that involves joint action of microorganisms 
and earthworms. The process begins with the ingestion of organic waste by earth-
worm, that acts as a bioreactor where a variety of physical and biological reactions 
takes place. Enzymes such as proteases, lipases, amylases, cellulases and chitinases 
present in the gut of earthworms degrade cellulosic and proteinaceous materials 
present in organic substrate (Gupta and Garg 2009). All these metabolic activities 
taking place in gut of earthworm converts waste into vermicast. The vermicast is 
then converted into a nutrient-enriched humus-like product known as vermicompost 
by the action of microorganisms. 

The entire process of vermicomposting is divided into two distinct phases: (1) an 
active phase, during which the earthworms act upon the biomass, altering its phys-
ical, chemical, and biological characteristics stimulating and enhancing biological 
activity through fragmentation, which increases the surface area exposed to microor-
ganisms and promotes mineralization (Dominguez 2011; Lores et al., 2006). Most 
of these activities take place in the gut of earthworms; therefore, active phase is also 
known as the gut-associated process. (2) A maturation phase is also known as cast-
associated processes (CAPs) during which earthworm’s gut-associated microbes and 
the microbes present in the vermicast produce enzymes necessary for biochemical 
breakdown of organic matter and convert it into vermicompost (Dominguez 2011; 
Dominguez and Edwards 2011; Gómez-Brandón and Domínguez 2014). Addition-
ally, earthworms also act as an turning and aerating agent (Ndegwa and Thompson 
2001). According to Nair et al. (2006), animal manure should be pretreated before 
vermicomposting in order to eliminate gases and acidic compounds poisonous to 
earthworms. Garg et al. (2006); Lazcano et al. (2008); Loh et al. (2005); Velasco-
Velasco et al. (2011) recommended vermicomposting as the best technique to stabi-
lize ruminant manure. Lazcano et al. (2008) suggested that pre-treatment of cattle
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manure with composting then followed with vermicomposting is the most effective 
in stabilizing cattle manure. 

12.4.3 Factors Governing Vermicomposting 

The vermicomposting process is influenced by a variety of biotic variables which 
include temperature, moisture, aeration, pH, feedstock quality, and C/N ratio (Sharma 
and Garg 2019). Vermicomposting works best with moisture contents of 60–80%, 
pH values of 5–8, and C/N ratios of roughly 30. Vermicomposting is also affected by 
biotic parameters such earthworm species, stocking density, growth and reproductive 
efficiency, and feeding rate (Lim et al. 2015). As a result, these parameters must be 
optimized for effective conversion of organic wastes into vermicompost. 

12.4.4 Advantages 

1. Vermicomposting is the clean, sustainable, and zero-waste approach of ruminant 
manure management. This eco-friendly method is cost-effective and the best of 
all remediation processes. 

2. Vermicomposting converts organic materials into more stabilized form. Vermi-
casts extruded by epigeic earthworm species are more stable than the vermicast 
produced by endogeic species. (Dlamini and Haynes 2004). 

3. Vermicomposting transforms necessary nutrients into readily accessible and 
soluble forms. For instance, majority of agricultural soils have high levels of 
phosphorus, but not easily accessed by plants. During vermicomposting, P-
solubilizing bacteria residing in the stomach of the earthworms convert insoluble 
P into soluble P (Sharma and Garg 2019). 

4. Vermicomposting plays a crucial in K (potassium) enhancement. Earthworms’ 
digestive enzymes transform organic potassium into exchangeable potassium, 
increasing the K content of vermicast (Suthar 2010). 

5. Vermicompost has rich macro and micronutrients such as Ca, Mg, Cu, Fe, 
Mg, Mn, and Zn than compost (Yuvaraj et al. 2018). It acts as a source of 
nutrients, plant growth hormones, humic substances that promotes plant growth. 
Vermicomposting in general plays a vital role in sustainable agriculture. 

6. During vermicomposting, the C/N ratio is reduced improving soil health and 
crop output. 

7. Vermicast, a product of vermicomposting is a good soil fertilizer, improves 
soil structure, reduces erosion, stabilizes soil pH. In addition, vermicompost 
enhances moisture infiltration and improves moisture holding capacity of soil. 

8. Vermicast can be exploited as an additional food source for ruminants. Since 
decades, efforts have been made to turn excrement into components for animal



12 Sustainable Solutions to Animal Waste: Climate Change … 323

feed (Woesttyne and Verstrate 1995). Cattle dung is being converted into feed-
stuff using a variety of processes, comprising dehydration, compost silage, 
protein synthesis, pelleting, deep stacking, chemical preservation, and chem-
ical enhancement (Bórquez et al. 2009; Sarwar et al. 2011). The advantage 
of utilizing cattle manure as feedstuff is reduction in pollution and feeding 
cost (Martí-nez-Avalos et al. 1998). Vermicomposting reduces C:N ratio, fiber 
content, pH value of vermicast which is within the neutral range; therefore, 
vermicast can be a good feed supplement to ruminants (Bernal et al. 1993). 
Fermentation of cattle manure with urea (source of nitrogen) and cane molasses 
(source of carbohydrate) is the most common method of producing feed resource 
from cattle manure (Martínez-Avalos et al. 1998; Sarwar et al. 2006), improves 
feed quality, and increases feed intake, nutrients digestibility, and microbial 
protein supply (Bórquez et al. 2009; Hassan et al. 2011; Martínez-Avalos et al. 
1998). 

9. Vermicomposting enhances microbial profile of the soil and harbors many 
beneficial microbes such as biofertilizer, antibiotic-producing microorganisms 
which acts as boosting factor for increased decomposition, nutritive enrichment, 
and plant growth. 

10. Vermicomposting reduces pathogenic microorganisms and antibiotic resistance 
genes (Hill et al. 2013; Huang et al. 2020). 

12.5 Algae Production 

The animal waste is also used as a nutritive medium for the algae growth. Algal 
cells have high protein value; therefore, algae production can be used for human and 
animal consumption. Pathogens present in waste water containing animal excrement 
is eliminated due to diurnal variations in pH caused by algal photosynthesis and 
toxins released by algae cells that unfavorable conditions are preventing pathogen 
growth. Animal waste stabilization and pathogen elimination are therefore beneficial 
for the waste recycling process. Figure 12.3 shows some potential uses for the algal 
mass cultures.

12.5.1 Algal Pond Systems 

In accordance with the raw material utilized and the exploitation of algal biomass, 
Becker (1981) devised three systems for the cultivation and processing of algae given 
as follows:

1. TYPE-I: Selected algal species are fed with nutrients and carbon to grow arti-
ficially in freshwater systems. The algae produced in these systems is used as a 
source of human food.
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Fig. 12.3 Possible applications of algal biomass (Goldman 1979)

2. TYPE-II: Sewage or industrial effluent is used as a culture medium for the growth 
of various algae species without the addition of any supplementary minerals or 
carbon from external sources. These systems are crucial for the treatment of 
wastewater, and the biomass thus generate can be utilized as animal feed or as a 
substrate for energy generation. 

3. TYPE-III: Algae cultivation is done in an enclosed fermentation unit under 
natural or artificial light. 

High-rate algal pond (HRAP) systems 

HRAP systems were developed by Oswald and co-workers at the University of Cali-
fornia at Berkeley (Craggs 2005; Oswald  1991, 1996). HRAP system is best utilized 
for low-energy wastewater treatment, biofuel production from the harvested algal 
biomass, and energy recovery from wastewater solids (Craggs et al. 2014). HRAP 
systems work in the series of four processes which are as follows: 

1. Wastewater solids are settled and concentrated at the bottom of the CAP (covered 
anaerobic ponds) and removed through anaerobic digestion 

2. The supernatant from CAPs is treated in HRAP. Variables that affect operation 
of HRAP includes loading rate of organic materials that should be between 
100 and 150 kg BOD5 ha−1 d, depth (0.2–0.6 m), hydraulic retention time (3– 
4 days in summer and 7–9 days in winter), and horizontal mixing velocity (0.15– 
0.30 m s−1). Under aerobic conditions and natural sunlight, algae is grown on 
the supernatant and later harvested as a source of animal feed, biofuel, fertilizer 
or used as a substrate for the chemical industry
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3. Harvesting of algal biomass and subsequent conversion to biofuel. 

One of the main contributors to nutrient overloading that leads to eutrophication, 
which affects lake and pond health, is the application of animal dung to crops. The 
adverse ecological impacts due to eutrophication are categorized as (1) biodiversity 
loss, (2) replacement of dominant species, (3) increase in amount of toxic substances, 
(4) increased turbidity, (5) decreased lifespan of the lake. Therefore, removing nutri-
ents and harmful metals from wastewater to acceptable levels is a crucial requirement 
before water is discharged or reused. Chemical and physical techniques used in tradi-
tional wastewater treatment technologies are not cost-effective for treating agricul-
tural wastewater. Biological methods like cultivation of algae have been found effi-
cient in removing nitrogen, phosphorus, and toxic metals from wastewaters (Boelee 
et al. 2012; Sturm and Lamer 2011; Zhou et al. 2012) and have the following advan-
tages: (1) algae can grow at a faster rate and do not compete with other plants for 
growth requirements, (2) have high oil contents of 20–50% on a dry weight basis 
(Chisti 2007), (3) have the ability to fix carbon dioxide, thus reducing greenhouse 
gas emissions, (4) provides a biological method for treating wastewater by using 
nutrients from the majority of wastewaters, and (5) algae biomass can be used as 
animal feed or fertilizer for crops as a source of nitrogen (Spolaore et al. 2006) (6)  
can be used for biofuel production. 

12.6 Manure Management by Fish Cultivation 

Utilization of human or animal wastes for fish production has been investigated 
widely. This practice of using animal wastes for fish culture is called as “coprology” 
or “the science of dung and filth” (Jhingran 1991). According to Edwards (1985), in 
many Asian countries, animal manure is used widely for fish production. There are 
three ways to reuse organic wastes in fish culture: fertilizing fish ponds with animal 
waste, sludge, or manure; raising fish in effluent-fertilized fish ponds; and directly 
raising fish in waste stabilization ponds (Polprasert 2007). Fish feed and fertilizers 
cost approximately 60% of the total expenditure. Simply by using animal manures 
for fertilizing fish ponds can sharply reduce these costs. This can also lead to higher 
fish yields as it provides all the nutrients required for the metabolic cycle of fish 
culture. 

12.7 Conclusion 

With significant increase in animal waste production, there is an urgent need to handle 
the wastes in an efficient manner in order to lessen the negative impacts on the envi-
ronment and human health. Biogas production, composting, vermicomposting are 
the most ideal, clean, and sustainable methods for converting animal waste into the
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products that have no or less bad environmental effects. In addition to biogas produc-
tion, animal manure can also be used for generating high-value products like protein 
synthesis, fish production. Adoption of these methods not only curtails greenhouse 
gas emission, environmental contamination but also provides additional revenue from 
biogas synthesis, biofertilizer production. Furthermore, animal waste management 
practices stabilize animal waste and inactivate disease-causing pathogens. Animal 
waste management practices are the best tools for achieving sustainable goals and 
climate change mitigation. There is also a need to provide incentives to developing 
nations for implementation of animal waste management practices in an effective 
manner. 
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Abstract Animal manures are the central source of providing organic matter. All 
resources using animal wastes are not utilized adequately. Farmyard manure, poultry 
manure and slurry are commonly used in agriculture as fertilizers and soil amend-
ments. These soil amendments not only improve and sustain soil fertility but also 
play a vital role in increasing soil productivity. Previously, animal wastes were 
converted into composts, but composts produce unpleasant odor. In recent years, 
biochar prepared from manure has got much recognition. In this chapter, we will 
briefly describe the direct use of animal wastes in agriculture and conversion of 
farmyard manure into biochar for their sustainable use to ameliorate degraded lands 
and enhance plants productivity. This chapter mainly focuses on the use of farmyard 
manure to reclaim saline soils.
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Graphical Abstract 

Application of farmyard manure in sustainable utilization of animal wastes to reclaim salt degraded 

lands 

13.1 Introduction 

13.1.1 Significance of Animal Wastes 

Animal manures are the central source of providing organic matter. A lot of different 
types of animals are present worldwide but the main source of animal manures are
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cattle, chicken, sheep, duck and pig. In the whole world, almost 7 × 109 Mg yr−1 

of animal manure is produced by different sources (Khan et al. 2017; Reed et al. 
2017). Due to greater organic matter content, these manures are widely used for the 
restoration of degraded soils (Wang et al. 2014; Yousaf et al. 2021a). 

13.1.2 Distribution of Animals 

In Pakistan, buffalos are present in abundant quantity but in the whole world cows are 
the major farm animals. Almost 4.2 million of dung is produced as a waste material 
by world 1.4 billion cows annually (Reddy et al. 2014). A number of methods and 
techniques are used to solve the dumping issue of this waste material. One of them 
is to convert this waste into fertilizer through composting or to use it as fuel for the 
production of biogas (Reddy et al. 2014; Yokoyama et al. 2007). Proteins, cellulose 
and hemicellulose are existent in greater quantity in cow dung. Dung is also rich 
in other essential nutrients. So, dung can be used on sustainable basis to improve 
physicochemical characteristics of soils (Feng et al. 2018; Yusefi et al. 2018). 

13.1.3 Different Types of Animal Wastes 

Manures, mulches, cover crops and composts are some of the common organic 
amendments which provides nutrients to various crops by recycling of these nutrients 
with the help of microbial activity (Mekuria and Noble 2013; Tully and McAskill 
2019). Farmyard manure, poultry manure and slurry are commonly used in agricul-
ture as fertilizers and soil amendments. Previously, animal wastes were converted 
into composts, but composts produce unpleasant odor. In this chapter, we will study 
about the direct use of animal wastes in agriculture and conversion of animal wastes 
into biochar for their sustainable use. 

13.2 Use of Unprocessed Animal Wastes as Soil 
Amendments 

13.2.1 Use of Farmyard Manure as Soil Amendment 

The application of farmyard manure (FYM) to ameliorate degraded soil is not a new 
practice. Degraded soils have been treated to improve their fertility with farmyard 
manure for centuries. Studies have revealed that farmyard manure as fertilizer not 
only ameliorates the deleterious impacts of salinity on crops but also results in greater 
biomass production and yield (Nawab et al. 2018). FYM has provided countless
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benefits like improvement in soil structure, crop yield, microbial populations and 
soil organic matter (Kundu et al. 2007). Agroforestry trees were grown under saline 
conditions. Salinity negatively affected all the growth parameters. Figure 13.1 depicts 
the results when trees were grown without any use of fertilizer. 

When applied with different organic amendments, farmyard manure showed best 
results for the growth of Eucalyptus camaldulensis, (Yousaf et al. 2021a) Dalbergia 
sissoo and Vachellia nilotica also showed better results in growth with FYM (Yousaf 
et al. 2022). Figure 13.2 depicts the effect of farmyard manure on the growth of 
Eucalyptus camaldulensis, Vachellia nilotica and Dalbergia sissoo. Clear difference 
can be observed as compared to Fig. 13.1.

Farmyard manure was applied in soils where concentration of salts in the soil 
was 3.3 g kg1. Organic manures enhanced the enzymatic activities and increased 
respiration rate of soil (Liang et al. 2003). Farmyard manure (FYM), due to the pres-
ence of essential growth nutrients and higher amount of nitrogen (N), can enhance 
plant growth and biomass to a significant level. Nitrogen is good in enhancing 
buffering capacity of amended soils. Mobility of toxic heavy metals farmyard manure 
amended soils was also reduced by improving the binding capacity of toxic heavy 
metals (Nawab et al. 2018). A significant decrease in sodium adsorption ratio (SAR) 
was found when saline soil was treated with farmyard manure, sulfuric acid and 
gypsum. This study supports that farmyard manure has potential to decrease SAR 
and remediate salt affected soil (Hussain et al. 2001). 

Animal wastes such as manure, compost and press mud were found to be very 
efficient in increasing growth of plants as they pose very positive effect on various 
properties of saline sodic and sodic soils (Katkar et al. 2019). Rapeseed meal, pig

Fig. 13.1 Effect of salinity on trees growth 
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Fig. 13.2 Effect of FYM on agroforestry tree species

manure at the rate of 50 g kg−1 were used as organic amendments to remediate 
coastal saline soils and studied the wheat growth under the effect of applied manures 
on that saline soil. Biomass of wheat was increased by 48.4% in comparison with 
control. Moreover, soil pH was decreased to 7. 06 from 8.29 (Yang et al. 2018). 
Ovine manure, solid waste and sewage sludge were used at the rate of 24 Mg ha−1. 
The results showed that the amount soil organic carbon increased significantly under 
these amendments (Albiach et al. 2001). 

The combination of rice straw and pig manure was discovered to be helpful in 
remediating toxic effect of salts in saline soils (Liang et al. 2005). Exchangeable 
sodium percentage was reduced by 50% by the application of composted and non-
composted manure (Tejada et al. 2006). So, we can conclude from this section that 
farmyard manure has the ability to ameliorate salt affected and heavy metal affected 
degraded lands (Table 13.1).

13.2.2 Use of Poultry Manure as Soil Amendment 

Poultry manure has showed encouraging outcomes in boosting vegetative cover on 
saline soils (Tejada et al. 2006). 

It is reported that hazardous effects of salinity were reduced in wheat and rice 
by using organic fertilizers and chicken manure. There was increase in uptake of 
nutrients and K/Na ration while decrease in Na ion accumulation (Al-Erwy et al. 
2016). Poultry manure and sheep manure were found to be very beneficial in reducing
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Table 13.1 Review table showing benefits of farmyard manure 

FYM showed best results for the growth of Eucalyptus camaldulensis 
among different organic amendments under at 20.5 dS/m EC 

Yousaf et al. (2021a) 

FYM showed best results for the growth of Vachellia nilotica and 
Dalbergia sissoo among different organic amendments under at 20.5 
dS/m EC 

Yousaf et al. (2022) 

FYM enhanced enzymatic activities and respiration rate Liang et al. (2003) 

Farmyard manure (FYM) increased nitrogen amount in soil Liu et al. (2007) 

FYM reduced heavy metals mobility Nawab et al. (2018) 

FYM decreased SAR of saline soil Hussain et al. (2001) 

Pig manure increased wheat growth by 48.4% Yang et al. (2018) 

Ovine manure significantly increased organic carbon Albiach et al. (2001) 

Straw and pig manure reduced salt toxicity Liang et al. (2005) 

FYM reduced ESP up to 50% Tejada et al. (2006)

ESP and increasing CEC of soil. The addition of these amendments resulted in 
lowering the level of sodification in treated soils (Jalali and Ranjbar 2009). 

Poultry manure enhanced the growth of agroforestry tree species (Eucalyptus 
camaldulensis, Vachellia nilotica and Dalbergia sissoo) grown under the salt stress 
(Yousaf et al. 2021a, 2022). Figure 13.3 shows the results of poultry manure on the 
growth of above mentioned tree species. You can see the clear difference between 
Figs. 13.2 and 13.3.

Poultry manure and cotton gin crushed compost were applied to a saline soil 
at the rate of 5 t ha−1 and 10 t ha−1. After one year, the plots which were treated 
with higher poultry manure dose spontaneous vegetation started to appear. After five 
years, the results showed that the plots which were treated with organic amendments 
were covered with almost 80% vegetation cover while there was only 8% vegetation 
cover on untreated saline soils. These amendments also improved soil characteristics 
(Tejada et al. 2006). 

13.2.3 Use of Slurry in Agriculture 

Biogas slurry is a by-product of biogas plant. In biogas plant, methane rich gas is 
produced by using dung or other biomass. The material is digested and slurry is 
obtained as by-product (Myrna et al. 2019; Xi et al.  2020). The number of biogas 
plants have been increased in all Asian countries. It is a huge concern to dispose 
of that amount of slurry (Pandyaswargo et al. 2019). But by using it as an organic 
amendments, slurry is used to improve physicochemical characteristics of degraded 
soils and enhance productivity of plants. It is beneficial to grow plants in saline soils 
(Jabeen and Ahmad 2017).
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Fig. 13.3 Effect of PM on selected tree species

Biogas slurry and vermicompost were tested on the growth of ginger plants. It was 
found that growth of ginger enhanced while toxic effect of Na was reduced. Fresh 
and dry biomass along with chlorophyll, proteins and carbohydrates was enhanced 
by using these amendments (Ahmad et al. 2009). Biogas slurry and vermicompost 
were used as organic amendments to analyze the growth of sunflower. Both organic 
amendments increased the growth of sunflower under saline water irrigation (EC 
= 8.6 dS/m). Moreover, organic manure increased K+ contents and decreased Na+ 

contents in leaves and seed coat of sunflower which helps in developing the tolerance 
to saline conditions in plants (Jabeen and Ahmad 2017). 

A field study was performed to check the outcome of biogas slurry and fly ash 
on the growth and yield of wheat (Triticum aestivum). These amendments improved 
physical and biological properties of soil and also increased the wheat yield (Garg 
et al. 2005). Biogas slurry increased maize yield production and improved soil
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health under salt stress (Ahmad et al. 2014). Slurry has showed positive results in 
afforestation of degraded lands project under various organic amendments (Yousaf 
et al. 2021a, 2022). Figure 13.4 shows the beneficial effects of slurry on selected 
agroforestry tree species. 

Fig. 13.4 Effect of slurry on agroforestry tree species
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13.2.4 Soil Characteristics 

Animal wastes significantly improve all soil characteristics. The effect of these animal 
wastes when used as fertilizers on physicochemical characteristics of soil are given 
in Table 13.2. Three agroforestry tree species were grown in the soil severely affected 
by salt toxicity having an EC of 20.5 dS/m. The results of the study revealed that EC, 
TSS and SAR of saline soil decreased while organic matter percentage and moisture 
percentage increased.

13.2.5 Limitations of Using Unprocessed Organic 
Amendments 

The above literature shows that organic amendments have been used from centuries 
to ameliorate degraded soils. But there is one limitation of using these organic amend-
ments. The application rate of these amendments should be high and these should be 
applied continuously at regular time intervals. In arid and semi-arid regions, temper-
atures are usually very high. High temperature results in increased decomposition 
rate of organic matter. Nutrients are released quickly and take part in higher growth 
but for long-term benefits organic amendments are needed to be used on regular 
intervals (Alessandro and Nyman 2017; Gregorich et al. 2017). Generally, manures 
are converted into composts, and then composts are used as organic fertilizer. During 
the process of composting emission of greenhouse gases takes place and the odor 
which is released during process of composting is very bad (Awasthi et al. 2019; 
Idrees et al. 2016). Conversion of manure to biochar instead of compost has gained 
importance. Biochar is prepared from lot of different types of feedstock material. 
Animal wastes have been used as feedstock material to prepare biochar (Kosheleva 
et al. 2019). 

13.3 Use of Animal Wastes as Biochar 

13.3.1 Origin and Production Process 

Biochar is one of the well-recognized organic amendments. The concept of using 
biochar to ameliorate degraded lands is relatively new as compared to farmyard 
manure, poultry manure and slurry. Production of biochar and its use to ameliorate 
degraded soil along with enhancement in crop growth and yield is relatively a new 
concept but origin of biochar is very old. Its origin is centuries old. It is assumed that
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it was developed first in the Amazon region by Amerindian population (Lehmann 
et al. 2011; McBeath et al. 2014). 

Materials or plant biomass containing greater amount carbon are used to produce 
biochar. Agricultural residues are generally used as source material for biochar 
production. Biochar is produced under limited supply of oxygen (Luo et al. 2017). 
If it is produced when oxygen is not present at all, the process is called as pyrol-
ysis but if oxygen is present is present to some extent while preparing biochar, the 
procedure is called as gasification (Lehmann et al. 2011). Pyrolysis temperature for 
the production of biochar deviates from 200 to 1000 °C. Biochar can be produced 
through slow pyrolysis or fast pyrolysis but preferred method is slow pyrolysis (Lian 
and Xing 2017). 

13.3.2 Significance of Biochar 

Biochar has the ability to convert carbon which is being captured by living plants 
into solid form of char. In this way, biochar acts as a very important tool to capture 
and sequester carbon. Carbon sequestration is very helpful to fight against global 
climate change. Production of biochar has helped in converting waste material into 
very useful organic fertilizers. Plants yield and growth has increased to a significant 
extent by using various kinds of biochar. It has been found to be very helpful in 
ameliorating soils affected by different abiotic stresses. These abovementioned and 
numerous other benefits make biochar as one of the most important discoveries in 
history of mankind (Awasthi et al. 2019; Wan et al. 2018; Wang et al. 2014; Yousaf 
et al. 2021b; Yuan et al. 2019). 

In recent years, biochar has got much attention across the globe. Apart from these 
benefits biochar has capacity to immobilize the pollutants of organic and inorganic 
origin (Shahid et al. 2018; Shakya and Agarwal 2020). Applying biochar under salt 
and drought stress has the capability to improve growth and increases biomass as 
well as yield in plants (Kim et al. 2016; Xiao et al. 2020). In addition to that, biochar 
improves physicochemical characteristics of soil significantly (Getahun et al. 2020; 
Lim et al. 2016). 

13.3.3 Feedstock Material 

A lot of different varieties of feedstocks can be used for biochar production. Physical 
and chemical properties of biochar differ according to feedstocks used, pyrolysis 
temperature and method of pyrolysis (Weber and Quicker 2018). Although properties 
of biochar are dependent on number of different factors, generally biochar shows very
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promising results in ameliorating degraded soils (Dai et al. 2017; Xiao et al. 2018). 
Feedstock is also used for the preparation of biochar. Biochar characteristics are 
determined by the feedstock material. Manure is available in large amount. Biochar 
prepared from manures is found to be very rich in nutrients. If lignocellulose is 
the main component of feedstock such as wood to prepare biochar, then biochar 
produced will be very high in carbon contents. These different characteristics in 
various situations permit biochars to be selectively picked as particular elemental 
fertilizers (Ojeda et al. 2015; Zhang et al. 2020). 

If soil is deficient in certain nutrients and feedstock is not available for that nutrient 
in abundant quantity, biochar can also be engineered to fulfill that requirement (Luo 
et al. 2017). Farmyard manure, biochar and mineral nitrogen were used as amend-
ments to treat problematic soil. The interaction effect of these three amendments 
increased available phosphorus, potassium and nitrogen after six months and affected 
physicochemical characteristics of soil (Sarfraz et al. 2017). 

13.3.4 Properties of Biochar 

One of the very significant properties of biochar is that it releases nutrients in very 
slow fashion. It is very beneficial function. There can be more than one reasons 
for this slow release. Unique structure of biochar is the primary cause of that slow 
release. Pore size distribution in biochar is generally very high, and other networks 
in biochar structure create hindrance for easy release of nutrients by wrapping them 
(nutrients) physically. This slow release of nutrients is due to chemical bonding of 
carbon molecules and presence of various functional groups in biochar in a great 
amount (Purakayastha et al. 2019; Xiao et al. 2018). 

13.3.5 Biochar and Salinity 

In saline soils, biochar can reduce the toxicity by lowering the concentration of 
sodium ions. Initially, biochar acts as barrier and reduces the sodium (Na+1), uptakes 
and increases potassium (K+) uptake. This results in less availability of sodium ion 
to plants, thus reducing its toxic effects (Ali et al. 2017; Yousaf et al. 2022). The 
leaching process of salts increased to many folds under biochar. Higher leaching of 
salts results in less concentration of salts in root zone, ultimately enhancing the plant 
growth and yield (Yu et al. 2019).
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Biochar helps in ameliorating salt degraded lands by improving soil quality and 
production crop production. Biochar is helpful in improving stomatal conductance 
and other physiological characteristics of leaves (Akhtar et al. 2015; Dai et al. 2017; 
Yu et al. 2019). 

Biochars can reduce pH values of saline soils. Higher pH value is not good for 
soil health (Liao et al. 2019; Yousaf et al. 2021b). CEC of biochars is generally high. 
In amended soils, biochar enhances the cations (potassium, calcium and magne-
sium) uptake chances to manyfold and improve the soil health and plant growth 
(Lashari et al. 2015; Wu et al.  2019). Sodium in the soil can be replaced with several 
important ions like potassium, magnesium and calcium under the biochar application 
(Rostamian et al. 2015; Yousaf et al. 2022; Zheng et al. 2018). It provides habitat 
for soil microorganisms and also improves the physical properties of soils, such as 
porosity, surface area and water retention capacity (Yu et al. 2017; Zheng et al. 2018). 

Molecules of other organic amendments are easily degradable as compared to 
biochar. Soil aggregate stabilization for a very long term can be obtained by using 
biochar (Bhadha et al. 2017; Mia et al. 2017). It can increase microporosity and field 
available water. It also reduces the bulk density of saline sodic bauxite wastes (Reed 
et al. 2017). Moreover, it is beneficial in minimizing the effects of salinity by means 
of sorption. In addition to that, when biochar is applied in reforestation programs of 
degraded soils, the species diversity enhanced to a great extent (Drake et al. 2015). 
Biochar reduced activities of antioxidant enzyme activities in bean seedlings which 
in turns reduced oxidative stress and enhanced growth. Stomatal conductance was 
also increased (Farhangi-Abriz and Torabian 2017). 

13.3.6 Farmyard Manure Biochar 

The conversion of dung into biochar has gained significant importance in recent 
times. Biochar was prepared from cow dung and its effect was checked on the 
growth of lettuce plants. Growth, yield and phosphorus concentration was signif-
icantly increased by using engineered biochar. Capacity of engineered biochar to 
adsorb phosphorus reached up to 345 mg/g (Chen et al. 2018). Farmyard manure and 
poultry manure were used to produce biochar and their effectiveness was tested to 
adsorb toxic heavy metal from water. Both of these biochars showed positive results 
in adsorbing cadmium ions (Idrees et al. 2016). 

In another study, cow dung and its biochar were used at a rate of 5 t/ha to check their 
effect on leafy vegetable kalmi (Ipomoea aquatica). Results showed that the CEC 
of biochar treated soil was more (Niazi et al. 2018). Biochar was prepared by using 
cow dung as feedstock material which showed the ability to adsorb perchlorate from
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Fig. 13.5 Effect of FYMB on growth of agroforestry tree species 

water and remove it from water (Wan et al. 2018). Albizia lebbeck commonly known 
as siris was treated with two levels of biochar under cadmium stress. It is reported 
that biochar was helpful in combating cadmium stress and enhancing growth of A. 
lebbeck (Yousaf et al. 2019). 

Farmyard manure biochar was applied at different rates 3, 6 and 9% to study its 
impact on the growth of Eucalyptus camaldulensis, Dalbergia sissoo and Vachellia 
nilotica. All levels of biochar showed better results for growth with 6% biochar giving 
the best results for growth and photosynthetic parameters (Yousaf et al. 2022). In 
another various types of biochar prepared from animal wastes, agricultural wastes 
and tree wastes were used to reclaim degraded lands and check their effect on the 
growth and photosynthetic parameters of various agroforestry tree species under 
saline stress. Although all types of biochar exhibited improved results as compared 
to unamended soil, farmyard manure biochar showed the best results. Figure 13.5 
shows that FYMB showed best results for all three species among biochars prepared 
from different feedstocks (Fig. 13.6).

13.4 Conclusion 

In this chapter, from the above discussion, we can conclude that animal wastes are not 
waste material at all. They can be converted into very useful products like biochar. 
These wastes are very good source of organic matter. Organic agriculture is directly 
linked and heavily dependent on these manures. This material can be used to enhance 
productivity and reclaim degraded lands especially salt affected soils. These materials 
can also be used in various afforestation projects.
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Fig. 13.6 Benefits of farmyard manure
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Chapter 14 
Applications of Low-Capital-Cost 
Technologies for Bioconversion 
of Slaughter Wastes 

Sahar Fazal, Rabbiah Manzoor Malik, Sher Zaman Safi, Ghulam Mustafa, 
Muhammad Anjum Zia, and Muhammad Arshad 

Abstract Waste from slaughterhouses is a possible source of pathogens that can 
infect both people and animals, including bacteria, viruses, prion diseases, and para-
sites. Therefore, it is crucial to find a quick, affordable, and secure disposal solution 
to lower the risk of disease after animal slaughter. Composting, Anaerobic Digestion 
(AD), Alkaline Hydrolysis (AH), rendering, incineration, and burning are some of 
the different ways that such wastes might be disposed of. Composting is a method 
of disposal that enables the recycling of nutrients from slaughterhouse waste into 
the soil. However, due to their high fat and protein content, slaughterhouse wastes 
are a great substrate for AD processes, which produce methane while both disposing 
of trash and recovering nutrients (by amending the soil with sludge). There are 
questions about the ability of AD and composting procedures to render pathogens 
inactive. In contrast, practically all known microbes can be rendered inactive by 
AH. Blood from the slaughter of livestock carries a heavy burden of organic pollu-
tants and poses dangers. It increases the organic pollutant load on wastewater treat-
ment plants by 35–50% if it is discharged untreated to sewer systems. Blood can be 
digested anaerobically as a single substrate, although being difficult, if the culture-
reactor system is managed based on a thorough characterization and comprehension
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of the microbial population and its metabolic activities. If the mixtures are properly 
created, co-digestion of blood and other feedstock continues successfully. In general, 
the specific methane yield from digesting blood alone ranges between zero to 0.45 
m3 kg-1 protein, but the yield varies between 0.1 and 0.7 m3 kg-1 volatile solids when 
digesting blood along with other substrates. To properly regulate the process, more 
study is needed on the microbiology and kinetics, the function of adsorbents, reactor 
structure, and culture adaptation during anaerobic digestion of blood. 
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14.1 Introduction 

Organs, tendons, ligaments, integuments, bones, blood vessels, and feathers are 
examples of inedible animal tissues. These tissues can account for almost 45% or 
more from the remains of slaughtered animal. The remaining portion, on the other 
hand, is not only suitable for disposal but also suitable for purchase by pet food 
companies in large quantities. According to Salminen and Rintala (2002a), these can 
be utilized either by themselves or as an addition to animal feed. Despite this, there 
is a significant amount of waste generated by slaughterhouses worldwide, and the 
logistics of disposing of this waste present a significant logistical task for poultry 
and meat processing units. Animal waste is improperly and unsafely disposed off 
due to the high magnitude of waste, rising wastage treatment expenditures and legal 
restrictions. According to Arvanitoyannis and Ladas (2008), such practices may also 
result in serious environmental issues. Slaughterhouse wastes, on the other hand, 
have the potential to be used as replacement for some source of energy and can 
support cut down on the amount of fuels built on petroleum needed to meet Earth’s 
current energy requirements (Srivastava and Prasad 2000). 

There will be a number of inquiries about the safety of produced products as 
these alternative energy sources emerge. Because slaughterhouse wastes could get 
contaminated with a significant number of microorganisms, like viruses, bacteria, 
fungi, yeasts, prions, and related microbial poisons (Urlings et al. 1992), the quality 
of the product formed is of the utmost concern when using them to produce biogas. 
If these wastes are not handled and treated properly, they could be harmful to the 
health of animals and humans. 

In animal-related facilities like farms, slaughterhouses, and animal production 
operations, the major concern has always been the management of animal remains. 
According to Gwyther et al. (2011), the most common methods of disposing of on-
farm dead have been burning to a little extent and majorly burial throughout history. 
However, the Animal By-Product Regulation (EC) of the European Union does 
not1774/2002 (Anon 2002) prohibits these practices within the Europe and restricts 
dumping options to rendering, incineration, licensed waste collectors, disposal at 
maggot farms, and high temperature/pressure AH. According to Anon, the supposed 
hazard of pathogens contaminating the food chain of animals as a result of incom-
plete pathogen destruction during burial and burning was the impetus behind the 
prohibition on their disposal. The slaughtering of animals carries the same risks. In 
comparison with burning, properly run incineration facilities are less likely to cause 
pollution. Additionally, viruses and bacteria, including those that produce spores, 
should not remain alive after the process of incineration (NABC 2004). However, 
if incineration processes are not carried out at a temperature that is high enough, 
transmissible spongiform encephalopathies (TSEs) like BSE (bovine spongiform 
encephalopathy) may survive (NABC 2004). 

Another technique for disposing of products related to animal waste is rendering. It 
includes transforming animal waste to three products: water, melted fat/tallow, and 
carcass meal (proteinaceous solids, Fig. 14.1). Mechanical processes like mixing,
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grinding, separating, pressing, and decanting, thermal processes like drying, evap-
oration, and cooking, along with the chemical processes like solvent extraction are 
used to accomplish this (NABC 2004). The material is simultaneously dried out and 
protein and fat are separated during the rendering process. Among raw materials, 
tallow is one of the important which are used in the rolling industry of steel, because 
it provides the lubrication required for compression of sheets of steel. Additionally, 
the obtained fat could be utilized as a raw material of low cost for the manufacture 
of animal feed, grease, biodiesel, candles, and soap. Feed for animals can be made 
with the protein meal. As a result, the products bring in a lot more money for the 
slaughterhouse. However, feeding cattle with bone meal and meat and is currently 
against the law in the developed nations due to BSE issues. As a result, rendering 
plants do not play as much of a role in today’s animal waste disposal as they did in 
the past. 

The execution of the Landfill Directive for better environmentally complex waste 
disposal techniques has resulted in new risks. According to Noble and Roberts (2004), 
there is indication that some pests and pathogens are able to survive from composting 
or some other processes for the waste treatment, sometimes because these procedures 
are ineffective or fail. In addition to composting two other techniques have been 
introduced which are Alkaline Hydrolysis (AH) and Anaerobic Digestion (AD). The 
European Union’s (EU) Animal By-Product Regulation (EC) number 1774/2002 
defines three categories for animal byproducts (ABP). While ABP of category 1 
cannot be treated, ABP of categories 2 and 3 can be processed by AD in permitted 
biogas plants or composting plants. Allowances for AH are not mentioned in the 
guidelines. The majority of waste from slaughterhouses falls into categories 2 and 3. 

According to Dees and Ghiorse (2001), composting is an aerobic procedure in 
which successive assemblies of microorganisms reduce organic materials. Various 
inorganic and organic wastes, sludge, sewage, pig, cattle, or poultry manure, munic-
ipal waste, and garden waste are examples of substrates. Numerous authors have 
reported that composts have beneficial effects on arable soil (Ibekwe et al. 2001; 
Bailey and Lazarovits 2003).

Fig. 14.1 Different processes being operated for disposal of animal slaughter wastes 
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A high microbial diversity is necessary for an effective and satisfying composting 
process (Beffa et al. 1996). During the four phases that follow, distinct microbial 
communities dominate (Blanc et al. 1999; Alfreider et al. 2002; Ryckeboer et al. 
2003) involving aerobic microorganisms that are mesophilic, thermotolerant, and 
thermophilic (Beffa et al. 1996). Different organisms go through exponential growth 
stages and stationary growth phases depending on the environmental conditions of 
the compost—pH, temperature, moisture, aeration, substrates availability—that are 
constantly changing. Utilizing tools of molecular biology like the COMPOCHIP 
microarray (Franke-Whittle et al. 2009) we are rapidly gaining knowledge of the 
variety of microbial communities found in compost (Danon et al. 2008). 

The survival and spread of pathogens that are harmful to humans, animals, and 
plants are one of the issues that have been raised about the process of composting as 
well as the application of composts in horticulture and agriculture. Therefore, any 
composting procedure should be capable of removing any potential health hazards 
from the product (Strauch et al. 2002). The dispersion and proliferation of possibly 
allergenic and/or pathogenic thermophilic/thermotolerant bacteria and fungi can 
result from a composting process that is not properly managed (Böhnel et al. 2002). 

There are windrow systems and in-vessel systems for composting. According 
to Cekmecelioglu et al., windrow composting possesses several disadvantages over 
composting, including requiring more space, providing poor control, and offering a 
low process efficiency. On the other hand, window composting’s higher temperatures 
have been shown to reduce pathogens and bacteria more effectively (Cekmecelioglu 
et al. 2005). According to Noble and Roberts (2004), pathogen survival is a concern 
in cool regions of in-vessel composting systems where there is little or no turning. 
As a result, windrow composting for slaughterhouse waste is the best strategy. 

Waste from slaughterhouses can be disposed of in an environmentally friendly 
and cost-effective manner by composting. The majority of pathogens can be killed 
or greatly reduced by the temperatures reached during decomposition, reducing the 
likelihood of disease transmission. Despite the fact that the heat generated during 
composting reduces the number of microorganisms and pathogens, it does not fully 
sterilize the material produced, leaving some room for pathogens to survive and 
regrow. The temperatures attained and the length of time for maintaining the temper-
ature determine the amount of pathogenic bacteria that remain at the conclusion of 
the process of composting. The lowest temperature of 65 °C at least for six successive 
days or two to three-day periods above 65 °C is required by various legal require-
ments (Kompostverordnung 2002). Pathogenic bacteria, viruses, helminth ova, and 
protozoa can typically be reduced to an acceptable level by maintaining an average 
of temperature at 55–60 °C for one to two days. However, spore-bearing bacteria 
like Bacillus and Clostridium endospores cannot be destroyed by these conditions 
(Urlings et al. 1992). The composting process typically results in pH values above 
8 as well (Reuter et al. 2011)), which aids in the inactivation of pathogens as well. 
Antibiotics produced by various compost-associated microorganisms have also been 
shown to inactivate pathogens (Hoitink and Boehm 1999). 

Slaughterhouse waste can potentially be disposed of in an acceptable manner 
through composting. However, in order to eliminate some pathogens from the final
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product, additional treatments would be required. Post-treatment of AD wastes can 
also be done by composting. This post-treatment improves the compost in rapports of 
nutrients and ensures a more efficient degradation of organic material. The anaerobic 
digestate’s composting would also help lower the number of pathogens in these 
products. 

14.2 Use of Technologies in Disposal of Waste Materials 

For the elimination of pathogenic wastes and carcass material from animal, AH is a 
relatively new method (Urlings et al. 1992; Kaye et al. 1998). Proteins, nucleic acids, 
carbohydrates, lipids, and other biological components are hydrolyzed with a sterile 
aqueous solution that contains amino acids, tiny peptides, soaps, and sugars, using 
sodium or potassium hydroxide as a catalyst. Normally, pressure and temperature 
are used in the process to hasten the hydrolysis. Waste carcasses must be heated up 
to 100 °C and compressed for almost 3 h at 103 kPa to inactivate microbiological 
pathogens. They should be heated up to 150 °C and pressured at 486 kPa for 6–8 h in 
order to eliminate prion-containing material (http://ssl-edss.tamu.edu/disposal/han 
dbook/04Alkaline.pdf). 

Despite the fact that there are few studies examining the inactivation of 
microorganisms using AH, those that do show the way. 

14.3 Anaerobic Digestion (AD) and Alkaline Hydrolysis 
(AH) 

Anaerobic digestion is a biotic process in which organic wastes decompose without 
oxygen to make sludge that can be used in agriculture and biogas that can be used to 
make energy (Lastella et al. 2002; Insam and Wett 2008) (Fig. 14.2). AD technology 
has been commercially applied to the treatment of municipal, industrial, and farm, 
wastes in recent years. Additionally, AD is a different way to get rid of animal feces 
and waste from slaughterhouses. It has the double advantage of making energy and 
getting rid of waste, which saves carbon credits (Insam et al. 2010). However, there are 
questions regarding whether the process of AD can effectively kill pathogens. Prior 
to AD, a pasteurization step has been frequently used for assisting in the inactivation 
of pathogens. As an additional measure, it is common as well, to use a secondary 
heat treatment process, such as pasteurization or composting, and a minimum storage 
period for the digestate at the end of the process (Sahlström 2003). To guarantee a 
hygienically tolerable final product, Swedish law, for instance, mandates that biogas 
plants which utilize animal waste must pasteurize the received substrate for 60 min 
at 70 °C (Sahlström et al. 2008).

http://ssl-edss.tamu.edu/disposal/handbook/04Alkaline.pdf
http://ssl-edss.tamu.edu/disposal/handbook/04Alkaline.pdf
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Fig. 14.2 Schematic sketch of anaerobic digestion 

The anaerobic process necessitates specific environmental conditions and close 
and effective syntrophism between the involved bacteria and archaea (Schink 1997). 
Hydrolysis, acetogenesis, acidogenesis, and methanogenesis are the four major 
phases of digestion, and complex polymers are broken down step by step to produce 
CO2 and CH4. 

Both mesophilic conditions (at 35 °C) and thermophilic conditions (at 55 °C) 
can be used to conduct AD, which has different effects on pathogen destruction and 
duration. A mesophilic process typically lasts between 15 and 30 days, whereas a 
thermophilic procedure typically lasts between 12 and 14 days (Vandeviviere et al. 
2002). The finished product would probably offer a bigger pathogen risk if sprayed 
directly to the field, however, as gas generation is reduced (Urlings et al. 1992). 
Compared to thermophilic processes, mesophilic AD processes are thought to be 
more resilient and less susceptible to changes in process parameters. Compared to 
other bacteria, methane-producing microorganisms are more sensitive to temperature 
variations, and it has been reported that changes in temperature as low as 2 degrees 
Celsius can have negative effects on mesophilic processes of AD (Gunnerson and 
Stuckey 1986). 

On the other hand, thermophilic AD is better at inactivating pathogens and 
produces more methane at a faster rate. The thermophilic digestion process has advan-
tages, but it also needs much expensive technology with higher levels of monitoring
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and operation (Vandeviviere et al. 2002). Additionally, thermophilic AD processes 
can be affected by even 0.5 °C changes (Gunnerson and Stuckey 1986). 

In a study, a bovine parvovirus and enterovirus were seeded in liquified cattle 
manure. The researchers found that both groups of viruses were quickly inactivated 
after a thermophilic AD process and were not detectable for 30 min. However, in 
mesophilic conditions, these viruses were capable to survive for 8 and 13 days, 
respectively. Another study found that thermophilic AD rapidly destroyed the animal 
viruses like coxsackievirus B5 and rotavirus. According to these findings, viruses 
undergo inactivation during AD process, but the inactivation rate is influenced by 
the temperature, virus, and duration of digestion. To completely inactivate pathogens 
like spore-formers which have capability of surviving AD, it is recommended to have 
an extra heat treatment after the conclusion of a thermophilic process of AD. Before 
spreading sludges on land, regulations 1774/2002 and 208/2006 mandate that animal 
waste undergo a 70 °C/60 min pasteurization step (Monteith et al. 1986; Spillman 
et al. 1987; Bagge et al. 2005). However, it is important to keep in mind that even 
if there were an additional heat treatment, it is highly unlikely that prions like BSE 
would be inactivated (Urlings et al. 1992). 

Due to the formation of ammonia after protein degradation and accumulation of 
long-chain fatty acid from breakdown of lipids, the high protein and lipid content of 
slaughterhouses waste products can inhibit AD processes. Additionally, the adsorp-
tion of lipids into the biomass can result in the formation of floating foam and aggre-
gates, both of which can impede stratification (Cuetos et al. 2010). However, by 
allowing the microbial groups to gradually adapt to a medium rich in ammonia, AD 
can be carried out successfully on wastes from slaughterhouse with higher production 
of methane if properly managed (Edström et al. 2003). 

Rendering was used to treat solid waste from slaughterhouses in the past, providing 
the slaughterhouses an extra revenue stream. Though the economic value of these 
products has decreased significantly due to the risk of TSEs, in many instances, 
they must be treated as waste themselves (Palatsi et al. 2011). As a result, the cost 
of properly disposing of waste from slaughterhouses has significantly increased in 
recent years. This is primarily because pathogens in such wastes pose health risks. 

One option for getting rid of waste from slaughterhouses is composting. The 
valuable byproduct production and decreased environmental pollution, and the elim-
ination of most pathogens are among the process’s major advantages (Urlings et al. 
1992). However, strict control is required for the successful alteration of slaugh-
terhouse wastes into high-quality compost. The finished product should not be a 
threat to animal or human health when carried out under strict supervision (Gale 
2004). However, some pathogens, like spore-forming bacteria and prions, cannot be 
eradicated by composting. 

The alkaline hydrolysis of slaughterhouse wastes is a moderately new procedure 
(Fig. 14.3). In order to hydrolyze the biological materials and convert them into 
an aqueous solution that is sterile and containing amino acids, peptides, soaps, and 
sugars, it makes use of a potent base, heat, and temperature. Although it can be 
discharged into a sanitary sewer, this waste, which is extremely abundant in nutrients 
and alkaline, may also cause issues (Urlings et al. 1992). This has been observed to
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Fig. 14.3 Schematic 
diagram for alkaline 
hydrolysis (AH) (Kang et al. 
2019) 

be very efficient at getting rid of a lot of prions and pathogens from animal waste 
and carcasses. The loss from the cycle is anyway extremely wealthy in supplements 
and would in this manner provide high biogas age potential. 

Promotion is today among the most encouraging techniques for the removal of 
slaughterhouse squander. In addition to producing degraded material, which could 
be utilized as useful fertilizer, this process also produces biogas and heat, both of 
which could be used to generate energy. Additionally, due to having higher nitrogen 
and protein content, wastes from slaughterhouse make excellent AD substrates. The 
effectiveness of AD in eradicating various pathogens is the target area of various 
studies. 

14.4 Blood 

The process of slaughtering livestock animals produces a lot of blood (Tables 14.1 
and 14.2) as a result of the high chemical oxygen demand (COD) and high nitrogen 
content. The COD population equivalent (PE) of blood from a carcass of cattle is 50 g 
per L, and the total nitrogen content of blood is approximately 30 g L1 (Marcos et al. 
2017). Untreated blood has been found to increase the wastewater load on organic 
pollution by 35–50% when discharged directly into the sewer system (Wang 2015; 
USEPA 1973). As a result, the high organic pollution load of blood poses environ-
mental risks if it is disposed of or discharged without proper treatment (Bah et al. 
2013; Hoyo et al.  2008). Discharging untreated blood into streams of water reduces 
dissolved oxygen levels, increases the amount of nutrients in the water, results in 
septic conditions, and causes spread of viral and microbial waterborne diseases (Saidu 
and Musa 2012; Nwachukwu et al. 2011). Therefore, the most effective strategies for
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managing, controlling, and reducing the pollution brought on by wastewater from 
slaughterhouses are blood collection and treatment (Tritt and Schuchardt 1992). In 
2003, 2014, and 2016, the Food and Agriculture Organization (FAO) of the United 
Nations estimated that respectively, more than 49.2, 70.3, and 74.2 million animals 
were killed. The Global Slaughter Index (FAOSTAT 2017) indicates that this number 
is steadily increasing. Depending on the animal’s type, size, slaughtering method, and 
blood collection duration, all slaughtered animals bleed to varying degrees during 
the process. 

Blood processing requires specialized technical infrastructure. In the EU, for 
instance, there are only 11 blood-processing facilities (Commission 2005). Denmark, 
Belgium, France, Spain, Sweden, Italy, and the Netherlands, each have one blood-
processing plant, while Germany and the UK each have two plants (Commission 
2005). These blood-processing facilities processed approximately 300,109 metric 
tons of blood in total (Commission 2005). Treatment of liquid blood was somewhat

Table 14.1 Quantities of blood generated from animal slaughtering 

Type of animals slaughtered %age of Live Weight (%) Kg per head Volume in liter 

2.5 10–22 10–20 

2.5 4–6 2.4 

0.6 4–6 1.5 

3.2 0.04 0.5 

Mixed animals 2.4–8.0
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Table 14.2 Quantity of 
blood produced from animal 
slaughtering 

Animal Live weight (Kg) Blood (Kg) 

Beef cattle 454 14.5 

Beef cattle 453 14.7 

Beef cattle 450 16 

Cattle 270 19 

Cow 250 12.7 

Heavy livestock 250 21 

Light livestock 40 1.2 

Pig 28 3 

Sheep and Goat 22 0.72 

Sheep 20 0.48 

Poultry 1.5 0.045 

Chicken 2.28 0.024

challenging in Spain, for instance, due to the absence of such facilities near slaughter-
houses or within a practical distance of them. Following heat dewatering, coagulated 
blood is typically shipped to be burned (Cuetos et al. 2009). Blood, contrarily, is 
an organic substance primarily composed of protein. It could be used as a feed-
stock for the production of biogas after some proper management, pretreatment, and 
control of the fermenting processes. High potential yield of methane (500 L per 
Kg) of blood is contributed by its highly degradable content of protein (94–96%) 
along with its fat/lipid content (Hejnfelt and Angelidaki 2009; Salminen and Rintala 
2002b). Afazeli and others (2014) have estimated that approximately 31% of Iran’s 
potential annual yield of biogas from waste of slaughterhouse comes from blood. 
Wang (Arvanitoyannis and Ladas 2008) found that Anaerobic Digestion (AD) of 
1:3 (v/v) of poultry blood of and wastewater obtained from poultry processing and 
slaughtering about 200,000 birds/day will produce 146.2 m3 CH4 per d. In a biore-
actor with a relatively small volume (530 m3), the recovery of net energy will be 
1.5 GJ per d, while the recovery of phosphorus (P), nitrogen (N), and potassium (K) 
would be 3.0, 251.5, and 3.7 kg per day, respectively. An anaerobic digester can burn 
biogas produced from blood, which is organic biomass. 

In 2010, approximately 959 sheep and goats, 304 cattle, and 1374 pigs were 
slaughtered and processed in world for the production of meat (Wang 2015; 
FAOSTAT 2017) Bah and co. Based on the assumption that the volume in liters 
of blood that is recovered by per head slaughtered is about 15 for cattle while 2– 
3 for pigs, it has been estimated that the volume in liters of blood obtained from 
these animals was approximately 4.56 × 109 (Fallows and Verner Wheelock 1982). 
According to the European Community report (Commission 2005), 10–20 L for 
cattle and about 2–4 L (for pigs), respectively, of blood are taken from each of 
these animals that is killed (Commission 2005). Approximately, 200,000 broilers 
are slaughtered by about 162 processing plants every day in the United States (Wang 
2015; Cuetos et al. 2009). When the bird is slaughtered, only 75% of its live weight is
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turned into meat, with the remaining 25% being organic, unpalatable byproducts like 
feather, blood, and intestine residues (Cuetos et al. 2009; Hejnfelt and Angelidaki 
2009; Yoon et al. 2014). This is true for nearly every kind of animal that is killed. 
The typical bleeding time following livestock slaughter is 6 min for cattle, 4–5 min 
for sheep, 6 min for pigs, and 3–4 min for calves (Kiepper et al. 2008; Salminen and 
Rintala 2002b). As a result, the United States could only collect 0.5–0.9 109 kg of 
blood yearly (Wang 2015). 2518 and 2462 tons of blood waste were produced by 
slaughtering 237,300 goats and 181,770 cattle, respectively (Aniebo et al. 2009). At 
the Tamale abattoir in Ghana, 125 livestock animals, including 55 cattle, 20 goats, 
and 50 sheep, were slaughtered each day, producing 0.7 metric tons of blood per day 
(Fearon et al. 2014). Organic byproducts of the slaughtering process are inedible. On 
the basis of the type of the animal, blood makes up between 2.4 and 8.0% of the live 
weight of animal (Jayathilakan et al. 2012; Banks and Wang 2006) and between 6 and 
7% of the carcass’s lean meat content (Banks and Wang 2006). Cows make up 2.5% 
of their live weight, while sheep and goats make up 0.6%. Afazeli and others (2014) 
reported that slaughtered poultry (1.5 kg), heavyweight (250 kg), and lightweight 
(40 kg) animals had blood that made up 7.0%, 3.0%, and 3.0% of their total weight, 
respectively. There are almost 10–22 kg of the blood taken from each of the head of 
slaughtered cattle and approximately 40 g taken from each broiler (2% of the live 
weight) Nevertheless, Jayathilakan et al. (2012) stated that approximately 3.2–3.7% 
of the slaughtered poultry’s live weight of is made up of the blood. 

The species of an animal along with its live weight determine the blood mass. In 
Iran, heavy livestock account for 17%, poultry account for 14%, and light livestock 
account for 5% of the blood produced at slaughterhouses (Afazeli et al. 2014). In most 
cases, slaughterhouses only recover a small amount of the blood that is produced. 
Pigs, cattle, and lambs each yield an average of 3.0–4.0%, 3.0–4.0%, and 3.5–4.0% of 
blood, respectively (Jayathilakan et al. 2012). Following the slaughter of an animal, 
the typical volume (in liters) of blood collected is 2–4 for pigs, 10–20 for cattle, 
and 1.5 for sheep, or approximately 10% of the chicken’s body weight (Commission 
2005; Salminen and Rintala 2002b; Banks and Wang 2006). For instance, a typical 
commercial steer weighing 450 kg produces approximately 16 kg of blood (Banks 
and Wang 2006). Singleton (Jedrzekewska et al. 2006) measured about 13.3 L per 
slaughtered head of the cattle. After the animal has been killed, about half of the blood 
that is bleeding is taken from the carcass (Salminen and Rintala 2002b). About 30– 
50% of blood of broiler drains and can be collected, while 70–50% of the blood is 
left back in the carcass and is washed out partially when the cutting is in process 
(Kiepper et al. 2008; Owens et al. 2000). Because vacuum pressure shortens the time 
required for the collection of blood while simultaneously recovering more amount 
of blood from carcass, using it to collect the blood could result in an increase in the 
volumes of blood collected. 

Biochemical oxygen demand (BOD) ranges from 140 to 200 g per L for protein-
rich blood (Jedrzekewska et al. 2006; Johns 1995) and as much high as 400 g per L 
for carbon dioxide (Banks and Wang 2006). Bovine blood in raw form, for instance, 
has a COD of up to 375 g per L. As a result, slaughterhouse wastewater contains a 
substantial amount of the organic pollutants. The BOD and COD of slaughterhouse
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wastewater are determined by the efficacy of collection, separation, and recovery 
facilities (Jayathilakan et al. 2012). According to Wu and Mitta, 62% of Ontario 
slaughterhouses collect blood separately, while 13% of them compost it on site, of 
which 87% is sent to execution plants. The blood’s ration of BOD5/COD decreased 
from 0.53 to 0.46 for beef, 0.67 to 0.47 for sheep, 0.42 to 0.31 for pork, 0.46–0.21 
for poultry, and 0.38 to 0.33 for mixed after the wastewater from slaughterhouse was 
separated from the blood. Consequently, it reduced the wastewater’s odor (Wu and 
Mittal 2012). 

Most of the time, blood is utilized as a raw material for making fertilizer, animal 
feed, blood meal, blood serum, or fibrin. Blood can also be utilized as a feedstock 
for recovering the energy for AD, lost to protein content of blood by converting that 
into heat, electricity, and biogas. Blood is full of nutrients and carbon. 

14.5 Waste Blood’s Composition 

Cells, water, proteins, enzymes, and other inorganic and organic components make 
up the red fluid of blood. Blood gets coagulated in one to two minutes once it leaves 
the blood vessels (See et al. 2009; Oladele and Samuel 2014). The blood components 
which are heavier cause the blood to stratify over time, during storage. As a result, 
mixing is inevitable during AD treatment procedures. Red blood cells and white 
blood cells, along with platelets, make up 30–40% of the wet mass of blood, and 
they are suspended in a liquid called plasma (60–63%). The majority of the protein 
that makes up the cellular matter is hemoglobin. Plasma, a yellow liquid, contains 
over 100 smaller proteins and 6–8% proteins like albumin, globulins, and protein 
fibrinogen (Bah et al. 2013; Jayathilakan et al. 2012). Blood typically has a density 
of about 1.0 kg per L. Bovine blood, however, can have a density of about 1.5 kg per L 
(Spillman et al. 1987). The percentage of cellular material in blood of pigs is 43.5%, 
while cattle have 2.5%, and sheep has 23%. However, as far as the plasma content 
(percent of blood by weight) is concerned, cattle contain 67.5%, pigs contain 56.5%, 
and sheep has 72%. The majority of blood proteins are composed of hemoglobin 
and albumin. In the blood of sheep, cattle, and pigs, hemoglobin accounts for 14.2%, 
10.3%, and 9.3% of the proteins, respectively, while albumin accounts for an average 
of 3.8% (Bah et al. 2013; Gorbatov 1990). 

14.6 Protein Content of the Blood 

The composition of the blood varies slightly from animal to animal. Volatile solids 
(VS) make up 91–96.6% of total solids (TS) of blood, which range from 10.8 to 23%. 
Blood typically contains a lot of protein (up to 965 g per kg dry organic matter). As 
a result, its COD is quite high. The sterility and abundance of amino acids found in 
healthy animal blood are unparalleled. Blood from sheep, poultry, cattle, swine, and
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mixed animals contains 17–19% proteins, 18–20% dry solids, 78–79% moisture, and 
0.8–1.25 ash, kg m3 of blood dry solids contain 13–15% protein. For comparison, 
dairy cow slurry that has not been diluted contains 4 kg N m3 (Smith et al. 2007). 
There are about 3.5 g of NH3-N L1 in blood; this is approximately 270 times higher 
than domestic wastewater, which ranges from 4 to 13 mg L1 (Moskowitz 2012; 
USEPA 2002; Tchobanoglous et al. 1991; Sedlak 1991). As a result, the population 
equivalent of nitrogen pollution caused by blood is extremely high. Blood-containing 
wastewater from slaughterhouses has total nitrogen levels that are 2.3–4.4 times 
higher than typical wastewater of domestic origin (USEPA 2002; Tchobanoglous 
et al. 1991; Sedlak 1991). The abundance of blood in the wash water is primarily to 
blame for the elevated levels of proteins and nitrogen in slaughterhouse wastewater, 
which contribute to the elevated pollution load. Meat rendering and processing, for 
instance, consumes water at rates of 6–30 for poultry, 1.5–10 for pigs, and 2.5–40 
for cattle (Omole and Longe 2008). This blood-contaminated water must be treated 
before being disposed of after processing. 

14.7 Blood Mineral Content 

Potassium, Phosphorus, calcium, iron, sodium, magnesium, cobalt, sulfur, copper, 
cadmium, nickel, chromium, zinc, and lead are among the minerals found in livestock 
blood, according to research published in the literature (Table 14.3). They make up 
about 4.8% of animal blood in total (by dry weight) (Hansen and West 1992; Zhang 
and Banks 2012; Alvarez et al. 2006; Banks and Zhang 2012; Okanović et al.  2009). 
Blood is a very nutrient-rich medium for mixed culture microorganisms growing 
in anaerobic conditions, that mediate the chemical reactions of bioreactors of AD 
because of its protein content and mineral content.

The biodegradable substance known as theoretical methane potential of blood 
protein has the chemical formula of CcHhOoNnSs. It possesses a methane potential 
that is higher than that of carbohydrates and fats. The half-reactions demonstrate that 
content of protein yields the highest specific molar amount of methane by employing 
the characteristic chemical formulas for fats C8H16O, carbohydrates CH2O, and 
proteins C16H24O5N4. Protein yields 8.25 mol CH4 per mol of stoichiometric specific 
methane, while fat yields 5.75 mol CH4 per mol and carbohydrates yield 0.5 mol 
CH4 per mol (Rittmann and McCarty 2001). 

The biogas production of blood is 18% DM ranges from 0.3 to 0.6 m3/kg TS 
(Avcioglu and Turker 2012; Deublein and Steinhauser 2008). Steffen and others 
described a biogas yield for animal blood of 0.65 m3/kg with a VS/TS ratio of 0.95 
and a TS/VS concentration of 9.7%. In a biogas plant, blood plasma is fed as a 
co-substrate with a ratio of mass of 10–15% produced biogas yields of 0.40–0.60 
m3/kg VS (Steffen et al. 1998). The blood effect was blamed for the less methane 
production by use of ruminal waste, according to Banks and Wang (Banks and Wang 
2006). High concentrations of ammonia were accumulated after the breakdown of 
the nitrogen-rich compounds of the blood. A mixture containing biodegradable waste
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Table 14.3 The amount of micronutrient contents in blood of slaughtered animals 

Element Broiler Sheep Cow Swine Pig Mixed 

P 118 164 183 

K 92.7 731 668 2380 118 798 

Ca 44.9 130 90 1221 55 

Mg 5.4 224 27 

Na 148.3 2763 1650 94 818 

Fe 48 368 164 

Co 0.01 0.1 < 0.2  

S Not reported 4000 300 

Cd Not reported < 0.20 0.05 

Cr Not reported < 0.40 0.3 

Cu 0.1 1.32 14.6 0.7 

Ni 1 < 1.0 1.6 

Pb Not reported < 2.0  

Zn 1.7 3.2 13 13

from municipal, and a co-substrate was jointly digested by Banks and Zhang (2012). 
With a methane production of 0.357 m3 CH4 /kg VS at STP, the highest content was 
produced by sheep blood in biogas (58.7%) in comparison with the gut content of 
pig that comprised of biodiesel byproduct, floatation fat, and poultry litter. 

14.8 Methods for Degrading Proteins 

The structure of proteins is composed of chains of subunits amino acids that are 
linked by peptide bonds (–CO–NH–). There are four atoms or active molecules are 
attached to the central carbon atom of each amino acid: a hydrogen atom (H), a 
carboxylic group (–COOH), an amino group (–NH2), and a fourth group (R) that is 
unique to each amino acid. There are 20 different amino acids that are utilized in the 
synthesis of proteins, each of which belongs to a specific group (R) (Ivanov 2015). 
Extracellular enzymes called proteases hydrolyze proteins into free amino acids and 
polypeptides. Nitrogenous compounds like NH3, short- or branched-chain volatile 
fatty acids (VFAs), sulfides, phosphates, CO2, and H2 are all products of amino acid 
decomposition (Gray 2004). Ammonia and VFAs are formed by the deamination 
reaction, and the VFAs are further oxidized to form CO2. Additionally, some reactions 
can result in the production of amines, which have a pungent odor (Ivanov 2015; Hogg 
2005). As a result, blood waste can have an unpleasant odor. Amino acid metabolism 
can be carried out in one of two ways: Stickland reactions are required for the 
breakdown of paired amino acids, while H2-utilizing microorganisms are required for 
the breakdown of single amino acids, as is the case with carbohydrate fermentation.
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First amino acid is oxidized and used as an energy source in the Stickland reaction, 
and a second amino acid accepts electrons. Compared to fermenting uncoupled amino 
acids, the Stickland reaction is quicker and simpler (Willey et al. 2013). 

14.9 Microbiology 

During AD, stress factors act as pickers that encourage the domination of particular 
bacterial species among the microbes and impose inhibition on other microorgan-
isms (Vrieze et al. 2015; Muller et al. 2016). During AD of protein-rich compounds, 
ammonia is a stressor. Frank and co (2016) reported that oxidation reaction of 
the syntrophic acetate, i.e., the formation of H2 and CO2 from acetate and their 
generation of methane by hydrogenotrophic methanogenesis are promoted by high 
levels of ammonia caused due to the breakdown of protein content. A biogas 
plant’s anaerobic mixed culture that was digesting maize silage and protein-rich 
pig slurry contained Clostridia-like proteolytic bacteria (Kovacs et al. 2015). From 
anaerobic digesters, the following species of protein-specific, chemo-organotrophic, 
and proteolytic anaerobic bacteria are isolated: the species Proteiniborus ethano-
ligenes nov.,sp.nov., which is a member of Clostridia (Niu et al. 2008); c. thio-
sulfatireducens (Hernandez-Eugenio et al. 2002; Thabet et al. 2004) Clostridium 
tunisiense; acetatigenes Proteiniphilum (Chen and Dong 2004). A group of bacteria 
that only eat protein is known as Proteiniborus. They convert protein into CO2, acetic 
acid, H2, propionic acid, and ethanol in trace amounts (Xu et al. 2018). In recent 
times, researchers have observed the attributes of the microbial culture anaerobically, 
during blood AD of pig using metagenomic analyses on the basis of next-generation 
sequencing, and they found Alkaliphilus oremlandii, and Dethiosulfovibrio pepti-
dovorans, and Alkaliphilus metalliredigens increased in abundance by 2.0, 11.4, 
and 8.7 times, respectively, over a 12-week period, whereas Candidatus Cloa-
camonas acidaminovorans and Anaerobaculum hydrogeniformans vanished from 
the culture. Frank et al. (2016) used metagenomic sequencing and small subunit 
rRNA genes reported that an uncultured phylotype with metabolic dominance and 
acetate oxidation capabilities comprised of the 16S rRNA genes by 5%, in a biogas 
digester being used commercially, that was ammonia-tolerant. The homoacetogenic-
characterizing carbon monoxide dehydrogenase/acetyl coenzyme A (Acs) synthase 
(Acs) operon was encoded by UnFirm 1. They suggested that protein-digesting 
biogas reactors’ long-term stability and success depend on UnFirm 1. Extracel-
lular enzymes are secreted by a number of bacteria, including Proteus, Vibrio, 
Clostridium, Bacillus, Peptococcus, and Bacteroides, to degrade proteins to amino 
acids (Gonzalez-Fernandez et al. 2015). Lee and others (2016) used real-time quanti-
tative polymerase chain reaction (QPCR) and pyrosequencing to measure the micro-
bial populations in protein-based thermophilic anaerobic digesters by using the 16S 
rRNA genes of archaea and bacteria. They discovered that the digester was domi-
nated by the genera Defluviitoga and Keratinibaculum (10.4% and 8.1%, respec-
tively). Digesters that were fed stillage (Röske et al. 2014) and food waste (Guo et al.
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2013) showed a similar dominance. A known bacterium that consumes proteins 
is Keratinibaculum paraultunense (Huang et al. 2013). Fisher et al. examined the 
immediate effects of protein-rich feed-induced ammonia shock on the expression 
and structure of microbiome of a biogas reactor (Fischer et al. 2019) by sequencing 
the amplicons of the 16S rRNA gene. The digester’s first and second most domi-
nant classes were Clostridia and Bacteroidia, respectively. After 10 days of incu-
bation, the abundance of Clostridia was reduced from 63 to 40%, while the abun-
dance of Bacteroidia increased from 15 to 23% in the ammonia-treated reactors. 
They demonstrated that MBA08 and the Caldicoprobacteraceae family of clostridial 
taxa were the most prevalent in the digester. Next-generation sequencing microbial 
community analysis of blood as a single substrate revealed that the phyla Proteobac-
teria, Firmicutes, Bacteroidetes, Actinobacteria, and Synergistetes accounted for 
99.6% of the sequences. Bacillales, Clostridiales, Lactobacillales, Natranaerobiales, 
MBA08, Thermoanaerobacterales and two unclassified orders (FB2) and three (SC3) 
were identified among the Firmicutes (Plácido and Zhang 2018). In addition, it 
has been demonstrated that protein can be broken down in anaerobic digesters by 
other Firmicutes genera like Aminomonas, Aminobacterium, Peptoniphilus, Gelria, 
Clostridium, Thermanaerovibrio, Sporanaerobacter, and Proteiniborus. However, 
anaerobic digesters can be used to metabolize amino acids by species of the 
Cloacimonetes, Bacteroidetes (Fermentimonas and Proteiniphilum), and Fusobac-
teria (Westerholm and Schnürer 2019; Hahnke et al. 2016; Stolze et al. 2018). 
The genus Sporanaerobacter sp. belongs to the Clostridiales order produces VFAs 
from blood proteins. Hydrolytic bacteria have a wide range of phylogenetic rela-
tionships, but the most well-known species are found in the phyla Firmicutes and 
Bacteroidetes (Venkiteshwaran et al. 2015). In recent times, Xu et al. (2013) reported 
that Bacteroidetes, Firmicutes, Chloroflexi, and Proteobacteria dominated a substrate 
rich in protein fed into an anaerobic digester. 

Anaerobic digestion of waste having blood has been stigmatized by previous 
studies due to its long hydraulic retention time (HRT), low organic loading rate 
(OLR), and low methane and biogas yields. The digester’s volume is increased by the 
last two operational parameters, which results in higher operating and capital costs. 
The AD of blood has been studied with a variety of reactors. Batch, semi-continuous, 
and continuous reactors are examples of these.2–3600 L (semi-continuous), 2–47 
L (batch), and 1–4000 L (continuous) were the reactor volumes. Normal and sub-
atmospheric pressures were used in the operation of batch reactors. An upflow anaer-
obic filter reactor (UAFR), upflow anaerobic sludge blanket reactor (UASBR), a 
completely stirred tank reactor (CSTR), and two-stage reactors were all used for the 
digestion of blood. Biochar and bamboo cylinders, for example, were used as immo-
bilizing materials in some studies. Only a single study provided data from a biogas 
plant of capacity 7600 m3 using blood and manure (83% and 17%, respectively) as 
fuel (Guo et al. 2013). In a semi-continuous 3.6 m3 working volume continuously 
mixed digester operated at 35 °C and with an HRT of 18 days, Ozturk (Vrieze et al. 
2015) investigated AD using a single substrate of blood. A strong, obnoxious odor 
was produced, but no methane was observed. Therefore, feeding another organic 
waste as a co-digestate was suggested, and it was concluded that AD of blood alone
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is difficult. In a similar manner, Cuetos et al. (2010) reported that 0.047 m3 biogas 
per kg VS was produced when batch-digesting poultry blood. This yield is very low 
in comparison with the theoretical methane potential. The experiment also had a 
high pH of 8.8 and a lot of ammonia (4500 mg/L). The culture was repressed by 
the average amount of free ammonia, which was 1813 mg/L. Despite this, Kovács 
et al. in a reactor at 37 °C for 56 days, digesting precipitated blood protein yielded a 
specific methane product of 0.447 m3/kg dry matter of protein. The theoretical yield 
is fairly close to this yield. Provided that the microbial colony is controlled, well-
characterized, and understood, these scientists accentuated that continuous biogas 
production from the blood protein is possible. Dilution was used by Bauer to weaken 
blood. Within ten days of incubation, yield of a particular biogas of 0.733 m3 per 
kg VS and a specific yield of methane of 0.117 m3 per kg VS were obtained by 
consuming blood water mixture from a slaughterhouse in a batch reactor at 35 °C 
and fed with 0.6 g VS/L (Bauer 2011). Dilution with water increased the yield, despite 
the fact that the methane yield remained low in comparison with the hypothetical 
yield of the methane from blood. Cuetos et al., on the other hand, (Cuetos et al. 
2010) used co-digestion for getting around the inhibition of ammonia that happened 
when blood was digested as a single substrate. In a group assay at 34 °C, poultry 
maize and blood residues (70% and 30% by mass of VS, respectively) were mixed 
for diluting the nitrogen, resulting in 0.188 m3 CH4 per kg VS. However, due to 
the accumulation of VFAs and non-digested materials, a semi-continuous reactor 
only produced 0.065 m3 CH4 per kg VS. Ozturk (2013) co-digested cattle blood, 
combining the ideas of co-digestion and dilution: urea from cattle: water with a mass 
ratio of 30:20:50 in a semi-continuous continuously mixed digester with a working 
volume of 3.6 m3 and an HRT of 18 days at 35 °C. In a 30-day study, they reported a 
COD removal rate of 34% and a production rate of biogas of 0.64 L min-1 m3. By co-
digesting condensated plant waste (98% by weight) and blood (2% by weight) in an 
upflow anaerobic sludge blanket (UASB) reactor at 35 degrees Celsius and an HRT 
of 15.6 days, Hansen and West (1992) produced 0.14 m3 biogas m3 digester. Marcos 
et al. co-digested a mixture of wastewater and water (1:49 w/w)0.93] at 38 °C in a 
discontinuous digester, they were able to remove 56.9% COD at an OLR of 0.17 kg 
COD m3 per day. Cuetos and others used a semi-continuous anaerobic digester at 
32 °C that digested poultry blood with the small organic fraction of municipal solid 
waste (OFMSW) for avoiding inhibition caused by ammonia accretion. They got 
specific yields of methane of 0.33 m3 per kg VSS fed, a production rate of methane 
of 0.5 m3 per d, and 60% CH4 in biogas at an OLR of 1.5 VSS fed m3 per d. The 
process was quickly destabilized when the OLR was raised to 2.0 kg VSS fed m3 

per d and the specific yield of methane was reduced to 0.20 m3 per kg VSS fed. The 
yield of methane for mixed slaughterhouse waste containing blood increased to 0.33 
m3 per kg VS in a continuous reactor from 0.117 m3 per kg VS in a batch (Bauer 
2011).
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14.10 Problems Associated with Anaerobic Digestion 
of Livestock Blood 

The EU has approximately 8000 biogas plants. Despite the fact that such kind of waste 
is continuously produced in very large quantities approximately around 106 metric 
tons annually from slaughtering of poultry and cattle throughout the world, none of 
them digests it as a mono-substrate. This suggests that issues exist with the AD of 
this kind of waste. The animals’ blood killed in an abattoir is included in the cate-
gory of animal byproducts (ABPs) and is considered safe for being used by humans. 
So, before being put into a biogas process, blood should be pasteurized and cleaned 
properly (Kirchmayr et al. 2003). Both the net energy yield and the cost of AD are 
impacted by this. Overloading and inhibition are two operational issues associated 
with anaerobic blood digestion. Proteins, which are nitrogen-rich compounds, are 
abundant in slaughterhouse blood. Carbon to nitrogen ratio is low in it as compared 
to some other raw biomasses. It has between 81.25 and 197.3 g proteins per kilo-
gram. Nitrogenous compounds are released when protein breaks down, inhibiting the 
microorganisms responsible for AD’s bioreactions. Free (unionized) NH3-N (FAN) 
and ionized ammonium N (NH4), which are collectively referred to as total ammonia 
nitrogen (TAN), are released as a result of the breakdown of proteins during the 
process of hydrolysis as well as the acidogenic and acetogenic fermentation path-
ways. The levels of TAN and FAN are linked to AD inhibition (Prochazka et al. 
2012). During blood AD, high total ammonia (NH3 and NH4+ ) levels are observed. 
Higher concentrations of the NH3 cause inhibition of the microbes that mediate 
the AD bioreactors, despite the fact that optimal concentrations of ammonia (NH3) 
provide the AD medium with sufficient buffer capacity. Cuetos and others reported 
that concentrations of ammonium and free ammonia during the AD of remaining 
poultry blood in a batch reactor at 37 °C and a 1:1 inoculum-to-substrate ratio were 
1813 mg per L and 4500 mg per L, respectively. Due to the severe inhibition imposed 
by this level of free ammonia, VFAs (acetic acid = 2180 mg per L, C3–C5 about 
350 mg per L each) accumulated. According to what has been recorded and reported 
in the researches (Yenigün and Demirel 2013), the broad range of inhibitory levels of 
NH3, approximately a 1500–7000 mg TAN per L, is caused by varieties of inoculant 
substrates, pH, temperature, operation mode, adaptation, and reactor configuration. 
Methane-producing compounds are primarily inhibited by FAN at higher nitrogen 
concentrations (Fernandes et al. 2012) when FAN is present in resolution, as opposed 
to NH4 (McCarty 1964). NH3 dissociation and solution concentrations are affected 
by temperature. At thermophilic, psychrophilic, or mesophilic temperatures, anaer-
obic digestion can occur. By raising the temperature to 55 °C, the FAN concentration 
was increased by six times (Kayhanian 1999). As a result, it is suggested that live-
stock blood at a low temperature regulates NH3 inhibition during AD. At high VFA 
and TAN concentrations, anaerobic type of digestion of poultry blood and poultry 
wastewater (PBPW) was inhibited (USEPA 1973) which measured 15.25 g per L 
of VFA and 3.1 g per L of TAN, respectively. Methanogens were inhibited by this 
level of concentration of the TAN, which increased the buffering capability and
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sustained a pH of 6.6 to 7.7. The concentrations of TAN and VFAs were decreased 
when the substrate was diluted, but methane yield was not increased (USEPA 1973). 
According to Nielsen and Angelidaki, feedstock made up of manure approximately 
83% by mass and blood up to 17% by mass was fed to a real biogas plant with a 
capacity of 7600 m3 and a thermophilic operating temperature of 53 degrees Celsius 
for 17 to 18 days. They came to the conclusion that the blood caused an imbalance 
in the performance of the plant and decreased biogas manufacture by 32% with 
increasing levels of ammonia and VFAs. VFAs accumulated over approximately 2.5 
of the HRT, or 45 days, while ammonia concentrations rose immediately. The reactor 
resumed and recovered its original yield of methane with nearly one HRT after blood 
feeding was stopped. Mesophilic and thermophilic reactors were used in the labora-
tory to further simulate this actual occurrence. After feeding blood, the thermophilic 
reactor saw a significant increase in VFA concentrations (equal to 0.16 g N per L 
per day), while in contrast, a mesophilic reactor, which also produced more methane 
due to the fact that blood has a higher methane potential than the cattle manure it 
replaces, saw a slight increase only in concentrations of VFA. Six days after the blood 
feeding was started, thermophilic reactor showed a lower methane yield. Methane 
production was not resumed till the experiment was over, despite the fact of stopping 
blood feeding. Two weeks after the blood was fed into the mesophilic reactor, there 
were inhibition signs and a reduction in methanogenesis. However, the inhibition 
concentration of 0.7–1.0 g N per L suggested by Hansen et al. and Angelidaki and 
Ahring (1993) was lower than its free NH3 concentration (Hansen et al. 1998). The 
operation temperature had a significant effect on the stability of the co-digestion of 
manure and blood, and Angelidaki and Nielsen discovered that both the free NH3 

and few of the components of the blood could destabilize the reactor. They came 
to the conclusion that when blood weighs 17% by weight, combined digestion of 
manure and blood is impossible at mesophilic or thermophilic temperatures. In order 
to avoid inhibition, they suggested feeding blood at a lower percentage. 

Sulfide production when sulfur-containing proteins are broken down is another 
problem. During the AD of blood, sulfides are corrosive, toxic, and produce an 
unpleasant and strong odor (Ozturk 2013). The primary cause of the smell is the 
hydrogen sulfide (H2S), which smells like rotten eggs. Additionally, the occur-
rence of sulfur enables sulfate-reducing bacteria (SRB) to switch electron equiv-
alent entities from pathways that produce methane toward those that produce H2S. 
Methanogens are well-known to be strong competitors for the SRBs. For every gram 
of sulfide produced, approximately 0.7 L methane is lost (Rittmann and McCarty 
2001). Methanogenic cultures typically expand slowly (with the doubling duration 
at 35 °C is around four days) (Aniebo et al. 2009). In addition, only 8% of the 
electron equivalent of the substrate—protein—is used to synthesize new microbial 
biomass, while 28% of the electron equivalent of carbohydrates is used (Rittmann and 
McCarty 2001; Mosey and Fernandes 1989; Mosey  1983). Because of this, the AD 
of proteins results in the formation of fewer new cells of microorganisms. A culture 
of methanogenic bacteria develops slowly. It will be susceptible to disturbances and 
have a difficult time recovering when it gets exposed to the toxicity of sulfides and 
ammonia. Additionally, the SBRs’ faster growth rate than methanogens enhances the
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difficulty. In addition to sulfate reduction, acetate is produced by some SRBs through 
proton-reducing and fermentative reactions (Raskin et al. 1996; Widdel and Hansen 
1992). As a result, they are more adaptable and tolerant of reactor changes than 
the meticulous methanogens. Desulfomicrobium, Desulfobulbus, and Desulfobotlus 
are examples of SRB microorganisms that produce acetate (Saady 2011). In addi-
tion, when sulfate is absent, SRB groups like Desulfosarcina, Desulfococcus, and 
Desulfobotulus are highly viable for H2 (Raskin et al. 1996). As a result, they divert 
hydrogen away from methane formation and deprive hydrogenotrophic methanogens 
of it. 

14.11 Strategies for Anaerobic Digestion of Blood 

There has been a number of attempts to reduce and manage the inhibition caused by 
blood protein degradation byproducts. Optimizing the C by acclimating the higher 
levels of NH3 by microorganisms levels. Strategies to control NH3 inhibition include 
maintaining a low N ratio and controlling pH (Kayhanian 1999). Cuetos and others 
looked into how the addition of activated carbon affected the mass ratios of blood to 
carbon of 4.5, 3.0, and 1.5. They discovered that the specific yield of methane (l per 
kg VS) increased from 46.5 to 317.4 for batch reactor and 216 for semi-continuous 
reactor, at a minimum ratio of 1.5. However, a study found that the high cost of 
activated carbon would make such an application unprofitable on an industrial scale. 
Temperature increases activated carbon’s ability to adsorb proteins (Silva et al. 2017) 
in a thermophilic operation, this may offer a potential solution for blood digestion. 
Because it increases the surface area, adding more activated carbon increases protein 
adsorption, resulting in less protein degradation and less ammonia available to inhibit 
microorganisms. Cuetos et al. (2010) found that the low adsorptive capacity and 
uneven pattern of the experimental affinity between activated acetic acid and carbon 
(Niu et al. 2008) eliminated the possibility that the observed improvement in blood 
AD was due to VFAs adhering to the activated carbon. They, on the other hand, 
recommended that promoting metabolism of microbes could be the factor. To lessen 
the inhibitory effects by TAN on methanogens, dilutions of the substrate rich in 
nitrogen have been used. Wang (USEPA 1973) digested a mixture of poultry blood 
and poultry wastewater (PBPW) with a biochar-filled anaerobic filter (BFAF). The 
substrate was diluted with the biochar. It was determined that, at moderate OLRs, 
diluting the substrates of nitrogen slightly increased removal of COD. However, at 
high OLR and short HRT values, this improvement was lost (USEPA 1973). Because 
it may have shielded some methanogens from the inhibition that was imposed by 
TAN, the porous structure of biochar may have been the reason for this improvement. 
Utilizing granulated microbial culture may also provide such protection, which is 
relevant to the speculated mechanism. It has been established that culture granulation 
can be used to control inhibition caused due to long-chain fatty acids. In recent times, 
Xu et al. (2020) discovered that biochar derived from sewage sludge had little effect 
on the AD of substrates rich in protein substrates in comparison with carbohydrate-
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and lipid-rich substrates. In protein-rich substrate AD, it was discovered that there 
is no promotion of the growth of methanogens by use of biochar. Jedrzejewska and 
others examined the effect of reduced pressure or vacuum on production of blood 
methane in a digester at laboratory-scale operating at 32 °C. This digester operated 
at sub-atmospheric level of pressure and an average pH of 7.92 was maintained 
regardless of the applied OLR, in contrast to the digester which was controlled, and 
was maintained at atmospheric pressure. Within 30 days of the experiment, the pH 
of the control digester dropped to 5.53 as organics increased systematically. The 
percentage of the CH4, NH3, and H2S in biogas increased by level of 5–15%, 3–4%, 
and 1%, respectively, due to the decreased headspace pressure (Jedrzekewska et al. 
2006). A successful study was done by controlling the inhibition imposed by VFAs 
and NH3 accumulated by the digestion of rumen and cattle blood using two-stage 
anaerobic digesters. The first stage had a shorter retention of time for liquids but 
had a longer retention time for the solids. It also reduced solids by 87%, whereas a 
single-stage digester only reduced solids by 50% (the same retention time for liquids 
and solids). The second-stage digester yielded methane specifically of about 0.12– 
0.25 m3 CH4 per kg. COD was removed at HRTs of 10 and 2 days and OLRs of 
0.58–7.0 kg from COD m3 per day. Given that the methane yield was reported per 
COD deleted, the upper perimeter was low. Optimizing the C by acclimating the 
microorganisms to high NH3 levels. 

14.12 Strategies to Control NH3 Inhibition 

These include maintaining a low N ratio, controlling pH, and (Kayhanian 1999). 
Alkalinity rises in proteins like blood that are affected by AD. When blood protein 
reacts with CO2 produced by anaerobic bioreactions, it releases free NH3 , which 
results in the formation of ammonium bicarbonate. The alkalinity is raised by 
ammonium bicarbonate (Khanal 2008; Padilla-Gasca et al. 2011). 

Blanc et al. (1999) found that when blood is digested with a substrate high in 
carbohydrates, it increases the buffering capacity. Protein and nitrogen are abundant 
in blood, therefore, in order to adjust the carbon, it should be degraded alongside 
some substrates with a high content of carbon ratio of nitrogen within the limits that 
are best for AD. Blood and feedstocks like paunch, manure, and wheat straw could be 
digested together. Anaerobic microbial cultures receive powerful and nutrient-rich 
components from blood. 

Only a number of studies have looked into the microbiology of AD of blood to 
figure out how different trophic groups of microorganisms work, how their dynamics 
change, and eventually what is the cause. As a result, studies from engineering reactor 
of blood AD must be combined with advanced molecular biology techniques. Further 
research and quantification of the kinetics of the AD bioreactions of blood like acido-
genesis, hydrolysis, methanogenesis, and acetogenesis are required. In particular, it is 
necessary to investigate the inhibition and enzymes kinetics that mediate such biore-
actions. Although previously found studies demonstrated that it might be an approach
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to accomplish the inhibition executed by the nitrogen containing compounds released 
after degradation of blood proteins, there are no researches for blood AD at low 
temperatures. Adsorbents’ ability to boost yield of methane and lessen inhibition in 
the processing of blood AD must be demonstrated and deciphered through additional 
research. It is necessary to quantify the blood AD kinetics underneath the influence 
of an adsorbent. 

14.13 Conclusion 

Rendering was once the most popular method for treating solid slaughterhouse 
wastes, and it gave the facilities a second source of income. The commercial worth 
of these products has been severely diminished due to the TSE danger, and in many 
instances, they must now be disposed of as waste on their own. Thus, the price 
of safely disposing of slaughterhouse waste has significantly increased in recent 
years. This is primarily because such wastes include microorganisms that pose health 
concerns. 

One option for disposing slaughterhouse wastes is composting. The procedure 
has a number of advantages, including less environmental side effects, the creation 
of a useful byproduct, and the elimination of the majority of infections. However, 
careful control is necessary for the fruitful conversion of these wastes into high-
quality compost. When carried out under strict monitoring, the finished product 
should not be harmful to either human or animal health. However, some diseases, 
such as spore-forming bacteria and prions, cannot be eliminated by composting. The 
alkaline hydrolysis of slaughterhouse wastes procedure is a recent development. It 
hydrolyzes the content of biological materials and converts it to a sterile water-based 
aqueous solution that is composed of amino acids, peptides, soaps, and sugars by 
using heat, a strong base, and temperature. Although this effluent can be discharged 
into a sanitary sewer, due to having high alkalinity and high content of nutrients, it 
may also cause issues. The removal of numerous infections and prions from corpses 
and animal waste has been found to be exceedingly effective. However, because 
the process’s waste is so nutrient-rich, it has a significant potential for producing 
biogas. One of the most promising current techniques for removing waste from 
slaughterhouses is AD. In addition to a digestate that can be utilized as valuable 
fertilizer, this process also generates heat and biogas, both of which can be used to 
create energy. Additionally, waste from slaughterhouses is abundant in nitrogen and 
proteins. Anaerobic digestion of blood using it as a single substrate is challenging 
but is achievable with cautious system control, based on accurate identification and 
correct comprehension of the colonies of microbes and its metabolizing processes. A 
specific yield of methane of 0.45 m3 per kg blood protein content has been attained 
as a result. When the mixture is properly constructed, co-digestion process of blood 
along with other feedstock continues successfully. According to current data, the 
specific output of methane from co-digestion of blood with other substrates varies 
between 0.7 and 0.1 m3 per kg VS. For improved control and management, more
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study is needed in the areas of microbiology, kinetics, adsorbents’ function, and 
how it affects the dynamics of growth pattern of the microbes, reactor operation and 
designs, and adaptation of culture during anaerobic digestion of blood. 
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Chapter 15 
Role of Microbes in Sustainable 
Utilization of Animal Wastes 

Iram Liaqat, Faiza Bashir, Urooj Zafar, Uzma Hanif, Saiqa Andleeb, 
Sadiah Saleem, and Muhammad Arshad 

Abstract Various human, industrial, and agricultural operations generate a wide 
variety of biomass wastes, ample with organic and inorganic resources along with 
pathogenic microorganisms. Environmental conservation is of the utmost signifi-
cance. Researchers have been looking for naturally occurring technologies to improve 
the regulation of agricultural and animal wastes. The biggest threat to mankind is the 
persistent release of hazardous wastes and toxins as a byproduct of faulty industrial-
ization. Urban and industrial wastes, toxins and animal wastes have been improperly 
and unscientifically managed, putting the ecology and ecosystem in jeopardy of 
viability. In order to establish a safe and habitable ecology for future generations, 
it is now necessary to repair and clean up the contaminated environment. It is well 
known that waste creation and economic growth are significantly associated, both in 
developed Western nations and in emerging nations, such as Pakistan. More efficient 
approaches are required for the treatment of potentially toxic wastes. Microorganisms 
have a potential future in this area. The distinctive characteristics of microorganisms 
can be efficiently employed to revive the environment. Microorganisms are used as 
“miracle cures” for biodegradation and the repair of polluted environments. Like-
wise, the application of genetically modified organisms (GMOs) in highly contami-
nated environments makes the microorganisms advantageous for human well-being. 
This chapter provides information on various types of wastes and elaborates how 
microorganisms can be employed productively for waste management and more 
eco-sustainable environments.
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15.1 Introduction 

The global environment is under a significant strain due to rapid population growth, 
unplanned urbanization, industrialization, and the enormous population demand on 
natural resources. Multiple erroneous activities in contemporary civilization yield 
massive amounts of trash that causes pollution. Additionally, large-scale industries 
have increased the substantial quantities of radioactive and chemical wastes into the 
environment, causing irreversible harm to the whole biosphere (Raj et al. 2018). 
The primary cause of a loss of resources and energy is waste creation, which also 
has negative effects on the environment and costs society money to collect, treat, 
and manage. In India and Pakistan, the production of hazardous waste is strongly 
correlated with urbanization and varies greatly between cities. It is believed that as 
industrialization accelerates, waste production would follow suit unless scientific 
management practices are implemented (Jhariya et al. 2018) (Fig. 15.1).

Due to the absence of adequate trash collection and elimination facilities in 
poor countries, the waste management (WM) scenario in developed and devel-
oping countries is very different. WM is now given top emphasis as a result of 
growing concern over environmental deterioration and longevity (Brewer 2001). 
Regarding the management of animal wastes after 1973, the number of allegations 
per farm doubled, with the exception of those against cattle farms. Overall, 2590 
complaints have been documented in past. The majority of them (61.6%) dealt with 
odor concerns, which were preceded by water pollution (40.6%), insects (7.8%),



15 Role of Microbes in Sustainable Utilization of Animal Wastes 387

Manure contaminants and animal excrements contain fur, bedding, 
urine, respiratory wastes, feed, waste water etc. 

Pathogens NutrientsPharmaceuticals 

Transportation 

Human 
Infections 

EutrophicationAntibiotic 
resistance 

Public Health issues 

And 

Environmental pollution 

Fig. 15.1 Environmental and public health inference of animal manure



388 I. Liaqat et al.

and others (5.9%). Pork production (34.4%), dairy (32.4%), poultry (18.7%), beef 
(12.2%), and other sources (2.3%) were the main culprits. The majority of these issues 
were the outcome of poor waste management. However, it is challenging for most 
farms to pay the necessary expenditures for manure cleanup. According to calcula-
tions, Japan produced 95 million tons of animal manure altogether in 1996, more 
than double the 43 million tons recorded in 1960. The total quantity of biochemical 
oxygen demand (BOD), one of the signs of environmental stress, was 0.84 million 
tons in 1960; by 1996, it had nearly tripled to 2.5 million tons. Animal excrement 
is significantly increasing the environmental load. Although the anticipated volume 
of human excrement recorded was 44 million tons, its BOD was only 0.44 million 
tons, significantly lesser than the volume of animal dung (Nakai 1995). 

Unplanned, unsystematic, and illogical methods of dumping waste on the outskirts 
of cities and villages lead to spilling landfills that are not only impossible to restore 
to a suitable condition but also have grave environmental consequences in the form 
of soil and groundwater pollution and a grant to global warming. Materials from 
plants, animals, humans, including their trash, are all included in the category of 
biomass. Food manufacturing, agriculture, and industrial effluents are additional 
sources of biomass wastes. These byproducts can be transformed into energy or fuel 
via gasification, co-firing, combustion, and potentially by anaerobic digestion, based 
on the properties of the wastes (Sam-Anyaoma and Anjorin 2018). 

Fossil fuels such as coal, oil, and natural gas are the traditional energy sources 
that have so far been used to construct and maintain the highly technologically 
sophisticated contemporary world. However, because there are a finite number of 
fossil fuels, their ongoing extraction and usage have a significant negative influence 
on both the local ecosystem and the world’s climate. Additionally, the supply of 
oil and gas is running out and must be replaced, reinforced, or conserved in order 
to prepare for the switch to more sustainable energy sources (Wilkie 2008). The 
amount of renewable energy needed may significantly shift as a result of anaerobic 
digestion of biomass wastes. It works best to transform organic byproducts from 
farming, raising animals, businesses, towns, and other human operations into fuel 
and fertilizers. Meanwhile, in South Africa, biogas digesters are mostly designed and 
installed in the Western and Kwa-Zulu Natal regions of the country, while anaerobic 
digestion has gained popularity in emerging nations like China, India, and Nepal 
(Mukumba et al. 2012). 

Anaerobic digestion generally lessens biomass wastes, counteracts a wide range 
of environmental undesirables, improves sanitation, aids the management of air and 
water pollution, and lowers emission of greenhouse gases. Additionally, it offers a 
superior fertilizer full of nutrients as well as energy in the form of biogas. From 
developing to industrialized nations, biogas is used for a wide range of purposes. 
Biogas has been used as electricity, fuel, and heat at farms (Liu et al. 2009). 

Animal manures have been recognized as appropriate sources of biogas generation 
in Africa due to the significant roles played by rumen bacteria in anaerobic digestion, 
while in Denmark and Germany they are co-digested with crop residues (Kröber et al. 
2009). Co-digestion is the term employed to describe the parallel anaerobic digestion 
of many organic wastes in a single digester. Due to beneficial synergisms formed
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in the digestive medium, bacterial diversity in various wastes, and the co-substrate 
provision of deficient nutrients, this concept increases methane output (Li et al. 2011). 
As a result of primary variations in the digestive physiology of the various species, the 
components and types of diet, the stage of growth of the animal, and consequently the 
management system of waste accumulation and storage, the wastes generated from 
various animals also differ in chemical makeup and natural substances (Anunputtikul 
2004). 

Significant chunks of the agricultural sector in both emerging and established 
nations are focused to raise poultry and cattle, thus generating tremendous quantities 
of animal excrement which raises public, ecological, and social issues. Currently, 
several digesters are designed and operated on farms for the effective handling of 
the wastes. It is crucial to clean up a contaminated environment in a sustainable 
manner; in this light, the relevance of microorganisms in wastewater cleaning and 
the biodegradation of pollutants have grown recently. Numerous biotechnological 
methods reliant on microorganisms, including bioremediation, biodegradation, bio-
composting, and biotransformation, have been employed to adequately accumulate 
and destroy a wide variety of pollutants. Cladophora sp. (green algae) is a robust and 
efficient potential WM agent and has a high bioaccumulation capacity for hazardous 
metals (Maghraby and Hassan 2018). 

Finland and polar arctic regions have been extensively using archaea and bacteria 
in the bioreactors to treat WW. As part of a process known as nano-bioremediation, 
nanoparticles are now successfully used to increase the activity of microbes. Since 
because of the radioactive resistance and potential to withstand radiation naturally, the 
extremophilic bacteria (Deinococcus radiodurans) is commonly used in radioactive 
waste extraction methods (Brim et al. 2000; Varma et al. 2017). 

The primary goal of this study is to suggest and encourage the use of the most prac-
tical and environmentally responsible way for treating contaminated animal waste 
using various microbiological agents in order to achieve environmental sustainability. 
In this context, biomass materials have been regarded as a means of increasing energy 
generation, reducing the world’s rising reliance on fossil fuels, and also mitigating 
the environmental and health risks associated with the usage of fossil fuels in both 
developing and wealthy nations (Uzodinma et al. 2008). 

15.2 Waste 

Human activities are mostly responsible for the creation of waste material. The 
created trash has been worsened by the unplanned and rapid development and alter-
ation of livelihoods around the world. The global emission of dangerous contaminants 
from many occupations causes the overall biosphere to progressively deteriorate. A 
significant amount of biomedical and agricultural waste is created as a consequence 
of the sudden expansion of healthcare institutions and the automation of agricultural 
practices, which has a detrimental impact on environment. Wastes may be divided 
into three major categories: solid, liquid, and gaseous waste.
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15.2.1 Classification of Wastes 

Waste might be in the form of solid, liquid, gas, or heat and produced from four 
distinct sites, such as industrial, municipal, biomedical, and electronic sources. Waste 
may be characterized using a variety of factors, including the kind of material, how 
easily it degrades, how it will affect the environment, and the source. Each category 
could include several kinds (Fig. 15.2). 
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Fig. 15.2 Classification of wastes: an inference
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15.2.2 Waste Management 

Storage, collection, disposal, and management of waste materials are the main 
components of WM. The primary goal of WM is to lessen the negative impact that 
wastes have on the environment and human health. Rapid population growth, indus-
trialization, and the enormous population demand on the NR have all contributed 
to this problem becoming more and more of a concern for the world’s environment 
(Fig. 15.3). 

15.3 Microbes in Waste Management 

The approach to use contemporary scientific methods and procedures that employ 
a wide range of microorganisms under controlled conditions without disrupting the 
ecosystem is known as microbial biotechnology in WM. Composting, biodegrada-
tion, bioremediation, and biotransformation are the most widespread and effective 
WM techniques. Numerous bacteria, including Bacillus sp., Corynebacterium sp., 
Staphylococcus sp., Streptococcus sp., Scenedesmus platydiscus, S. quadricauda, S. 
capricornutum, and Chlorella vulgaris, have been successfully employed for WM 
(Liaqat et al. 2022) (Fig. 15.4).

Fig. 15.3 Waste management (WM) system: A schematic representation 
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Fig. 15.4 Various microbes involve in the waste management system 

15.4 Anaerobic Digestion of Animal Wastes 
in Bio-Digesters 

Large amounts of excrement must be managed appropriately as livestock opera-
tions expand and become more intensive. Manure emits methane, a greenhouse gas 
(St-Pierre and Wright 2013). Additionally, anaerobic breakdown often starts in the 
animal’s lower digestive system and continues in the dung heaps, producing foul-
smelling chemicals. These offensive substances result from inadequate decomposi-
tion of organic materials in manure by anaerobic microorganisms in uncontrolled 
environmental circumstances (Husfeldt et al. 2012). An option to the correct treat-
ment of these wastes is a farm-based anaerobic digester. Around the world, there are 
countless on-farm digester facilities, including Blue Spruce Farm, Green Mountain 
Diary, Chaput Family Farm, Cantabria Diary Plant, Buttermilk Hall Farm, Bulcote
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Farm, Minnesota Mid-sized Diary Farm, etc. (Husfeldt et al. 2012; Rico et al. 2011) 
(Fig. 15.5). 

There are a few on-farm anaerobic digesters in South Africa. However, the manure 
collected, varies in accordance with the nature of animal food, on-farm activities, 
and the type of digester utilized (Manyi-Loh et al. 2013). In light of the variations 
in animal management approaches among the farms, the crucial process of solid– 
liquid isolation of the manure mixture may be carried out either prior to or following 
anaerobic process (Tucker 2008). Additionally, for anaerobic digestion, the obtained 
manure may be combined with milk house waste. Manure is often collected together
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Carbon dioxide Acetate 
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Methanogen 
esis 
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Fig. 15.5 Anaerobic digestion: A schematic layout 
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Table 15.1 Different 
components of biogas emitted 
by the anaerobic digestion 
process; average composition 
(De Graaf and Fendler 2010) 

Component Sign % 

Oxygen O2 < 2  

Hydrogen H2 1–2 

Carbon dioxide CO2 23–45 

Methane CH4 50–75 

Hydrogen sulfide H2S < 1  

Water vapor H2O < 1  

Ammonia NH3 2–7 

with or without milk house trash and turned into slurry by adding water. Pumping the 
slurry to the separator allows the mixture to be divided into liquid and solid parts by 
screening. The digester then receives the filtered liquid proportion, while the solid 
fraction might be de-watered and distributed to places in need of nutrients, employed 
as bedding, or compost to provide an extra supply of carbon and nitrogen (Sakar et al. 
2009). 

Intricate assemblages of bacteria in the digester catabolize larger molecules in 
animal manure during the course of anaerobic digestion, subsequently producing 
methane and carbon dioxide. Essentially, this process may be broken down into 
four parts: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. During each 
of the step, certain hydrolytic, fermentative bacteria, acetogens, and methanogens 
contribute a vital part for the process (Lozano et al. 2009). Complicated polymers, 
such as carbohydrates, proteins, and lipids, are broken down into simple sugars, 
amino acids, and long-chain fatty acids during hydrolysis. Extracellular enzymes 
(cellulases, lipases, proteases, and amylases) produced by hydrolytic bacteria linked 
to a polymeric substrate play a major role in this decomposition process (Song et al. 
2005) (Table 15.1). 

Hydrolysis byproducts are further converted into acetic acid and intermediates, 
such as ethanol, lactic acid, short-chain fatty acids, hydrogen, and carbon dioxide by 
fermentative or acidogenic bacteria. The methanogenesis process can directly use the 
acetate, carbon dioxide, acetone, methylamines, methyl sulfide, and methanol gener-
ated during this phase. In order to increase methane synthesis, syntrophic acetogens 
transform the various byproducts from acidogenesis to acetate, formate, or CO2 

and H2. Finally, methanogens manufacture methane during methanogenesis in two 
different ways: either by cleaving acetic acid molecules to form methane and carbon 
dioxide, or by reducing carbon dioxide with hydrogen, depending on whether they 
are acetotrophic or hydrogenotrophic methanogens (Franke-Whittle et al. 2009).
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15.5 Anaerobic Digestion-Related Microbial Colonies 

The particular bacteria and their metabolic processes during anaerobic digestion 
are influenced by the chemical makeup of the feedstock, ambient variables, and 
digester operation parameters. There are four types of concerned bacteria, and these 
groups are biologically closely linked. The early steps of digestion result in decreased 
intermediates which are used by acetogens and methanogens (Franke-Whittle et al. 
2009). But the interplay between acetogens and methanogens is quite intricate. 
Since these bacteria are anaerobes, oxygen poses a hazard by disrupting cellular 
metabolism and triggering the oxidation of cellular components that commonly arise 
in compact forms. Contrarily, new research has shown that certain methanogens can 
adapt to oxygen because their genomes contain genes that produce enzymes that 
protect them against oxygen toxicity, such as catalase and superoxide dismutase 
(Brioukhanov et al., 2006). Methanogens, such as Methanobacterium thermoau-
totrophicum, Methanobrevibacter arboriphilus, and Methanosarcina barkeri, have  
been found to be very tolerant to oxygen and desiccation, according to a number of 
reports (Kiener and Leisinger 1983; Fetzer et al. 1993). 

Due to the production of thick exterior cell layers made of extracellular 
polysaccharide (EPS), which were combined with the buildup of cyclic 2,3-
diphosphoglycerate, M. barkeri exhibits the natural capacity to endure prolonged 
periods of exposure to air and deadly temperatures. In a digester system, the micro-
bial population may generally be divided into three types: acidogens, syntrophic 
acetogens, and methanogens (McInerney et al. 2009). 

15.5.1 Acidogens 

According to documentation, the bacterial species that are active during the polymer 
hydrolysis stage are likewise active during the acidogenic phase. As a result, fermen-
tative bacteria can also be referenced as acidogenic and hydrolytic bacteria. They 
can be either stringent anaerobes or facultative anaerobes, which means that they 
can exist in both aerobic and anaerobic environments. One of the microorganisms 
in charge of the initial stage in the biotransformation of carbohydrates to CH4 is the 
family Enterobacteriaceae, sometimes known as enteric bacteria. This category of 
bacteria lives in the intestines of humans and other animals (Carbone et al. 2002).
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15.5.2 Syntrophic Acetogens 

Alcohols, short-chain fatty acids (C3–C6), certain amino acids, and aromatic 
compounds are syntrophically metabolized by syntrophic acetogens, such as Syntro-
phobacter wolinii, Syntrophomonas wolfei, and Smithella sp., to produce methano-
genesis precursors. The thermodynamics of converting the aforementioned substrates 
to produce methanogenesis precursors is unfavorable, but they are made favorable by 
the inclusion of a syntrophic mate such as hydrogenotrophs (McInerney et al. 2008; 
Hori et al. 2011). However, the buildup of eruptive fatty acids forces the pH to drop, 
the acidification to worsen, the destruction of methanogen functionality, and finally 
the collapse of the digester. Homoacetogens also make acetate from the conversion 
of carbon dioxide via the acetyl Co-A reductase reaction, whereas syntrophic aceto-
gens transform intermediate metabolites to acetate and other methanogenesis fuels 
(Siriwongrungson et al. 2007). 

In principle, acetotrophic, hydrogenotrophic, and methylotrophic channels all 
contribute to the production of methane through methanogenesis. Particular 
methanogens belonging to the order Methanosarcinales are in command of the 
acetate breakdown to generate methane via the acetoclastic path. On the other 
hand, a subset of acetate-oxidizing bacteria exist in syntrophic interactions with 
hydrogenotrophic methanogens, where they work together to oxidize acetate to 
produce methane. Both mesophilic and thermophilic bacteria are included in this 
class of bacteria, which is also known as syntrophic acetogens. Syntrophic acetate-
oxidizing bacteria, which intricate in the reversed reductive acetogenesis, are being 
identified, using integrating flow measurement with transcriptional profiling of 
the formyltetrahydrofolate synthetase (FTHFS) gene, an ecological bioindicator 
essential for reductive acetogenesis (Hori et al. 2011). 

15.5.3 Methanogens 

Methanogens have been discovered in a variety of reactive environments, such as 
freshwater and marine ecosystems, sewage digesters, the gastrointestinal tracts of 
herbivores and animals, and insects that feed on humus and wood. They are members 
of the archaea domain and play a crucial role in the anaerobic process of digestion 
since it is at this stage that the lucrative methane is created (Zhu et al. 2004; Manyi-
Loh et al. 2013). The methanogenic communities are particularly susceptible to pH, 
fatty acid levels, free NH3, and NH4 

+ in the digesting medium during an inconsistent 
anaerobic digestion operation in a malfunctioning anaerobic digester (Westerholm 
et al. 2012). Additionally, there are six major orders of methanogens, Methanococ-
cales, Methanomicrobiales, Methanosarcinales, Methanocellales, and Methanopy-
rales. Acetate, which has long been recognized as the primary source of more than 
70% of the methane, generated in the majority of designed anaerobic digesters, is 
employed by the members of the order Methanosarcinales (Batstone 2006).
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The two families Methanosarcinaceae and Methanosaetaceae, which make up the 
Methanosarcinales, are also characterized as being acetoclastic. The morphology, 
biokinetics, and growth conditions of these two groups of acetoclastic methanogens 
vary, depending on the acetate content. In summation, the linkages among the 
numerous anaerobic microbe groups are very complex, and the harmony of these 
interconnections is crucial to the ability of biological process to function well (Amani 
et al. 2010). 

15.6 Factors Affecting Anaerobic Digestion of Animal 
Manure 

Performance parameters such as hydraulic retention time (HRT), temperature, pH, 
organic loading rate (OLR), free ammonia concentration, medium characteristics, 
biodegradability, and bio-digester layout are primary elements, impacting the effec-
tiveness of anaerobic digester. Moreover, the anaerobic digestion of animal dung is 
substantially influenced by temperature, biodegradability, OLR, and HRT. Despite 
this, it is important to remember other factors as well (Giesy et al. 2005; Cioabla 
et al. 2012). 

15.6.1 Temperature 

Anaerobic bacteria can be subdivided into psychrophiles (20 °C), mesophiles (25–37 
°C), and thermophiles (55–65 °C) according to their preferred temperature ranges. 
Some methanogenic organisms are categorized as hyperthermophilic methanogens 
because they enjoy extremely hot temperatures (90–100 °C). The most signifi-
cant environmental element impacting the proliferation of microorganisms might 
be regarded as temperature. Methanocaldococcus jannaschii and Methanococcus 
vulcanius are two instances. All bacteria can only reproduce and expand within a 
specific temperature range. The enzymatic and chemical interactions speed up as the 
temperature rises within a particular band, and thus, accelerates growth (Ver Eecke 
et al. 2012; Saleh and Mahmood 2004). 

Conversely, enzymes have a protein-like nature and get permanently destroyed 
beyond their appropriate temperature, important chemical processes which take place 
in many biosynthetic processes, some of which are catalyzed by enzymes, thus, 
cannot take place. As they enable organisms to drive desired energy-dependent events 
by combining them with spontaneous reactions which release energy, enzymes are 
essential for metabolism. Microbes will, therefore, stop growing, as well. To sudden 
temperature fluctuations, many microbial species react in different ways. In addi-
tion, temperature influences the metabolic rates of the microorganisms and other 
processing variables including OLR and ammonia content (El-Mashad et al. 2004).
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Biomass residues may typically be digested anaerobically at both mesophilic 
(25–37 °C) and thermophilic (55–65 °C) temperatures. At thermophilic temper-
ature ranges, though, the proportion of free ammonia (NH3) to total ammonium 
ion is greater. In order to minimize ammonia-mediated suppression of methano-
genesis, animal wastes that include nitrogen and ammonia molecules are digested at 
mesophilic temperatures (25–37 °C) (Garcia and Angenent 2009). Furthermore, ther-
mophilic processing utilizes a significant amount of energy, which might lower the 
net energy gained from the entire digesting process. Despite the previously mentioned 
negatives, thermophilic fermentation probably destroys pathogens and weed seeds 
significantly while also boosts metabolism and CH4 output (Campos Pozuelo et al. 
1999). 

15.6.2 pH and Alkalinity 

It is more pertinent to speak about alkalinity and pH in relation to anaerobic digestion 
because the former may be employed to modulate pH, buffering the system acidity 
resulting from the acidogenesis phase. As an outcome, the buffering capability of an 
anaerobic digester is represented by the quantity of alkalinity in the system (Gerardi 
2003). The OLR (which relies on reactor system) and the substrate buffering ability 
determine the pH range of anaerobic digestion, which typically takes place in the 
vicinity of neutral pH value. Cow, swine, and poultry dung are examples of livestock 
wastes with good buffering potential because, when microbes break them down, they 
create alkalinity (Molinuevo-Salces et al. 2010). The anaerobic digestion of these 
wastes is frequently kept at elevated pH levels of 7.6, though. Increased volatile fatty 
acid buildup owing to increased acidity of the digesting media can be caused by an 
increase in OLR with a matching reduction in HRT (Veeken et al. 2000). 

15.6.3 Ammonia 

Biological breakdown of organic nitrogen induces high percentage of total ammo-
nium ions and free ammonia. The amount of ammonia generated during digestion 
is influenced by the nitrogen content of the medium, reactor loads, the C/N propor-
tion, buffering ability, and temperature (Benabdallah et al. 2009). In water solutions, 
inorganic ammonia and nitrogen may be found in two main states which rely on pH, 
ammonium ions (NH4 

+), and unionized ammonia or free ammonia (NH3). The oper-
ational pH and heat have a significant impact on ammonia toxicity. Since a greater 
portion of total ammonia nitrogen will be in the form of free ammonia, which is 
known to be hazardous, a rise in pH will make the ammonia poisoning of the system 
more worse (Chen et al. 2008). 

A decrease in pH value, on the contrary end, will assist to balance out the levels 
of free ammonia and bringing it closer to the ideal pH range desired for the growth
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of microbes. But at the other perspective, process, destabilization brought on by 
oxidative stress frequently causes a rise in volatile fatty acid levels and a commensu-
rate reduction in methane output. Elevated ammonia content causes deficient biogas 
integrity, lower COD competence, impaired biogas output, and stinking, in addi-
tion to stifled operation. As free ammonia inhibits methanogen growth, it has often 
been linked to poor performance characteristics and a higher likelihood of process 
failure. As a result of greater ammonia levels in a fermenter, the biomethanation 
process switches from acetoclastic methanogenesis (carried out by methanogens 
that use acetate) to syntrophic acetate oxidation, which is carried out by syntrophic 
acetogens working with hydrogenotrophs (Westerholm et al. 2012). 

Additionally, the operating temperature (mesophilic and thermophilic tempera-
tures) of the digester unit might have an impact on chemical equilibriums, notably 
of free ammonia concentration at a fixed total ammonium concentration. Despite 
the fact that temperature plays a crucial role in the kinetics and thermodynamics of 
microbial activities in methanogenesis, treating biomass components rich in ammo-
nium, urea, and proteins at thermophilic temperatures (56–65 °C) might be diffi-
cult because of a larger supply of free ammonia (Angelidaki and Ahring 1993). 
Since free ammonia inhibits methane production, the ratio of total ammonium to 
free ammonia gets substantially higher at warmer temperatures. Nevertheless, the 
ammonia lethality of digester system got reduced by a rise in temperature within 
the mesophilic ranges. Therefore, mesophilic range of temperatures gives greater 
process stability to anaerobic digestion of animal manure and a better performance 
than thermophilic temperatures (Campos Pozuelo et al. 1999). 

It has been shown that combining animal manure with carbon-rich co-substrates 
would aid the avoidance of inhibition, imposed by both volatile fatty acids and 
ammonia. However, due to inconsistent findings from various investigations carried 
out in various environments with distinct substrates and buffers, along with the intri-
cate nature of the process of anaerobic digestion and acclimation times, the inhibitory 
ammonia threshold concentration is not standardized (Chen et al. 2008). 

15.6.4 Hydraulic Retention Time (HRT) and Organic 
Loading Rate (OLR) 

The HRT refers to the average time the substrate spends in the anaerobic digester, 
while the OLR measures the quantity of organic matter added to the digester per 
reactor volume and unit time. HRT and OLR have an inversely proportional rela-
tionship and convey valuable information on the design and operation of the reactor 
(Bolzonella et al. 2005). 

The holding duration of animal manure in the reactor has a significant impact on 
its biological breakdown. Heat, the kind of reactor utilized for the processing, and the 
solid concentration of the excrement, all affect retention duration. More specifically, 
fixed film reactors often have a short residence period of a few hours to a few days,
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whereas CSTR and plug flow reactors for animal manure treatment generally take 
retention duration of 20–30 days (Karim et al. 2005). The holding period for covered 
lagoons must be 60 days. The integrity of waste is likewise impacted by HRT in 
terms of nutrient concentration, methane output, and microbial load. It has been 
looked at how HRT affects anaerobic batch process reactors and found that when 
HRT increases, methane output and effluent clarity both improve (Umaña et al. 2008). 

In contrast, OLR is influenced by HRT and temperature. System failure is triggered 
by a rapid rise in OLR and is attributable to declines in pH, methane generation rate, 
and COD removal effectiveness. More specifically, a larger OLR above the optimum 
potential increases the rate at which acidogenic and hydrolytic bacteria produce 
intermediates such as fatty acids. Owing to the sluggish pace at which these fatty 
acids are consumed by methanogens, they would eventually build, causing the pH to 
decrease and reducing methanogenic operations. The elevated OLR affects the micro-
bial communities in the digester circuit. With the genus Clostridium predominating 
at reduced OLR, the classes and phyla Gammaproteobacteria, Deferribacteres, 
Actinobacteria, and Bacteroidetes prevail at high OLR (Rincón et al. 2008). 

15.6.5 Heavy Metals and Features of Substrate 

The contents of excrement strongly influence the rate of biological pathways which 
occurs in the digester unit and the generation of biogas. The nutrition, waste handling, 
and storage strategies used in farming will all have an impact on the makeup of the 
manure. There is a demand for easily accessible energy sources including carbon 
for the creation of fresh biomaterials, inorganic materials like sulfur, nitrogen, phos-
phorus, magnesium, potassium, and calcium as well as organic nutrients, for the 
effective functioning and continuous reproductive success of microbes involved in 
the anaerobic digestion. Therefore, before the digestion process begins, the chemical 
and physical features of the feedstock, including all the moisture contents, total solid 
subject matter, volatile solids substances, phosphorus, nitrogen, and carbon values, 
must be assessed (Ganorkar et al. 2014). 

Volatile manure matter is a highly important factor since it is made up of two 
sections: the biodegradable half, which comprises carbohydrates, lipids, and proteins, 
while the resistive or lignocellulosic portion, which cannot be decomposed anaer-
obically. The phrase “biodegradability of manure” is determined by the production 
of biogas or methane and the proportion of solids (total or volatile solids) which 
have been eliminated. For maximum growth and functioning, microorganisms need 
a trace quantity of certain metals, such as iron, nickel, copper, zinc, cobalt, and 
molybdenum (Zhang et al. 2007). Coenzymes and cofactors contain these essential 
trace nutrients, which are additionally considered as the stimulatory micronutrients. 
Methane output, substrate utilization, and unit consistency all raise as a result of these 
metals as they have stimulatory impacts on the functionality of the biogas operation. 
The researchers have determined that variances in OLR, pH, HRT, substrate proper-
ties, and the intricate biochemical and biological mechanisms involved to regulate
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trace metal accessibility are to blame for the large variations in the amount of these 
metals which have stimulatory affects for biogas production (Zhang et al. 2007). 

Likewise, various kinds of trace metals have unique enhancing effects. It is 
confirmed that adding a well-measured trace metal solution (made up of Ni, Co, 
and Mo) promotes a rise in methane yields. Yet, the removal of Ni from the solution 
resulted in a larger reduction in methane production and process stability. Additional 
findings indicate that methane productivity grew by 10% at 0.4–2 µm values of Co 
but did not substantially change with the addition of molybdenum (Mo). It is indeed 
worthwhile to know that animal dung has been shown to have high levels of micro 
and macronutrients. However, anaerobic digestion of single feedstock like maize 
silage has shown that digestion disruption (induced by the lack of trace elements) 
can occur. 

Certain single feedstock such as maize silage, potato, or even food wastes cannot 
offer both the micronutrients and macronutrients necessary for the development of 
anaerobic bacteria that are essential for the anaerobic digestion. As a rule, essential 
nutrients must be supplied before the digestive process can start. Even better, they 
can be co-decomposed with animal manure such that the animal excrement offers 
strong buffering capacity and necessary nutrients while the energy crop boosts the 
fuel production (Facchin et al. 2013). Alterations in the composition of the microbial 
population can result from a lack of certain metals. Furthermore, a proportion of 
these heavy metals that is too high would be hazardous to the system and impede the 
biological mechanisms via disrupting the structure and function of relevant enzymes. 
They reportedly have the potential to replace naturally existing metals in the pros-
thetic group of enzymes or by interacting with the Sulfhydryl groups on enzymes 
(Chen et al. 2008). 

15.6.6 Blending and Mixing of Animal Wastes with Bacteria 

The degree of interaction between the flowing animal waste and a viable bacterial 
population and consequence of blending in the reactor are crucial for a better anaer-
obic digestion of animal manure. The advantages of mixing the entire content of the 
fermenter during the anaerobic treatment have been noted by several authors, and they 
include: It inhibits the emergence of filth inside the digester, guarantees homogenous 
distribution of microorganisms and substrate throughout the mixture and intensifies 
contact between them, hinders stratification within the digester so that balanced 
dispersion of heat is conceivable, and lastly, it aids in the discharge of gas from the 
concoction (Rojas et al. 2010). Nonetheless, as anaerobic digestion advances, stirring 
may cause a decrease in the substrate particle size. When contemplating the possi-
bility of using various modalities (mechanical mixers and recirculation pumps), the 
intensity and duration of mixing are what remain uncertain. Total and volatile solids 
play a critical role in the classification of manure because, beyond a certain point, 
the manure ceases to be slurry, which complicates mixing and pumping activities. It 
has been noted as a conclusion that combining anaerobic digestion of dairy manure
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with low volatile solids added to extended HRT reduces the necessity for doing so 
(Rico et al. 2011). 

15.7 Composting 

A diversified population of microbes aids the composting, which is an aerobic break-
down activity. The metabolic reactions of microbiota aids to decompose various types 
of wastes. Organic waste has been transformed and consolidated by composting 
into a form that may be beneficial for a variety of agricultural techniques. It is a 
waste management strategy that is both inexpensive and sustainable. Humus and 
plant nutrients are the primary end products of composting, whereas carbon dioxide, 
water, and heat are the contaminants. This process involves a variety of microor-
ganisms, including bacteria, actinomycetes, yeasts, and fungus. The three stages of 
composting are the mesophilic phase, the thermophilic phase, and the cooling and 
maturation phase. The kinds of composting organic matter (OM) and the efficacy of 
the technique, which is determined by the level of aeration and agitation, are the two 
variables that control the longevity of the composting stages (García-Gómez et al. 
2005; Abbasi et al. 2000). 

15.7.1 Factors Influencing the Rate of Composting 

15.7.1.1 Microbes 

Various biochemical molecules can be effectively oxidized or digested by a number 
of microorganisms into more obvious and stable byproducts. A pile of biodegrad-
able solid waste may be colonized by specific microorganisms, including mesophilic 
bacteria, actinomycetes, fungus, and protozoa (Gajalakshmi and Abbasi 2008). These 
microorganisms can flourish between 10 and 45 °C and efficiently break down 
biodegradable materials. The active stage of composting is known as the ther-
mophilic phase, and it can be present for several weeks. The majority of the waste is 
decomposed in the thermophilic stage (Meena et al. 2018). 

15.7.1.2 Temperature 

According to reports, optimum composting occurs between the ranges of 52–60 °C 
and proceeds at temperatures as high as 60–70 °C, when the majority of microorgan-
isms are less active. Below 20 °C, the composting process might halt or become much 
more stable. Additionally, it has been shown that temperatures exceeding 60 °C can 
lower microbial activity since they go beyond the optimal thermophilic boundary for 
microbes (Gajalakshmi and Abbasi 2008).
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15.7.1.3 pH 

The pH value has a significant impact on the composting. Varying pH ranges are 
preferred by various composting bacteria. For the growth of bacteria, a pH range 
from 6.0 to 7.5 is optimum, whereas fungi prefer a pH range between 5.5 and 8.0. If 
the pH value somehow exceeds 7.5, nitrogen is lost (Gajalakshmi and Abbasi 2008). 
A large variety of bacteria presumably thrive best at a pH somewhere around 6.5 and 
7.5. Bacterial activity is reported substantially hindered or even abolished below pH 
5.0. 

15.7.1.4 Moisture Content 

The recommended and optimal moisture level for composting is often between 60 
and 70%. However, the ideal moisture content is between 50 and 60% at the finishing 
stage. Higher than 75% and lower than 30% moisture ratio greatly lower the microbial 
activity. The moisture content is efficiently managed by striking a balance between 
microbial activity and the amount of oxygen accessible. Anaerobic conditions caused 
by too much moisture produce unwanted compounds and a foul smell (de-Bertoldi 
et al. 1983). 

15.7.1.5 Carbon and Nitrogen (%) 

Both C and N are vital for microbes. The primary form of energy is carbon, and 
N is crucial for microbial development. A substrate ability to humify quickly and 
completely is largely dependent on the C to N ratio, which is generally from 25 to 
35% (Gajalakshmi and Abbasi 2008). 

15.7.1.6 Size and Nature of the Particles 

During composting, nature and particle size are crucial factors. Both oxygen satu-
ration in the heap and microbiological infiltration to the substrates are impacted 
by particle size. Smaller particles need more surface space for microbial assault, 
whereas bigger particles reduce the surface area available for microbial invasion, 
slowing down or even stopping the composting equipment (Zia et al. 2003). 

15.8 Role of Microbes in Biodegradation of Plastic 

Plastics are regarded as a significant waste material. Plastic trash recycling is a 
significant issue nowadays. Plastic is a polymer, and depending on the nature of
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the causative agents, polymers can degrade in a variety of ways, including ther-
mally, photo-oxidatively, mechanochemically, catalytically, and biologically. The 
biodegradation method, among these, is the most promising because of its efficiency 
and ecological beneficial approach. The inherent capacity of microorganisms to start 
the process of breaking down via enzymatic activity is known as biodegradation 
(Albertsson et al. 1987) (Table 15.2).

Microbes play a big part in how natural and manmade polymers disintegrate and 
deteriorate. Plastics degrade gradually, and a variety of environmental conditions, 
including temperature and pH, are necessary for this cycle. The principal organisms 
that break down plastic are bacteria and fungus. One of most significant of the 
successive enzymatic processes that occur during the biodegradation of plastic is 
hydrolysis. Typically, several variables, such as the availability of microbial enzymes 
and adequate abiotic conditions, affect how biodegradable polymeric compounds 
behave (Gu and Gu 2005; Schink et al. 1992). The impurities are used by microbes 
for growth, feeding, and development. This is the primary driver underlying the 
microbial transformation of many organic pollutants. Carbon is obtained by microbes 
from organic compounds. C is crucial for bacteria because it serves as the foundation 
for new cells (Chapelle 1993). 

15.9 Bioremediation 

A natural procedure known as bioremediation employs microorganisms to clean 
trash or pollution from soil and water (Fig. 15.6). This technique enables eco-
friendly bacteria to treat solid waste, making it biodegradable and beneficial to the 
environment (Kensa 2011). There are two types (Fig. 15.6).

15.9.1 In-Situ Bioremediation 

In this, wastes are removed from the soil or water without extraction or transportation. 
Bacteria conduct biological treatment on the waste interface. It is an alternate way 
of treating groundwater and soil. Non-toxic microorganisms are used in this method. 
There are three categories of this sort of bioremediation. 

15.9.1.1 Biosparging 

It is a procedure for treating waste at locations where petroleum products like 
diesel, gasoline, and lubricating oils are present. This technique involves pumping 
compressed air below ground water to raise the oxygen content. To prevent the release 
of volatile particles into the environment, which causes air pollution, the air pressure 
needs to be properly managed.
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Table 15.2 Numerous bacterial, fungi, and algae strains that degrade plastics 

Type of 
Plastic 

Bacteria Fungi Algae References 

Polyethylene 
bags 

Pseudomonas 
aeruginosa, 
Pseudomonas 
putida, Bacillus 
subtilis 

Phanerochaete 
chrysosporium, 
Aspergillus niger 

Algae is not 
involved in the 
biodegradation of 
polyethylene bags 

Nwachukwu et al. 
(2010), 
Aswale and Ade 
(2009) 

Low density 
Polyethylene 

Rhodococcus 
ruber C208, 
Brevibacillus 
borstelensis 707, 
Rhodococcus 
ruber C208, 
Staphylococcus 
epidermidis, 
Bacillus cereus C1 

Aspergillus niger, 
Penicillium sp., 
Chaetomium 
globosum, 
Pullularia 
pullulans, 
Fusarium sp. 
AF4, Aspergillus 
oryzae 

Not Involved (Gilan et al. 2004) 
Shah et al. (2009) 
Chatterjee et al. 
(2010) 
Sivan et al. (2006) 

High density 
Polyethylene 

Bacillus sp., 
Micrococcus sp., 
Vibrio sp., 
Arthrobacter sp., 
Pseudomonas sp. 

Aspergillus 
terreus MF12, 
Trametes sp. 

Not Involved Balasubramanian 
et al., (2014) 
Fontanella et al. 
(2013) 
Iiyoshi et al. 
(1998) 

Polyurethane Corynebacterium 
sp., Pseudomonas 
sp., Arthrobacter 
globiformis, 
Bacillus sp. 

Chaetomium 
globosum, 
Aspergillus 
terreus, 
Curvularia 
senegalensis, 
Fusarium solani 

Acinetobacter 
calcoaceticus, A. 
gerneri 

Howard et al. 
(2012) 
Crabbe et al. 
(1994) 

Degradable 
Plastic 

Pseudomonas sp., 
Micrococcus 
luteus, Bacillus 
subtilis, 
Streptococcus 
lactis, Proteus 
vulgaris 

Phanerochaete 
chrysosporium, 
Penicillium sp., 
Aspergillus sp. 

Streptomyces sp. El-Shafei et al.  
(1998) 
Seneviratne et al. 
(2006) 
Priyanka and 
Archana (2011) 

Degradable 
Polyethylene 
bags and 
Polyethylene 
carry bags 

Serratia 
marcescens, 
Bacillus cereus, 
Pseudomonas 
aeruginosa, 
Streptococcus 
aureus, 
Micrococcus lylae, 
Pseudomonas sp., 
Micrococcus 
luteus, Bacillus 
subtilis, 
Streptococcus 
lactis, Proteus 
vulgaris 

Phanerochaete 
chrysosporium, 
Aspergillus niger, 
A. glaucus, 
Pleurotus 
ostreatus 

Not Involved Priyanka and 
Archana (2011) 
Aswale and Ade 
(2009)
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Bioremediation 

In situ Bioremediation Ex situ Bioremediation 

Biosparging 

Bioventing 

Bioaugmentation 

Composting 

Land Farming 

Bio-piling 

Fig. 15.6 Flow diagram of bioremediation

15.9.1.2 Bioventing 

It is an aerobic method for the degradation of waste materials. When oil resources 
are mined for petroleum and gasoline, various solid wastes are produced that can 
be treated via bioventing. To speed up the cleanup procedure, oxygen, nutrients like 
phosphorus and nitrogen are delivered to the polluted spot during the procedure. 

15.9.1.3 Bio-augmentation 

In this instance, cultivated microorganisms are introduced to the contaminated area 
with the intention of causing the pollutants in a particular environment to degrade. 
As a result of this process, pollutants in the groundwater and soil are converted to 
non-toxic compounds by microbes. 

15.9.2 Ex-Situ Bioremediation 

It defines the procedure of removing polluted soil or water. The many forms of ex 
situ bioremediation are listed here. 

15.9.2.1 Composting 

Composting is an aerobic process that involves mixing polluted soil with safe 
organic fillers. Microorganism community is greatly increased with the use of organic 
additives.
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15.9.2.2 Land Farming 

In this bioremediation technique, polluted soil is combined with green manure before 
being tilled into the ground. Enhancing native bio-degradative bacteria is the major 
goal in order to allow for the aerobic breakdown of pollutants. 

15.9.2.3 Bio-Piling 

Bio-piling is a composite method that combines composting with on-site gardening. 
This method creates an environment that is ideal for both aerobic and anaerobic 
microbial growth. With the aid of biodegradation, bio-piles are used to reduce the 
quantities of petroleum elements (Fig. 15.6). 

15.10 Conclusions 

The protection and sustainable development of the environment are acknowledged 
as having the greatest degrees of significance and calling for immediate assistance 
on a worldwide scale. The main areas which require a focus of concentration are 
waste management, conservation of NR and biodiversity, and treatment of contam-
inants and pollutants if sustainability is to be ensured. To protect the environment 
from degradation nowadays, it is not only necessary to remove toxins and pollutants, 
but also necessary to recycle and control hazardous chemicals by converting various 
wastes into a wealth of usable items in an aesthetically pleasing and environmentally 
beneficial way. As human struggles to find a durable way to clean up contaminated 
surroundings and garbage, awareness in the employment of microbes has grown 
and gained importance in the recent decades. The potential of microbes for specific 
applications has drawn more interest and curiosity with the development of biotech-
nology. The nature of microorganisms is unusual and even unforeseen. Numerous 
environmental issues may be effectively solved by using microorganisms. The ethical 
and scientific reliance of microorganisms results in a stunning progression of knowl-
edge and cutting-edge equipment that offers a practical solution to protect our world 
as well as contemporary methods of biological WM and environmental sensing. 
Finally, it can be said that the application of microorganisms and microbiological 
techniques has created new opportunities for sustainable prosperity, notably in the 
fields of the environment and other significant health issues. Animal manure diges-
tion by anaerobic bacteria is viewed as a potent alternative for properly recycling 
animal wastes or turning them into useful products and fuels. The potential advan-
tages of the biodegradation method that occurs in a confinement include lessening the 
biological oxygen demand (BOD) and chemical oxygen demand (COD) of wastes, 
wrecking pathogenic microorganisms to mitigate the microbial load to a level that 
humans could handle safely with marginal health risks, and destroying volatile fatty
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acids and many odorous compounds present in the feedstock and lowering emis-
sions. Fundamentally, it promotes the idea of turning waste into riches by producing 
biogas and high-quality, nutrient-rich fertilizer from animal dung. Likewise, the other 
methods for the controlled management of animal wastes discussed in the chapter 
have a promising future to overcome the public and environmental health concerns. 
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Chapter 16 
Biofertiliser from Animal Wastes 
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Abstract The increase in demand for animal products is a major and growing source 
of pollution and diseases globally. Due to constrained disposal places and firmer 
regulations on burning, animal waste is a worldwide problem. Handling animal waste 
has certain significant dangers that are connected to the condition of the land, water, 
and air. As a regenerative and sustainable supply of plant nutrients, biofertilisers 
based on animal waste are an advantageous tool in the agricultural sector. In order 
to promote and encourage their usage as well as develop the supply chain, it is 
necessary for different stakeholders and governments to strengthen animal waste-
based biofertilisers. Animal waste-based biofertilisers will mitigate hazards from 
global population food needs and production and will slow down/stop the widespread 
chemicalization in agroecosystems.
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Graphical Abstract 

Keywords Agroecosystems · Environment · Industrialisation · Livestock ·
Chemical fertilisers · UN sustainable development goals 

16.1 Introduction 

The farming of animals in agriculture has a substantial role in both social and 
economic well-being of a nation by helping to supply the nation with food, create 
jobs, increase household income, generate revenue, pay taxes, preserve assets, use 
animals for traction, diversify agriculture, improve soil fertility, and provide trans-
portation (Malomo et al. 2018). The term “animal wastes” refer to the solid, semisolid, 
and liquid by-products (faeces, urine, bedding materials including straw, sawdust, 
and rice hulls) produced by animals. Typically, the animals are raised to provide 
food for human use, such as meat, milk, and eggs (Sims and Maguire 2018). The 
faeces of cows, pigs, and chickens are the most common types of animal waste. 
Given their potential to pollute both surface and groundwater, animal wastes are a 
source of growing concern. (Gerba and Pepper 2009). Pathogens in animal faeces 
may contaminate food or water, or they can enter the body directly via inhalation,
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skin sores, and other paths that are open to pathogen entrance, which contributes to 
the spread of many zoonotic illnesses (Cavin and Butler 2016). Various approaches 
have been investigated in recent years for the reduction of organic waste materials 
as well as recycling and reusing these resources for the manufacturing of goods with 
additional value. Converting organic waste into biofertilisers is one of the newest 
strategies (Du et al. 2020). 

Organic fertilisers known as “biofertilisers” also have microorganisms that have 
qualities that are advantageous for plant growth and development. These fertilisers 
also promote nutrient absorption, soil fertility, and crop yields (Mącik et al. 2020). 
Due to their sustainability and environmental friendliness, biofertilisers are seen to be 
an effective substitute for synthetic chemical fertilisers (SCF), which are expensive 
and harmful to the food and soil health (Jaffri et al. 2021). For intensive agriculture 
to provide large yields, several synthetic fertilisers are used. Synthetic fertilisers are 
expensive and dangerous for the nutrition and health of the soil (Singh et al. 2021). 
The eutrophication of water bodies, the greenhouse effect, and the heavy metals 
accumulation such as arsenic, cadmium, and plumbum are all strongly related to 
the excessive use of synthetic fertilisers (Mącik et al. 2020). Additionally, intensive 
chemical fertiliser usage reduces soil fertility and biodiversity (Singh et al. 2021). 
One of the finest alternatives to chemical fertilisers is biofertilisers derived from 
animal manure. Biofertilisers made from animal waste assist in restoring normal soil 
fertility and enhance the structure and functionality of the soil (Singh et al. 2021). Use 
of biofertiliser is primarily intended to support plant development without having a 
negative impact on the environment and to increase agricultural yields (Mishra et al. 
2013). The yearly production of manure by domesticated cattle, pigs, and poultry, 
excluding animals on pasture, is around 120 million tonnes. (Loyon 2018). By 2023, 
the biofertiliser market is anticipated to grow at a CAGR of over 14%. The size 
of the worldwide biofertiliser market was USD 1106.4 million in 2016, and by the 
end of 2024, it is expected to have increased by USD 3124.5 million at a pace of 
14.2% (Joshi and Gauraha 2022). 

According to projections, the world’s population will reach 9.7 billion by 2050, 
and the globe currently faces a climate emergency as a result of rapid urbanisa-
tion, industrialisation, and agricultural production using synthetic chemicals (Joshi 
and Gauraha 2022). Animal waste-based biofertilisers are amongst alternatives to 
the established farming system and help to decrease dependency on artificial plant 
protection inputs in crop production. This also helps to keep the environment clean, 
reduces population, and helps to protect the environment. 

16.2 Biofertiliser from Animal Wastes 

The quickest and best approach to make use of organic wastes is as substitute 
fertilisers and soil additives. Potentially safe to use as a broad-acre biofertiliser 
is the acquired low-cost biodegradable end product of organic waste. The devel-
opment of an affordable technology for the treatment of industrial animal wastes is
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made possible by several methods for using animal wastes (Fig. 16.1). The European 
rendering market gathered and processed 15 million tonnes of animal waste in 2002 
(Hall and Sullivan 2001). Utilisation of animal remains by different methods which 
is a special field of waste management. Some of these are following. 

Fig. 16.1 Animal waste produced in a local dairy farm in Peshawar, Pakistan
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16.2.1 Vermicompost 

Vermicompost is a term used to describe how earthworms break down organic waste 
into a uniform mixture that resembles humus. The faecal by-products of bacteria 
and earthworms are combined to form vermicompost, a complex material. As vora-
cious eaters, earthworms change the makeup of organic materials and progressively 
transform it into more nutritious elements. The nutrient content of vermicompost 
is greater than the traditional compost, hence converting it into valuable fertilisers. 
Earthworm increases the surface area of materials, making them more favourable for 
microbial activity. These have the ability to consume different types of excreta from 
livestock and cattle dung (Pandit et al. 2012). 

16.2.2 Digestate Biofertiliser 

Anaerobic digestion is a low-cost method of producing digestive biofertiliser. The 
technique makes use of a variety of raw materials, including commercial, agricultural, 
and household trash. The generation of food waste has significantly increased as 
a result of the growing world population (Curry and Pillay 2012). According to 
Johansen et al. (2013), digestate biofertiliser increases the diversity of soil microbes. 
The biofertiliser quality of digestate produced by the digestion of chicken droppings 
and cow dung was evaluated by Alfa et al. in 2014. Garfi et al.  (2011) investigated 
the characteristics of digestate made from guinea pig dung. The soil’s fertility may 
be increased by applying digestate biofertiliser, which is produced by the anaerobic 
digestion of human excreta. The digestate may be used as an effective biofertiliser 
for crop growth and yield due to the presence of organisms that fix nitrogen and 
solubilise phosphate (Owamah et al. 2014). 

16.2.3 Poultry Waste-Based Biofertiliser 

Animal waste is defined as bones or animal parts that are not primarily intended for 
human consumption and are regarded as high-risk items. Composting and anaerobic 
digestion are ecologically friendly methods for disposing of this garbage and treating 
it to get rid of any potential microbes. It reduces pollutants, stabilises sludge, and 
generates biogas, making it a potential option for poultry slaughterhouses processing 
organic waste. The hydrolysis of organic matter, which occurs as part of digestion, is 
the rate-limiting stage since the organics in chicken slaughterhouse wastes degrade 
slowly (Park et al. 2017). Poultry slaughterhouse wastes are combined with agri-
cultural wastes, sewage sludge, wood dust, and activated compost over a 90-day 
composting cycle. The creation of mature and stable compost was made possible by
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the study of microbiological and physicochemical factors throughout the composting 
process (Asses et al. 2019). 

16.3 Manure Management 

A critical component of the agricultural waste management system is the treatment 
of animal manure (Malomo et al. 2018). Manure has long been valued as a soil 
amendment for growing crops. Manure management, taken in its broadest meaning, 
refers to the effective use of animal waste in accordance with each farm’s capabilities 
and objectives in order to improve the soil’s quality, the nutrition of the crops, and 
farm profitability. Manure management is described as a process of making decisions 
that aims to maximise agricultural productivity whilst minimising nutrient loss from 
manure, both now and in the future (Karmakar et al. 2007). Due to the growth of the 
livestock business, the increase in the number of livestock animals, and the adop-
tion of environmental legislation and standards, appropriate manure management 
systems (MMS) are becoming more and more crucial. Management planning now 
has to take into account more decision factors as a result of growing environmental 
and sustainability concerns (Li et al. 1994). Environmental laws that aim to avoid 
pollution of the air, water, and land have a greater impact on the choice of manure 
management and treatment alternatives. Examples include how housing manage-
ment, manure storage and treatment, and land application methods may be impacted 
by controlled decreases in ammonia emissions (Westerman and Bicudo 2005). 

Enacted in 1997 and adopted in 2005, the Kyoto Protocol to the United Nations 
Framework Convention on Climate Change (UNFCCC) is a global agreement 
(Boehm 2005). For the first commitment period (from 2008 to 2012), parties of this 
protocol agreed on a legally enforceable greenhouse gas (GHG) emission reduction 
target. These objectives were created to lower GHG emissions worldwide by around 
5% from 1990 levels. A potential avenue for reducing GHG emissions is manure 
management in livestock husbandry. At every step of managing manure, including 
collection, handling/storage, treatment, and application to the ground, greenhouse 
gases are produced. Utilizing the right decision support system (DSS) might help 
livestock owners discover MMS or other elements that contribute to the decrease of 
GHG emissions (Karmakar et al. 2007). 

16.4 Importance of Livestock Waste Management 

Animal waste is most often a source of concern since it may produce a lot of CO2 and 
ammonia, which can cause acid rain and the greenhouse effect. It may contaminate 
water supplies and aid in the spread of infectious illnesses. The discharge of smells



16 Biofertiliser from Animal Wastes 419

and the contamination of water sources might lead to societal unrest if sufficient plan-
ning is not made. The following factors show the necessity, benefits, and significance 
of proper management of animal waste (Font-Palma 2019): 

1. In soils deficient in organic matter, livestock dung aids in maintaining soil 
fertility. The physical state of the soil is improved by adding manure, which 
also improves soil structure and improves the soil’s ability to store water. 

2. Additionally, animal manure contributes to the improvement of the soil’s 
microclimate for fauna and flora. 

3. Manure is also used as fuel. 
4. Manure waste and other organic wastes from animal ranches have the potential 

to be a significant source of energy. 
5. Utilizing animal manure might help with resource management, crop and 

livestock production, and post-harvest loss reduction. 
6. As a sustainable energy resource, bio-energy sources are becoming more and 

more popular which might help address issues like the growing cost of fuel and 
the demand for energy by serving as an alternative to pricey fossil fuels. 

7. Sustainable agriculture is supported by biogas produced from animal waste 
and by-products, which is renewable and ecologically benign. Additionally, the 
digesters provide superior-quality organic waste. 

8. Lower the risk of infection for both the animal and human populations. 
9. Until it is decomposed and changed into a soluble form, the nitrogen in manure 

remains bound up in its organic state (ammonium nitrate). Ammonium nitrate 
is added to soil to increase fertility. 

10. Decreases prohibited waste discharge which might endanger the quality of the 
water and soil. 

16.4.1 Traditional Method of Livestock Waste Management 

Dung cake: In less developed nations, cow dung is physically collected and spread 
out on the proper racks to sundry before being used as fuel for heating and cooking 
(Font-Palma 2019). 

Dumping into heaps or pits: It is the most common and traditional waste manage-
ment method, in which all garbage is dumped into a pit on a farm or field (Font-Palma 
2019). 

Composting: The first stage in the composting of organic waste is the thermophilic 
stage (45–65 °C), in which microorganisms, mostly bacteria, fungus, and actino-
mycetes create heat, carbon dioxide, and water. By combining or aerating the varied 
organic material, a uniform and stable humus-like product is produced. Composting is 
the process of aerobically breaking down biodegradable organic waste. The biodegra-
dation process is rather quick, requiring just 4–6 weeks to stabilise the material. 
Compostable material may be utilised as organic fertiliser since it is odourless, fine-
textured, and low in moisture. It is furnished with a fork, a brush, and a tiny cart with
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four wheels. The brush is rotated by a gear motor with a belt drive and pulley system 
(Font-Palma 2019). 

16.4.2 Advance Methods of Livestock Waste Management 

16.4.2.1 Biogas Production 

Animal waste, household garbage, and agricultural waste may all be used to produce 
biogas, a clean, environmentally friendly fuel that is readily accessible in rural 
areas. Under anaerobic circumstances, bacteria convert organic materials to gases 
to produce biogas. Methane makes up 55–65% of biogas, along with carbon dioxide 
(35–45%), hydrogen sulphide (0.5–1.0%), and water vapour in very small amounts. 
Biogas has an average calorific value of 20 MJ/m3 (4713 kcal/m3) (Font-Palma 2019). 

16.4.2.2 Vermicomposting 

The earthworm consumes the organic material and excretes “vermicompost,” which 
is a small, pelleted substance. Important plant nutrients like N, P, K, and Ca that 
are contained in organic waste are released during vermicomposting and changed 
into forms that are more soluble and useful to plants. Additionally, vermicompost 
has physiologically active ingredients like plant growth regulators. In addition, the 
worms themselves serve as a source of protein for animal feed. Composting period 
is shortened to 60–75 days, whilst N, P, and K content are increased by three to four 
times (Font-Palma 2019). 

16.4.2.3 Pyrolysis 

The process of pyrolysis involves heating condensed organic molecules in a reactor, 
often without oxygen, and causing chemical degradation. Straw, twigs, sawdust, and 
other agricultural and forestry waste are some of the main raw materials utilised in 
pyrolysis. These raw materials are converted into a variety of products under high 
pressure and temperature. Manure may be pyrolyzed by heating it to between 480 
and 830°F whilst maintaining a low oxygen level in the air. In a closed system at 
temperatures between 400 to 1472°F, waste is chemically broken down by a ther-
mochemical process. Gases, oil, and ash are the by-products. H2, H2S, CH3, CO,  
and ethylene are amongst the gases. When compared to other animal manures, dairy 
faeces produced the most gas per unit of dry solids, followed by chicken, beef, and 
swine faeces (Brugger and Windisch 2015).
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16.4.2.4 Soldier Fly Breeding 

The larvae or “grubs” of black soldier flies (BSF) are well adapted to handle animal 
manure. The BSF larvae may survive for many weeks, whereas the adults only have 
a short lifespan, and during that period, they can absorb enormous amounts of food 
waste or manure. This process yields two beneficial by-products: the castings or 
waste, which may be used to enhance the soil, and the larvae, which are a fantastic 
source of food for a variety of creatures, including fish, birds, reptiles, and amphibians 
(Font-Palma 2019). 

16.4.2.5 Litter Management 

The excreta, bedding, leftover feed, and feathers all make up poultry litter. Wood 
shavings, sawdust, straw, peanut hulls, and other fibrous materials may be used as 
bedding. The majority of the chicken litter comes from the broiler industry. The litter 
may have accumulated across numerous bird harvests or may have come from a 
single crop of broilers. 20–25% of the moisture in the litter is typical. Mostly, beef 
cows and stocker cattle are fed poultry litter. On a dry matter basis, broiler litter 
includes 25–50% crude protein and 55–60% TDN and is a good source of important 
minerals. The nutritional content is thus on par with or better than that of high-quality 
legume hay. Instead of being an issue with waste, poultry litter can and should be a 
source of nutrition and energy (Schlegel et al. 2015). 

16.4.2.6 Ammonia Recycling 

Using a gas permeable membrane to recycle ammonia from animal wastewater is 
a conventional technique (Maglinao et al. 2015). This membrane is impermeable 
to water and only permits the passage of gases. Gaseous ammonia is captured and 
concentrated in a stripping solution with the use of a microporous hydrophobic 
membrane. Organic acid and mineral acid of 1 normalcy make up the stripping 
solution. Polypropylene and polyurethane are membranes that are used for filtration. 
Manure pH affects ammonia recovery, increasing it by 1.2% per hour at pH 8.3 and 
13% per hour at pH 10, and the average removal rate is 45–153 mg of ammonia 
litre/day (Parihar et al. 2019). 

16.4.2.7 Enzymatic Fermentation into Ethanol 

Due to its relatively high (up to 50%) fibre content, manure comes within this group. 
Fibre makes up the majority of manure’s resource component, therefore converting it 
to biochemical using a sugar platform offers a method for this higher degree of manure 
use. This procedure comprises the hydrolysis of the cellulose and hemicellulose found 
in fibre into simple sugars, which may then be processed chemically or biologically to
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produce ethanol for use as a fuel or other compounds (Chen et al. 2005). With total 
sugar conversions nearing 79%, diluted sulphuric acid pre-treatment and enzyme 
hydrolysis are a preferable method. The feasibility of turning feedlot cow dung into 
ethanol (70% efficiency) was confirmed by fermentation tests using the resulting C6 
hydrolysates. This procedure might provide higher yields with advancements (such 
as the fermentation of C5 sugars), thus enhancing its viability as a feedstock for 
biofuels (Vancov et al. 2015). 

16.5 Value-Added Products from Animal Waste 

External components including beddings, urine, wash water, spilt feed, and water 
are also included in manure made from animal waste. Animal dung was essential 
for improving soil fertility before organic fertilisers were developed (Malomo et al. 
2018). Through technology, several items from animal excrement are produced (and 
bio-waste). Processing of animal manure often includes digestion, which frequently 
occurs concurrently with the digestion of other bio-wastes. The majority of methods 
are also useful for digestates and the separation products they produce (Ehlert 
and Schoumans, 2015). According to Malomo et al. (2018), major animal waste 
component includes nutrients (manure, fertiliser, biomass conversion; animal feed, 
soil alterations, compost; etc.), organic matter (soil amendments/structuring), solids 
(bedding), energy (biogas, bio-oil, and syngas), and fibre (peat substitute, paper, and 
building materials). 

A range of value-added products is produced via processing methods. Ammo-
nium sulphate solutions in water (lightly acidic), ash (PK fertiliser, liming material), 
biochar, compost (organic fertiliser or organic soil amendment), and digestate are 
the primary products, and their potential for recycle and reuse (organic fertiliser 
or organic soil amendment) and mineral concentrations of potassium and nitrogen 
organo-mineral fertilisers, which are NPK fertilisers embedded in organic matter 
and have relatively high nutrient contents, are organic fertilisers with relatively 
low nutrient contents (Table 16.1). Precipitated salts include magnesium ammonium 
phosphate (Mg-struvite), potassium ammonium phosphate (K-struvite), magnesium 
phosphates, and calcium phosphates (Ehlert and Schoumans, 2015).

16.6 Application of Biofertilisers in Agriculture Practices 

The world’s population is growing, and it is predicted that by 2050, there will be 9.7 
billion people on the planet (Ehrlich and Harte 2015). Industrialisation, urbanisation, 
and agricultural productivity are all intimately related to the growing world popu-
lation (Gizaki et al. 2015; Mahanty et al. 2017; Santos et al. 2012). The nutritional 
needs of mankind cannot be satisfied by traditional agriculture. For plant nutrition 
and disease management, traditional farming practices employ a tonne of synthetic
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Table 16.1 Categorisation of 
different types of livestock 
manure (Wen et al. 2007) 

Parameters Dairy Beef Feedlot 

Solid content (% of fresh manure) 

Total solids (dry matter) 13.39 12.56 26.61 

Total volatile solids 11.21 9.97 22.78 

Elements (% of dry matter) 

Carbon 45.37 43.81 43.56 

Nitrogen 3.03 1.94 2.72 

Phosphorus 0.48 0.42 0.81 

Potassium 2.86 1.44 0.92 

Calcium 1.2 1.06 0.69 

Magnesium 0.55 0.3 0.34 

Sodium 0.47 0.25 0.12 

Copper 0.003 0.0002 0.0018 

Zinc 0.032 0.0042 0.0087 

Iron 0.03 0.059 0.055 

Sulphur 0.31 0.25 0.21 

Aluminium 0.014 0.017 0.021 

Cobalt 0.0009 0.0002 0.0002 

Chromium 0.0002 0.0002 0.0001 

Manganese 0.051 0.06 0.012 

Molybdenum 0.0003 0.0002 0.0008 

Nickel 0.001 0.001 – 

Vanadium 0.0005 0.0006 –

fertilisers and pesticides, which has increased crop growth, productivity, and quality 
as well as farmers’ revenue. On the other hand, by polluting water, air, and soil reser-
voirs, the rising use of artificial assistance has seriously harmed the natural envi-
ronment (Rahman and Zhang 2018). These agrochemicals have accumulated below-
ground as a result of their improper application and inability to biodegrade. These 
build up underground, changing the soil’s properties negatively in terms of structure, 
fertility, and water-holding capacity resulting in the greenhouse effect and eutroph-
ication of water basins. An alternative to traditional agriculture, organic farming 
promotes crop development whilst preserving the soil’s high quality and biodiversity. 
Biofertilisers contribute to the preservation of a soil environment rich in micronutri-
ents as well as macronutrients via nitrogen fixation, phosphate and potassium solubil-
isation and mineralisation, the release of plant growth-regulating compounds, and the 
synthesis of antibiotics. Farmers have utilised legumes to improve soil fertility since 
prehistoric times. Whilst Nobbe and Hiltner developed “Nitragin,” a Rhizobia labora-
tory culture, in 1895, it was followed by the discovery of Azotobacter and blue-green 
algae, which marked the beginning of the industry’s usage of biofertilisers (Ramesh 
2008).
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16.7 Animal Waste-Based Biofertilisers in Aquaculture 

What occurred in the past, current trends, and potential future developments are 
three key issues that are discussed in relation to the development of ecologically 
sustainable aquaculture. Traditional aquaculture mostly benefits the environment 
since it feeds farmed aquatic animals with trash and by-products from the farm and 
the neighbourhood, such as leftover food from open water bodies, animal or human 
excrement, or agricultural leftovers (Zajdband 2011). 

Traditional and contemporary aquaculture production methods are compared, 
with a focus on the kind of nutrient inputs, in natural ecosystems and man-made 
agroecosystems. Natural ecosystems and man-made agroecosystems are studied in 
relation to terrestrial and aquatic, coastal/offshore, land- and waterscapes, and aqua-
culture. The failure of traditional integrated aquaculture, along with increased envi-
ronmental sustainability concerns, has resulted in a substantial change. The two-way 
impacts of aquaculture on the environment are explored, and environmental issues 
are shown via case studies of genuine traditional and modern inland and coastal 
aquaculture techniques in temperate and tropical settings (Zajdband 2011). 

Due of its widespread availability on farms, animal dung is the most widely 
used organic fertiliser. In reality, one significant element that accounts for the sharp 
rise in Chinese inland aquaculture productivity over the last several decades is the 
increasing availability of organic fertilisers as a consequence of increased chicken 
and pig production (Weimin 2010). The only method for the majority of small farmers 
to increase pond production is to employ animal dung, even though wealthy farmers 
often use artificial fertilisers (Ahmed et al. 2010). But combining mineral and organic 
fertilisers is another strategy (Zajdband 2011). Feed that has been spilled, bedding 
material, and farm animal excrement are all considered to be manure. Organic 
fertilisers also include green manures with high nitrogen concentration and fresh 
or composted agricultural by-products such as pressmud and a by-product of sugar-
cane (Keshavanath et al. 2006). Fish ponds have been fertilised using a wide range 
of animal manures. Its composition, which may change over time, determines the 
effectiveness of the manure as fertiliser. For effective use, the manure must be applied 
to the pond in a certain order (Zajdband 2011). 

16.7.1 Pond Water for Irrigation 

Aquaculture effluents can also be utilised to water land-based crops. In reality, rather 
than being used for fish farming, pond building on farms may be primarily for irri-
gation reasons (Fernando and Halwart 2000; Nhan et al. 2007). Because it includes 
both dissolved and suspended inorganic and organic components from fish culture 
(such as feeds and fertilisers, as well as other external nutrients, including mate-
rials produced via soil erosion, run-off, and leaching), pond-outlet water is often 
nutrient-rich. However, pesticide or antibiotic chemical residues may be present in
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the aquaculture wastes. Commonly, the composition of pond effluent changes with 
the season, being richer in the summer when fertilisation and feeding rates are greater 
(Zajdband 2011). 

16.8 Factors Affecting the Quantity and Quality of Animal 
Manure 

Animal dung varies in terms of both volume and nutritional content and depends on 
a wide range of factors that can be categorised into four groups: (1) animal-specific 
factors; (2) factors relating to animal feed and feeding; (3) factors relating to housing, 
bedding materials, and waste collection; and (4) factors relating to the transportation, 
processing, and storage of waste. Manure is considered to be of good quality if it 
contains enough amounts of the nutrients, such as nitrogen and phosphorus that are 
often to be responsible for limiting pond primary production (Zajdband 2011). 

16.9 Environment and Economic Significance 
of Animal-Based Biofertilisers 

According to Malomo et al. (2018), some of the major associated benefits of 
comprehensive manure management through animal-derived biofertilisers include 
as follows:

• Prevents the environmental impacts on air, water, soil, wildlife, and the marine 
ecosystem.

• Reduces the risks associated with animal waste and protects human health by 
preventing and spread of diseases.

• Increases productivity, lowers medical expenses, improves environmental quality, 
and maintains ecosystem services. It also contributes to economic stability by 
reducing costs via environmental and human health benefits.

• Contributes to economic stability by creating appealing and amusing human 
settlements, and employment, including low, medium, and high-skilled jobs. 

16.10 Animal-Based Biofertilisers and Sustainable 
Development Goals 

Due to population expansion and intense pressure to raise agricultural output to 
meet the needs of the expanding population, the world’s need for food has grown. 
For the last several decades, chemical fertilisers have been the easy fix, but their 
excessive and careless use has resulted in food contamination, weed resistance, new
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illnesses, severe environmental effects, and a major negative impact on human health 
(Sansinenea 2021). 

Animal waste has increased turbidness through the movement of soil particles 
into streams, rivers, and lakes (Gerba and Pepper 2009). The possibility to generate 
and utilise animal waste-based biofertilisers as an alternative to chemical fertilisers 
in agriculture has been made possible by rising demands for sustainable agricultural 
objectives, declining reliance on agrochemicals, and producing more nutritious and 
organic foods (Joshi and Gauraha 2022). Sustainable handling of animal waste may 
benefit both farmers and the broader population in a number of ways (Malomo et al. 
2018). The use of animal wastes as biofertilisers will help and contribute signifi-
cantly towards achieving UN sustainable development goals (SDGs). The waste of 
animals poses significant problems and risks to the public’s health, but with the right 
management, it may become a useful resource. 

Certain significant barriers to biofertiliser use include farmer unawareness, perfor-
mance benefits over chemical counterparts, and supply chain, which will lead to stable 
and sustained growth for biofertilisers in the future (Joshi and Gauraha 2022). The 
application of biofertilisers is helpful, especially in increasing sustainable agricul-
tural practices along with enhancing the yield, protecting the plants from various 
biotic and abiotic stresses, and improving the content of pharmaceutically vital 
secondary metabolites (Tripathi and Singh 2021). Strict policies and legal frame-
works are needed for sustainable animal waste management through the production 
of biofertilisers (Malomo et al. 2018). Such practices will contribute to reducing the 
detrimental impacts of animal waste and increase organic agricultural practice and 
global strive for zero emissions. 

16.11 Conclusions 

The significance of sustainable animal waste management through the production 
of biofertilisers cannot be over-emphasised. Although some local and international 
practices of biofertiliser production from animal waste are gaining popularity, still 
more comprehensive policies and practices are needed for better management of 
animal waste to produce biofertilisers. Pressure from global policymakers, inter-
national environmental organisations, scientist, climate activists, and movements 
is needed to increase and encourage appropriate activities and actions to promote 
animal waste-based biofertilisers.
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Chapter 17 
Valorization of Animal Waste 
for the Production of Sustainable 
Bioenergy 

Mehnaz Hashim, Ali Akbar, Sher Zaman Safi, Muhammad Arshad, 
and Zareen Gul 

Abstract The alarming rise in our dependency on fossil fuels like coal, oil, and 
natural gas has put these resources in a state of depletion. Due to the rapid industrial-
ization and population growth, there is also an enormous growth in energy demand. 
Access to clean and green energy is crucial for the sustainable growth of human 
society in order to meet this steadily increasing demand. A possible alternative 
source for producing clean energy is biomass. One of the highly promising renewable 
energy options that lead to a more sustainable energy system is the use of animal 
waste (blood, bone, sludge, manure, lipids, and meat effluent). These wastes are rich 
in carbohydrates, proteins, and lipids. Animal wastes can contribute significantly 
to an appropriate waste management system since it does not endanger food secu-
rity and minimize environmental impacts. The generation of bioenergy from animal 
waste is linked to reducing the generation of solid waste and its disposal on the 
land, specifically minimizing all risks and negative effects in all sectors during waste 
disposal. A sustainable bioenergy industry that improves fuel security covers the 
difficult issue of climatic change as well. In order to meet domestic demand and to 
export, intensification of animal waste conversion strategies to bioenergy (biogas, 
biodiesel, bio-alcohol, and bioelectricity) production is established. The energy-rich 
bioenergy is produced by the anaerobic digestion and fermentation processes, which 
also reduce pollution and global warming. In this chapter, we have explored the 
applications of animal waste as potential source to be used for sustainable energy 
production.
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Graphical Abstract 

Overall plan for producing bioenergy from various biowastes 

Keywords Food waste · byproducts · Sustainable energy · Biogase 

17.1 Introduction 

Manure and other byproducts of meat processing are produced in massive amounts 
worldwide, especially on dairy and poultry farms in third-world nations (Zhu 
and Hiltunen 2016). The quantity of waste collected from farms typically varies 
depending on several factors including its type, size, age, diet, feeding, and repro-
ductive practices (Khalil et al. 2019). For instance, estimates place the daily yields of 
animal manure from cattle (10–20 kg), sheep (2 kg), and chickens (0.1 kg), respec-
tively (Kaygusuz 2002; Omrani 1996). Additionally, the above parameters can also 
affect the quantity of blood and rumen material. The average weight of large and 
small ruminants and poultry is 250 kg, 40 kg, and 1.5 kg, respectively (Abdeshahian 
et al. 2016; Afazeli et al. 2014). Blood and rumen usually make up about 8.4% 
and 12% of large ruminants (cattle and buffalo) body weight while small ruminants 
(goat and sheep) account for 3% and 25%, respectively. Numerous applications, 
including fuels, internal combustion energy generators, microturbines, fuel cells, 
etc., can directly utilize it. The animal waste from the meat processing industry is 
comprised of animal fat waste, bone, feathers, hair, meat, and skin, and these include 
a lot of organic stuff that generate odors and, if not treated, can serve as a medium for 
the growth of several pathogenic microorganisms. Its management is a significant 
issue for livestock producers. Animal farms frequently store it in a lagoon for future
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use as manure (Mathias 2014). Methane, one of the most dangerous pollutants to 
air than CO2, is produced as a result of the natural decomposition process. Animal 
waste storage tank runoff has the potential to contaminate groundwater by penetrating 
the water table. Over the past decade, there has been an increase in the conversion 
of animal waste into biofuel, although this practice is still limited by the expense 
and maintenance of digesters (Gebrezgabher et al. 2010). The waste digestion capa-
bility, the amount of protein and fibrous matter, all affect the quality of animal feces. 
Garbage that contains between 20 and 25% solids is treated as such and is simple to 
stack and pick up with a loader, whereas semi-solid waste is processed as a liquid. 
Animal excreta makes an excellent starting point for the production of biogas since it 
already includes the majority of the necessary bacteria in a waste-to-energy technical 
process. 

17.2 Effects of Animal Wastes 

Wastes have a serious threat to the environment and pose a potential risk to human life. 
It leads to disease outbreaks, reduced life expectancy, and dangerous environments, 
which have an impact on both humans and animals. While some wastes might decay, 
those that do not produce methane gas, which greatly add to global warming and 
unpleasant odor. Wastes cause environmental pollution including land, water, and 
air pollution. Dust, smoke, and stink are the key elements of air pollution. Burning 
solid waste releases CO2 and N2O, which contribute to ozone layer depletion and 
the greenhouse effect (Bhat et al. 2018). Additionally, CH4 and H2S are released into 
the environment. These compounds are poisonous to living things. Polluted water is 
an additional undesirable impact of waste on the ecosystem. According to reports, 
1400 individuals each day lose as a result of water-related illnesses and disorders 
(Khan et al. 2019). Water sources, such as springs, rivers, groundwater, streams, 
and oceans, are adversely affected by wastes by reducing pH levels and posing 
health risks to aquatic life and individuals who use this water. Among these contam-
inants, some are extremely hydrophilic and less water-soluble (Varjani et al. 2017). 
The use of receiving water that has been polluted by waste from one region could 
be permitted at another. Ineffective waste management may result in soil pollution. 
Wastes that are discarded carelessly breed disease-carrying vectors and are unsightly. 
Iron-derived metals, radioactive wastes, and other substances are dangerous to organ-
isms and plants of soil habitat, which lowers crop yield (Mani and Kumar 2014). 
Mosquitoes thrive in stagnant bodies of water, clogged drains, tires where rainwater 
is collected, empty food containers, polythene bags, and other materials. The risks 
faced by the waste management force also include tissue injury, respiratory tract 
infections, wounds from glass, contaminated razor blades, and needles, in addition 
to parasitic diseases brought on by interaction with the waste on the skin (Alam 
and Ahmade 2013). Although workers wear safety gear including gloves and nasal 
masks, modern automated methods should be promoted to reduce the risk of waste 
treatment-related injuries to refuse workers. Langdon et al. (2019) conducted research
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on the risk evaluation of organic pollutants in composted solid municipal waste in 
Australia. Based on the potential effects on health, they can classify the risk levels in 
their study into low, moderate, and high priority. As a result, steps are taken to ensure 
that each of the waste’s harmful components is disposed of safely and effectively. 
The study of the electronic waste impact on public health by Ayilara et al. (2020) 
revealed that the discharge of numerous toxic metals into the air causes air pollution 
and affects human health and the environment badly. 

17.3 Protein from Animal Source 

Furthermore, the meat industry consistently produces large amounts of byproducts 
that are unavoidable, such as wastewater that is frequently highly contaminated with 
chemicals and organic debris, as well as blood, skeletons, epidermis, hair, feathers, 
viscera, and hoofs. According to reports of Abdilova et al. (2021), Jayawardena 
et al. (2022), the worldwide production of meat byproducts is estimated to be at 52.6 
million tons per year or 20% of total meat production. Although some metabolites 
are eatable and rich in nutrients including polypeptides, vitamins, essential amino 
acids, and minerals. Their consumption as human food for nourishment is waning 
and is still confined to a small number of limited regions (Baysal and Ülkü 2022). 
The improper disposal of meat byproducts potentially pollutes the surroundings and 
endanger human health by spreading encephalopathies. Its disposal is both difficult 
and expensive (Jayawardena et al. 2022). Due to these factors, considerable work 
has gone into creating procedures to effectively revalue some of these byproducts, 
which are highly proteinaceous, such as cartilage, blood, epidermis, and skeletons. 
A wide variety of products for human nutrition, bird and pet food, animal feed, and 
composts, as well as for the chemical, biomedical, and pharmacological uses, were 
developed as a result of these processes (Arvanitoyannis and Ladas 2008; Lynch 
et al. 2018; Shirsath and Henchion 2021; Toldrá et al. 2016, 2021). 

17.3.1 Source of Collagen 

The most prevalent protein in mammals and the principal component of numerous 
meat byproducts, such as skin, cartilage, and bones, is collagen. Collagen, which 
is made up of bundles of fibrillar structures, gives various bodily parts of living 
beings special mechanical strength and stability. Collagen-rich byproducts are instead 
valued for the isolation of bioactive amino acids due to collagen’s poor nutritional 
summary and deficiency of important amino acids, which are predominantly made 
up of glycine, proline, and hydroxyproline (Shoulders and Raines 2009). Several 
purification techniques have been developed to efficiently separate this protein from 
many byproducts so that it is used in food applications, cosmetics, and biomedicine 
to benefit from its technologically functional properties. This protein can also be used
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in partially hydrolyzed forms, such as in gelatin (Cao et al. 2021; Gómez-Guillén 
et al. 2011; Jayawardena et al. 2022; Lynch et al. 2018; Toldrá et al. 2016, 2021). 

Although the amount of blood produced globally is not known, this byproduct, 
estimated to be produced at 2.5 billion liters annually, contains enough protein to 
satisfy the needs of nearly 17 million people. The potential of this waste is not being 
fully realized because only 4% of these proteins are valued for human use. Different 
industrial uses of blood for value-added products include coloring agents in textiles, 
a spray adjuvant, and fertilizer. In addition, it is also utilized for animal and human 
nutritional and pharmaceutical applications. Proteins account for 35% and 8% of 
the quantities of red blood cells, which make up 40% of blood, and plasma, which 
makes up 60% of blood. Up to 60% of the protein in plasma is made up of albumin, 
which is the most common protein in the body. When purified, albumin is a valuable 
component for use in medical applications because it stabilizes vaccines, tests for 
antibiotic sensitivity, and Rh factor evaluations (Toldrà et al. 2019). 

17.3.2 Source of Keratin 

Hair, nails, hooves, and feathers are among the byproducts which are often exception-
ally rich in keratin but are hardly used as food ingredients due to their poor nutritional 
value and limited digestibility. Keratin’s filamentous structure, which is similar to 
collagen and is characterized by strong power and chemical strength, confers extraor-
dinary resistance to most physical and biological mediators (Bragulla and Homberger 
2009). Annually, 40 million tons of keratin-rich trash are generated, posing waste 
management issues due to a shortage of suitable dumping techniques (Tesfaye et al. 
2017). Conventional keratin waste incineration secrets hazardous gases which are 
ironic in sulfur because of the high level of cysteine, whereas a high amount of disul-
fide cross-linking and condensed structures causes delayed biodegradation rates, 
increasing these slow-degrading byproducts and so posing unmanageable issue for 
the atmosphere and human health worldwide (Korniłłowicz-Kowalska and Bohacz 
2011; Peng et al. 2020). 

Due to the little digestibility of keratinous constituents, hydrolysis procedures 
are employed for the creation of soluble peptides or amino acids for human and 
animal diets, or as useable fertilizer. Pure keratin extracts possess numerous uses 
in biotechnology, cosmetics, dermatology, and medicine as biocompatible materials 
such as sponges, fibers, and microcapsules after treatment. On the other hand, the 
mentioned approaches to recover the protein are expensive and unproductive till 
now, and hence, long-term solutions to valorize these byproducts are immediately 
required. Various organs and glands are counted edible in various parts of the world, 
although their use for human ingesting is still limited (Chojnacka et al. 2011; Holkar 
et al. 2018; Reddy et al. 2021). They do, however, supply valuable pharmacological 
substances in a few circumstances, like melatonin from the pineal gland, heparin 
from liver, insulin from the pancreas, and estrogen and progesterone hormones from 
the ovaries (Nollet and Toldrá 2011).
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To repurpose leftover meat parts, interpreting is used for removing fat from solid 
animal waste at high temperatures, resulting in edible fats like lard and tallow 
(Jayathilakan et al. 2012). Collagen and gelatin are isolated and extracted from 
the residual insoluble meal using diluted citric acid, hydrothermal treatments, and 
enzymes that involve high pressure and temperature; other tissue proteins, like 
myofibrillar proteins, are extracted using a base, salt, acid, and biological catalyst 
(enzymes) (Dhillon 2016; Jayathilakan et al. 2012). Process effluents not only contain 
significant amounts of solid waste, but they also contain sufficient amounts of blood 
and muscle proteins, which are possibly recovered using isoelectric precipitation 
after NaOH solubilization (Bethi et al. 2020; Lynch et al. 2018; Mokrejs et al. 2009). 

Keratin extraction is problematic because of its resistance to disintegration via 
conventional solvents. Although tough extraction conditions involving strong acids 
and base, sodium sulfide, and reducing mediators help disturb the condensed struc-
ture of keratin and assisting dissolving, their use is limited due to the hazardous 
nature of such substances (Bethi et al. 2020; Vineis et al. 2019). Aqueous extraction 
employing catalysts, microwave-assisted extraction, reducing agents, ionic liquids, 
steam flash explosion, and enzymes are some other less harmful extraction tech-
niques that have been researched (Ji et al. 2014; Plowman et al. 2014; Pourjava-
heri et al. 2019; Shavandi et al. 2017; Sinkiewicz et al. 2017). By the process of 
high-temperature hydrolysis with base and acid or microorganism treatment, the 
marketable extraction of keratin results in keratin hydrolysates, afterward that are 
employed in hair conditioning and care products and leather bronzing (Karthikeyan 
et al. 2007; Shah et al. 2019). 

17.3.3 Source of Gelatin 

Mammalian gelatin represents more than 90% of the market share for all types of 
gelatin (Usman et al. 2022). Animal collagen is partially hydrolyzed to produce it. 
White connective tissues found in bones, muscles, and skin are primarily made up of 
collagen. It is a protein that is present in tissues and organs and makes up about 30% 
of all proteins. The primary components of collagen are found in significant amounts 
and include proline, glycine, and hydroxyproline amino acids. Water does not mix 
with gelatin, but it does with collagen. Three structural modifications are made during 
the conversion: (1) the breaking up of large peptide chains into smaller ones, (2) the 
breaking up of bonds between chains, and (3) the configuration of the peptide chain. 
To produce gelatin, unwanted materials like lipids and minerals must be removed 
because they could prevent the extraction of gelatin (Boran and Regenstein 2010). 

It is primarily connective tissue protein and is widely found in mammals, birds, 
and fishes (Eysturskarð et al. 2009). Although pigskin is the main source of gelatin, 
other sources also help to provide the necessary conditions for gelatin synthesis 
(Boran and Regenstein 2010; Sai-Ut et al.  2012). Bovine skin (29.4%) and pork, 
as well as cattle bones (23.1%), all contribute to the formation of gelatin, which 
contains around 46% porcine (23.1%) (Gómez-Guillén et al. 2011). The alternatives
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to porcine gelatin have received great demand (Morrison et al. 1999). Furthermore, 
compared to bovine and porcine gelatin, fish gelatin also has a small market share 
(Choi and Regenstein 2000). However, a sizable number of scientific research are 
already accessible that suggest gelatin obtained from aquatic sources has superior 
film-forming characteristics to that of mammals (Avena-Bustillos et al. 2011). Fish 
gelatin was also noted to have strong sensory attribute-releasing qualities with a low 
melting point (Aewsiri et al. 2009). Gelatin from Halal sources thus became a crucial 
problem. Contrarily, gelatin generated from sources such as poultry, animals (which 
are regarded as Halal and slaughtered following Islamic law), and particularly marine 
sources, are approved as Halal and might be a viable replacement for swine gelatin 
(Bhat and Karim 2009). 

According to the literature, 15% of edible gelatin comes from bovine hides and 
80% comes from pigskins. Bovine and porcine materials, such as pig bones, pigskins, 
bovine bones, and hides, are the main raw materials used to manufacture gelatin on a 
large scale. These constituents are employed in the production of gelatin-based prod-
ucts on a large scale, including gelatin sheets, granules, and powder (Peters 2006). 
Gelatin’s foaming, emulsifying, setting, and water-holding capacities are some of its 
further useful properties. Having it is unique gelling, stabilizing, healing, ointment, 
capsule, and coating properties, gelatin is also the most widely utilized biodegrad-
able ingredient in the commercial food processing, pharmaceutical, and photography 
industries (Rakhmanova et al. 2018). Tons of gelatin are reportedly utilized yearly 
in bread goods, ice cream, meat, candy, and desserts (Djagny et al. 2001; Poppe 
1992). Additionally, during cold storage, the gelatin prevents lactose sugar from 
recrystallizing (Jamilah and Harvinder 2002). A survey claims that the pharmaceu-
tical business uses about 6% of all gelatin produced. It is used in the pharmaceutical 
business to create hard and soft capsule shells, tablets, granulation, and syrups since 
it acts as a natural coating material (Hidaka and Liu 2003). Gelatin is a crucial ingre-
dient in energy drinks and plays a significant role in the synthesis of these beverages 
for athletes in the sports field (Phillips & Williams, 2011). After applying gelatin to 
a glass plate containing the sensitizing agent, it was first employed in photography 
in 1871. It is frequently used in the formulations of shampoo, lipstick, conditioner, 
cream, and fingernail products cosmetics industry. 

17.4 Bioenergy Generation from Animal Wastes 

17.4.1 Biogas Production via Animal Waste 

One of the best choices for addressing the growing worldwide energy consumption is 
the conversion of waste into energy by different technologies, such as the generation 
of biogas. Biogas is among the alternative renewable energy resource that are utilized 
to replace other nonrenewable fuels in countryside regions, notably in developing 
nations in Asia and Africa, to conserve energy. It is a clean, effective, and sustainable
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source of energy. In the year 2006, biogas production was approximately 62 billion 
kWh in Europe, whereas Germany produced about 4300 plants producing 1600 MW 
of power (Rohstoffe eV 2009). The two leading Asian nations utilizing biogas tech-
nology are India and China. In the majority of emerging Asian and African nations, 
biogas production is mostly used for home applications (Sorathiya et al. 2014). 

The production of biogas is also desired; subsequently, the solid waste product 
(digestate) is able to be utilized as a natural fertilizer or a substrate for growing plants 
in greenhouses. Anaerobic digestion (AD), often known as the production of biogas, 
is this process in which organic materials are broken down by microorganisms in an 
anoxic environment (Adekunle and Okolie 2015). This procedure often results in the 
creation of biogas mixes that primarily contain CH4 (60%) and CO2 (35–40%), with 
the presence of other gases like H2, NH3, and H2S (dependent on the composition and 
source of used organic matter) (Zupančič and Grilc 2012). Approximately, 0.75–0.8 
m3of biogas can provide 1 unit (1 kWA) of power and a 10 kVA generator, which, if 
run for 8 h, may produce 80–90 units. It has been reports that the Biogas-based Power 
Generation Program (BPGP) is the primary strategy in India for generating biogas 
power, with 73 projects established with a total capacity of 461 kW (Buragohain 
2012). Germany possess 7320 electricity-generating biogas plants with a combined 
capacity of 2997 MW, accounting for 13% of all renewable energy sources (Markard 
et al. 2016). Indonesia can produce 684.83 Mw of power from biogas like other 
Asian nations (Widodo and Hendriadi 2005). Although China has started to establish 
biogas-based power plants, just 3% of them were producing electricity as of 2012. 
They have tested biogas power units with a day-to-day capacity of 18,000–60,000 
kWh based on chicken and calf waste (Fig. 17.1) (Chen et al. 2012). Many nations 
have already begun using biogas to generate electricity. 

The production of algal biomass is achieved by thermo-chemical transformation 
procedures from livestock waste (Cantrell et al. 2008) and anaerobic digestion (Vijay

Fig. 17.1 Biogas production process 
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Table 17.1 Biogas 
generation from different 
animal wastes 

Substrate Biogas I/Kg Methane I/Kg 

Anaerobic digestion 

Cattle slaughterhouse waste – 641 

Animal waste 0.45 – 

Chicken manure 1.08 – 

Cattle manure 12.1 184 

Swine slurry – 394 

Poultry slaughterhouse waste – 595 

Chicken droppings 4.6 438 

Anaerobic co-digestion 

Cattle excreta 1.1 179 

Cattle manure 2.4 620 

Sheep dung – 199 

2011), both of which require carbon dioxide as a primary constituent of the produced 
gases. In addition to producing algal biomass and intracellular oil, algae possibly use 
carbon dioxide 10 times more effectively than land plants (Miao and Wu 2006). The 
growth of algae offers several advantages, including quick biomass production rates 
of about 50 metric tons per acre per annum (Demirbaş 2001), a high accumulation 
of fatty acids and hydrocarbons, and the potential to contribute to waste treatment. 
Bio-oil is one of the many products with added value that are made from these 
algal products. Therefore, it is a very potential non-crop-based raw material for the 
manufacturing of biofuel. In a pond nourished with biogas slurry that included 200 
gm3 of total nitrogen and 2.5 gm3 of total dissolved phosphorus, 6.83 gm3 of algal 
biomass productivity per day was noted (Table 17.1; Fig.  17.1) (Chen et al. 2012). 

17.4.2 Biodiesel from Animal Fat Waste (AFW) 

Three long-chain fatty acids and glycerol combine to form the triacylglycerol (TAG) 
that constitutes AFW. Due to their high viscosity, these fats cannot be used as motor 
fuel directly. Pretreatment is essential because AFW contains free fatty acids from 
the leather industry, meat processing industry, and slaughterhouses that affect the 
transesterification process (Adewale et al. 2015). Similar to the technique used to 
make biodiesel from fat from other feedstocks, transesterification is used to process 
the derived fat further. Numerous research organizations have provided evidence of 
the successful production of biodiesel from a variety of animal fats, including beef 
tallow, pig lard, chicken, fish, and sheep (Alptekin et al. 2014; Mata et al.  2014). 
Kwon et al. (2012) recorded a unique technique for producing biodiesel from animal 
fat utilizing charcoal, and CO2 at ambient pressure achieves a biodiesel conversion 
efficiency of 98.5% in one minute at 350–500 °C. Free fatty acids (FFAs) affect
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biodiesel production and transesterification, therefore, Shi et al. (2013) designed an 
integrated catalytic process to convert chicken fat into biodiesel. Using a membrane 
catalytic reactor, biodiesel is created from the free fatty acids in chicken fat via ester-
ification with methanol, and the resulting oil is then put through transesterification 
with sodium methoxide. Animal cells require additional pretreatment because of 
their high levels of protein and phosphoacylglycerols, therefore, using animal flesh 
as feedstock has certain drawbacks as well. 

17.4.3 Bioelectricity from Animal Waste 

Microbial fuel cells (MFCs) are anaerobic bioreactors where microorganisms 
consume organic waste carbon to transform chemical energy into electrical energy 
(Chen et al. 2018; Santoro et al. 2017). Additionally, MFCs are utilized to generate 
power from biowaste as a raw material. An MFC’s cathode and anode (electrodes) are 
separated from one another by a membrane or salt bridge. When microbes decompose 
organic matter for growth and reproduction, a range of intermediates is produced that 
undergo several oxidation and reduction reactions and produce electrons and protons 
(Pant et al. 2016; Roy et al. 2016). Under anaerobic conditions, microbes might 
provide a redox mediator with electrons, and the redox mediator might subsequently 
oxidize the electrons to transmit them to electrodes (Ucar et al. 2017). Following its 
passage through an external circuit, an electron is transmitted to an electrode and 
diffuses through the solution to the cathodic chamber, where it combines with oxygen 
to synthesize water (Angelaalincy et al. 2018). The anodic chamber’s potential drops 
as the substrate is being oxidized, and this causes a potential difference between 
electrodes, which produces current (Rahimnejad et al. 2015) (Fig. 17.2). 

The two primary MFC designs for electricity production are single-chamber and 
double-chamber. A single-chamber MFC contains the waste as well as the electrodes

Fig. 17.2 BioElectricity generation from animal waste 
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Fig. 17.3 Sawdust layer on compost 

in one chamber. Independent anodic and cathodic chambers make up a double-
chamber MFC. Water is present in the cathodic chamber, while wastewater is present 
in the anodic chamber. A salt bridge connects the chambers, and a multimeter is used 
to gage the current. The substrate and microorganisms utilized in the MFC affect 
the current generated (Luo et al. 2017; Oyiwona et al. 2018; Pandey et al. 2016). 
MFCs heavily rely on the electron transfer mechanism, which comes in two primary 
flavors: direct electron transfer (DET) and mediated electron transfer (MET) (Islam, 
2016; Sayed et al. 2015). While MET is carried out using an agent that can transport 
electrons, DET is carried out using nanowires or transmembrane-associated proteins 
(Fig. 17.3) (TerAvest et al. 2014). 

There have been reports of many bacterial species producing electricity in an 
MFC, including Aeromonas, E. coli, S. cerevisiae, C. albicans, Clostridium, K. pneu-
monia, and Shewanella (Bhatia et al. 2018). The effectiveness of MFCs has been 
observed to be increased by some electron mediators, including potassium ferri-
cyanide (K3Fe(CN)6) and natural redox (Sund et al. 2007). Exogenous mediators are 
used to enhance an MFC’s performance; however, they are poisonous, may prevent 
microbial development, and raise costs. To address this issue, Islam et al. (2018) 
explored a method by using palm oil mill effluent as a raw material to co-culture 
both L. starkeyi and K. pneumonia bacteria in an anodic chamber. In contrast to a 
pure culture, an electron shuttle mediator was developed by K. pneumonia (2, 6 di-
tert-butyl benzoquinone) that improved L. starkeyi performance by six times. Due 
to its limited ability to produce current, an MFC remains an impractical method 
for producing bioelectricity. Additionally, because mesophilic bacteria catalyze the 
majority of processes, this method requires a lower temperature.
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17.5 Compost 

Compost, a carbon-rich fertilizer used to enrich soils, is made from organic materials 
such as livestock manures and other organic components. A properly composted 
manure has a humus-like odor. Pathogens and weed seeds are eliminated from it by 
the heating process during the compost formation. Composting is a useful method for 
properly recycling deceased animals, but it can also leave behind feathers, teeth, and 
bone fragments that are removed mechanically if necessary. By composting dead 
birds according to a certain technique, the poultry sector in the United States has 
discovered a solution to dispose of that waste (Morrow and Ferket 1993). Due to the 
poultry sector’s success in this region, the US pig business is becoming increasingly 
interested in starting to compost its mortalities (Kashmanian and Rynk 1995). Pig 
carcasses are composted over a concrete floor in containers made of treated wood, 
concrete, or hay bales (McCaskey et al. 1996). The corpses are laid on top of a layer 
of sawdust that is one foot thick, which is then one foot thick on all sides. Layers are 
added until the bin is full. When dealing with huge sows, the carcasses can either be 
composted whole or dismembered (Morrow et al. 1995). 

The compost is churned manually or automatically after three months, and then, 
the process is finished after another three months (Imbeah 1998). The compost is 
not turned constantly when static-pile composting is utilized. Within 24 h of death, 
animal corpses are placed in a compost pile and covered with a significant amount 
of solid manure or dirt. Composting technique is carried out to prevent unpleasant 
smells, flies, and other animals (Morrow and Ferket 2001). On the other hand, this 
technique should not be done with deceased animals which are previously infected 
with neurological disorders such as cow-made disease, anthrax, and other ailments 
that are isolated in restrain (Belay et al. 2002). In India, pile composting is the 
most used method. The NADEP method is another composting technique that has 
been shown to provide more significant nutrients than the traditional method (Yadav 
2012). In Japan, composting is primarily used for livestock waste. Composting was 
used to treat about 50% and 25%, respectively, of the solid waste produced by pigs 
and cattle. Additionally, in Japan, liquid composting was applied to 2.1% and 6.9% 
of the waste from pigs and cattle, respectively (Haga 1999). In Japan, there are 
primarily five different types of composting systems in use: piles, boxes, rotary 
kilns, closed vertical types, and open elongated types with turning devices. The open 
elongated and pile type are primarily used for large ruminants. In affluent nations, 
since a lot of water is used to collect pig feces, making composting is a challenging 
procedure. The manure’s composting qualities will be improved via solids separation. 
It has been effective to compost separated pig manure containing 79% moisture (Lo 
et al. 1993). Composting high-moisture manure was proposed to be done with low-
moisture bulking materials such as straw, sawdust, peat, peanut shells, and rice hulls 
(Georgacakis et al. 1996).
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17.6 Conclusion and Future Perspectives 

According to estimates, the millions of tons of animal waste produced worldwide 
have the potential to harm the environment by emitting CO2. As a result, the conver-
sion of animal waste can reduce greenhouse gas emissions, which in turn helps to 
prevent global warming and climatic change, and control environmental pollution. 
The use of animal waste does come with some challenges that call for additional 
research to develop trustworthy, widely used, and efficient conversion procedures. 
These challenges are brought on by high-moisture content, complicated combina-
tions of changeable compositions, and poor waste management. It was discovered 
that anaerobic digestion was the most developed technology for processing manure 
into renewable energy. However, the overall growth of this technology in rural 
parts of developing countries was hampered by problems such as high capital costs, 
poor working conditions, manure transportation, and digestate management (Khosh-
nevisan et al. 2021). Literature indicated that to address the aforementioned issues 
and manage liquid and solid livestock wastes following the objectives of the circular 
bioeconomy and sustainable development principles, biorefinery is the best option. 
The implementation of biological treatments is fairly easy and requires little upfront 
investment. Their drawbacks include a lengthy (15–30 day) processing period and 
a tendency for bacterial inhibition when exposed to pollutants found in food waste. 
Additionally, these treatment procedures could need a pretreatment. Biological treat-
ments are very easy to adopt and need little upfront investment. They do, however, 
have drawbacks, such as a lengthy (15–30 day) processing period and a propensity 
to restrict bacterial growth when exposed to toxins found in waste. Additionally, 
pretreatments are necessary for various procedures. The bacteria used in anaerobic 
digestion are extremely sensitive to pH, temperature, and salts. Hazardous chemicals 
formed during the reactions, mandating policies concerning control measures, and 
process condition optimization (Pham et al. 2015). Without any additional cleaning, 
biogas is often utilized to generate heat and, ultimately, electricity. Biogas must be 
upgraded if it is to be utilized for other purposes, such as fuel for cars and fuel cells. 
The conversion methods that can transform biogas into high-value compounds are 
focused on by many researchers. These chemicals could be produced by converting 
methane (from biogas) into syngas, which could then be utilized as a raw mate-
rial to produce other chemicals with a high value-added. Future study is required 
to ensure the successful application of animal manure management from a tech-
nological, ecological, agricultural, commercial, and interpersonal safety point of 
view.
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Chapter 18 
Green Biochemicals from Manure 

Sadia Javed, Nazima Anwaar, Abid Hussain, Shumaila Kiran, 
Muhammad Arfan Zaman, Amreen Aftab, and Saboor Gul 

Abstract It was examined that various types of organic materials and wastes with 
distinct levels of maturity reacted chemically, chemically-physically, and biochemi-
cally. The manures are used to increase soil productivity by modifying the physical, 
chemical, and biological properties of the soil. They are organic in nature, of plant 
or animal origin, and consist of a substantial proportion of organic matter and a 
moderate amount of plant nutrients. Compost is an organic substance that is utilized 
in agriculture as organic fertilizer. By incorporating organic matter and nutrients, like 
nitrogen, that are held in the soil by bacteria, it helps to increase the soil’s fertility. 
The soil food web is a cycle of life that includes fungi, bacteria, and higher species 
that consume the fungi and bacteria. The store of organic matter in the soil is further 
enhanced by the various organic manures that are frequently introduced.
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Graphical Abstract 

Keywords Separation of solids manure · Biological waste · Bio waste · Organic 
substance 

18.1 Introduction 

The crops production can be increased by manure which can be used to increase 
the fertility of soil. The manure quality can be affected by contents like species, 
protein, diet, digestibility as well as environment, housing, animal age, and stage 
of production. There are number of ways to classify the manure. Solids percentage 
(the amount of solids collection, storage, and utilization can be handled by these 
classified contents (solids may be fixed, suspended, volatile, dissolved). The land 
production rate and fertility are important which can be increased by contents like 
potassium, phosphorus, and nitrogen. Organic and inorganic components can be 
found in manure. For reduction of sickness and parasites, the waste material of 
human cannot be mixed with animal manure. 

The world food creation and biodiversity are the pivotal supplies of soil. The dirt 
quality and well-being are impacted by the populace development and horticulture 
region constraint (Thangarajan et al. 2013). The natural mixtures of soil supple-
ment in arable soil is fastly corrupting because of soil disintegration (Pu et al. 2019). 
Compost first and foremost acquired from creatures or plant extras, it is valuable for 
soil added substance that can assist with correcting soil degeneration and furthermore 
efficiency of harvest and ecological effect of agribusiness in the Anthropocene (Liu 
et al. 2020; Mandal et al. 2020). As well as expanding plushness and soundness of soil 
(Karami et al. 2012) and diminishing huge robustness (Edmeades 2003), excrement 
application increment the biochemical properties of soil (Jiang et al. 2018). Supple-
ments, like nitrogen (N), phosphorous (P), rise when compost is applied (Ros et al. 
2006; Zhang et al. 2015). For instance, 46 years of field use of cow waste improve
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the all-out nitrogen focuses and natural compound of soil by roughly 34% and 31%, 
individually (Giacometti et al. 2014). The entire P sum improved from 123 to 458 
mg kg − 1 following 15 years of hoard fertilizer requesting at a pace of 41 Mg ha − 1. 
Tejada (2009) found that applying poultry fertilizer or treated the soil steers excre-
ment (Zaller and Köpke 2004) expanded microbial C by in excess of 200% and 27%, 
separately. Despite the great advantages of fertilizer on soil microbial catalogs, the 
biochemical properties of the dirt change in various ways after compost application, 
particularly regarding compound movement. The catalysts glucosidase, urease, phos-
phatase, dehydrogenase, and sulfatase showed moderate impacts of green excrement 
(Trifolium pratense and Brassica napus, L.) or treated the soil dairy cattle fertil-
izer in a six-month field explore, while chitinase had a negative response to both 
green and treated the soil pig compost (Liu et al. 2017). As per (Giacometti et al. 
2014), not at all like the positive and negative responses, there was no phosphatase 
movement response to a 46-year use of green/dairy cattle excrement. The potential 
that unmistakable C bases might be drained by preparation, which thusly influences 
the capability of C cycle proteins, is raised by the fluctuating impacts of fertilizer 
treatment on the movement of C cycle proteins specifically. These discoveries check 
out all alone, yet they cannot be united to frame a solitary speculation that can be 
utilized to make sense of an assortment of soil types and the board systems. The event 
of numerous unexplained reactions in certain frameworks, however, not in others 
proposes a critical information hole and the requirement for multi-meta-examination 
(Gurevitch et al. 2018). There have been not many endeavors to give a more intensive, 
unthinking comprehension in view of soil credits, regardless of various examinations 
on the effect of compost application on soil biochemical boundaries (Luo et al. 2018; 
Kallenbach and Grandy 2011). In the wake of looking at the effects of fertilizer appli-
cation on soil microbial C and N, tracked down a significant relationship between 
yearly C and N consumption from fertilizer and microbial C and N in croplands. 
A sizable data set was utilized in a new report to all the more completely assess 
the impacts of compost and mineral manures on SOC, TN, and organic elements. 
The chance of mistake in the calculation of normal extracellular chemical exer-
cises might raise doubt about the case made by that compost treatment supports soil 
compound exercises. Rather than utilizing individual proteins, the all-out movement 
of the significant C-or supplement procuring compounds is utilized as a substitute for 
the procurement of a specific substrate or supplement since it gives a more precise 
portrayal of generally speaking C-or supplement securing (Ringer et al. 2014). This 
strategy, in the meantime, darkens the various responses of explicit compounds that 
are associated with a similar food cycle. For example, (Saha et al. 2008) found that 
in some natural surroundings in the northern Himalayas, consistent treatment of 
treated the soil dairy cattle fertilizer at paces of 3700 and 5500 kgha−1 supported 
soluble phosphatase movement while diminishing corrosive phosphatase action. A 
new meta examination likewise neglected to recognize applying compost alone and 
blending excrement in with mineral manures (Maillard and Angers 2014). The effect 
of fertilizer on soil natural matter and biochemical properties was exacerbated when 
the two methodologies were utilized. Future exploration ought to look at the impacts 
of excrement synthetic arrangement, like C and N fixation, C/N proportion, yet has
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not yet been finished (Luo et al. 2018). These components (like sorts, creation tech-
niques, and medicines) are fundamental for keeping up with soil ripeness, despite the 
fact that their capability in deciding soil qualities has not yet been entirely portrayed 
(Ali et al. 2019). To all the more likely comprehend the impacts of compost appli-
cation on soil science, further inside and out examination from both agronomic and 
ecological points of view was required. This makes it more straightforward for us to 
comprehend what horticultural administration procedures can mean for food utiliza-
tion. Impacts of applied excrement on SOC, TN, microbial C and N as well as the 
exercises of seven proteins (like C-cycling: 1, 4-glucosidase, dehydrogenase, urease, 
N-acetyl-D-glucosaminidase, corrosive and All N-cycling catalysts add to digestion) 
have been researched in examinations that have been distributed in various world-
wide diaries. Impacts of meteorological elements, including mean yearly temperature 
(MAT), mean yearly precipitation (Guide), beginning soil pH, type (e.g., Alfisols, 
Entisols), the executives (alone or in mix with mineral composts, field or research 
facility, term), and excrement attributes, including type (e.g., cow, pig, and so on), 
were completely examined. 

Extraordinary consideration was paid to the associations between the essential 
synthetic parts of excrement, the sum, and stoichiometry of C, N, P, and K, and their 
effect on soil properties. Our fundamental goals were to:

• completely assess and measure the impacts of excrement on soil biochemical 
properties,

• affirm the precision of involving mean extracellular protein exercises as marks of 
explicit substrate or supplement obtaining, and

• indicate the overall commitments of the above informative factors to fertilizer 
impacts. 

We laid out the accompanying speculations:

• Compost properties altogether affect soil properties;
• The impact of excrement on the biochemical properties of the dirt is decreased 

by the expansion of mineral manures.
• Furthermore, proteins associated with the securing of a similar component might 

answer distinctively to fertilizer application because of their various capabilities 
in complex C and supplement cycles. 

18.2 Historical Background 

Before, livestock excrement filled in as the primary wellspring of plant supplements. 
Its significance for keeping up with and expanding soil efficiency has been perceived 
since antiquated times (Nowak and Sigmund 1998). Treating crops with supple-
ments from dairy cattle compost has been rehearsed for centuries, as itemized in 
the Hebrew Scriptures Book of scriptures and other old texts. Before the approach 
of business compost creation, admittance to excrement was viewed as basic to the 
drawn-out reasonability of a farming framework. Long-haul cultivating framework
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preliminaries show that this is valid in any situation that does not utilize business 
manures. 

Crop yields were just 20% higher following 40 years of compost-free administra-
tion than when excrement was added every year. Business manure creation changed 
supplement the executives in the USA and different nations when the new century 
rolled over. This strategy affected American farming and took into consideration 
the grouping of animals creation that we see today. In 1996, the absolute worth of 
all animals and poultry on Minnesota ranches was more than $2.1 billion. Domes-
ticated animals agribusiness in Minnesota, which is generally packed in the south, 
south focal, and southwest districts of the state, is overwhelmed by pork, dairy, and 
poultry creation. The excrement of these creatures presents an exceptional mix of 
issues and open doors. Excrement can be utilized to make preparing blend, garden 
fertilizer, and other non-farming applications. 

18.3 Manure 

Compost is an incredible wellspring of supplements for crops and can likewise assist 
with soil creation. Creature species, diet, absorbability, protein and fiber content, as 
well as creature age, lodging, climate, and phase of creation all influence compost 
quality. Fertilizer can be arranged in numerous ways. Solids content (percent solids 
per unit fluid) and size and piece of compost solids are significant factors for excre-
ment assortment, capacity, dealing with, and usage (solids and unstable solids, 
suspended solids, and broke down solids). How much nitrogen, phosphorus, and 
potassium in the dirt are basic since it influences soil application rates and treatment 
draws near. Natural and inorganic parts can be tracked down in compost. Human 
waste ought not to be blended in with creature fertilizer to lessen sickness and 
parasites. 

18.3.1 Value of Manure 

The essential objective for supplement contribution to agroecosystems is to accom-
plish high harvest yields, whether or not the yield has low worth and low peripheral 
yield. In current trimming frameworks, the dietary requirements of harvests are met 
by blending inorganic and natural supplement sources. Manures and different well-
springs of inorganic supplements are powerful wellsprings of agrarian composts that 
are typically promptly accessible. Natural supplement sources like creature fertil-
izer, biosolids, and different farming and modern buildups can likewise be utilized to 
enhance crop supplements. Fundamental parts in compost have been found to work 
on the effect of business ammonium nitrate on corn yield (Durieux 1995). Excrement 
significantly affects wheat and corn yields practically identical to business manures
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(Weidemann 1943). The supplement content of excrement decides its worth. Supple-
ment worth can shift emphatically. Supplement fixations are impacted by wash water 
weakening and stable spillover, as well as misfortunes. Water content is presumably 
the main variable. For instance, the worth of N, P, and K in poultry fertilizer was 
exclusively about $5 to $80 per ton, as per study information. Different advantages 
of fertilizer are connected with less substantial financial advantages. Because of the 
humus and natural components in the compost, it can work on the physical and 
organic properties of the dirt. Working on the physical and natural properties of the 
dirt outcomes in a better climate for plant development and less toxin spillage. For 
a really long time, researchers have known the advantages of applying excrement to 
soil, from reestablishing disintegrated destinations (Latham 1940) to further devel-
oping soil actual properties and ripeness after ages of preparation (Sandor and Eash 
1991). At the point when compost is added to a sandy soil, both the water holding 
limit and the construction increment (Hornick 1988). Excrement application has been 
recommended by certain specialists to help corn drill obstruction by keeping up with 
higher nitrogen levels in the dirt (Allee and Davis 1996). 

18.3.2 Manure Composition 

Supplement content, particularly nitrogen, phosphorus, and potassium, is basic while 
working out soil application rates and deciding treatment strategies. The primary 
supplements in excrement are nitrogen, phosphorus, and potassium. There are two 
sorts of supplements: solvent and insoluble. Supplements that are dissolvable are all 
the more promptly accessible to crops. Insoluble supplements may not be accessible 
to crops for as long as a year or more. An estimated circulation of key supplements in 
excrement and pee is displayed in Fig. 18.1 Insoluble and a few solvent supplements 
are tracked down in the solids (dung) in the discharged compost, while dissolvable 
supplements are viewed as in the fluid (pee). Commonly, 80% of the phosphorus 
in fertilizer capacity is insoluble and tracked down in the settled solids. The fluid 
contains up to 80% potassium, which is incredibly solvent. Since nitrogen is similarly 
circulated among solids and fluids, it is roughly 50% solvent and 50% insoluble. Both 
natural and inorganic parts can be tracked down in fertilizer. Crops require critical 
measures of optional components (sulfur, calcium, and magnesium). Micronutrients, 
for example, zinc, boron, iron, and copper, are likewise expected in follow sums.

18.3.3 Storage and Handling 

Manure can be kept for a day, a week, or a year. Increased storage gives for greater 
flexibility in application time to match crop demand. This decreases environmental 
damage in general. Nutrient and pollutant losses occur in liquid or gaseous form 
during storage and processing, as well as after land supplication. In general, as storage
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Fig. 18.1 Distribution of 
nutrients between feces and 
urine. Based on NRCS 
Agricultural Waste 
Management Field 
Handbook, Part 651

capacity expands, allowing for greater application scheduling flexibility, costs rise. 
The storage and processing of manure can be done in a variety of ways. 

18.3.4 Soil Analysis and Nutrient Recommendation 

Plant growth requires fourteen important aspects, all of which are found in the soil. 
Water soluble and insoluble forms of these elements can be found in soil. Plants 
can quickly absorb the soluble fraction of nutrients, but only a small portion of the 
insoluble form of different components may be absorbed. A research focus has been 
on establishing how much water insoluble components can potentially become avail-
able for plant growth. Soil scientists have devised chemical reagents that remove a 
fraction of the insoluble elements proportional to the quantity that becomes available 
for plant absorption throughout the course of a growing season. These indicators, as 
well as data from the field and the lab, are used to produce fertilizer recommendations 
for crop productivity. 

18.3.5 Additional Nutrition Sources 

Data on a variety of nutrient inputs and outputs on a regional scale are needed to 
address the issue of nutrient management for animal-based agriculture, including:

• sewage sludge
• atmospheric deposition
• purchased feeds
• animal manures
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• commercial fertilizers
• legumes
• plant breakdown
• sewage sludge. 

For instance, sewage muck is a minor wellspring of supplements on a public scale, 
yet can be basic for a solitary ranch. Likewise, yard excrement can be viewed as a 
contribution to both mass and field assessments, despite the fact that the compost fills 
in as a transitory store of supplements that enter the homestead from various sources. 
State as well as public scale nourishment spending plans have been created by various 
scientists. Supplements can enter an agroecosystem from better places. The intricacy 
of the cycles included makes evaluating the commitment of numerous assets a trou-
blesome undertaking for farming specialists. These are normally numerous complex 
and frequently fundamentally unrelated cycles. Microbial change is utilized to use 
the supplements present in different natural manures. Plant squanders and fertilizer 
convert microscopic organisms and growths in the dirt into valuable supplements 
for crops. These cycles include the transformation of nitrogen-containing atoms 
to ammonium, trailed by change to nitrites and nitrates. Natural compost sources 
consume a large chunk of the day to decay, with something like a fourth of the 
nitrogen accessible in the main year. About portion of the complete nitrogen applied 
will be accessible in the primary year and the excess half will be accessible the next 
year, as a wide speculation. Real paces of mineralization are hard to decide on the 
grounds that a natural cycle is delicate to changes in temperature and dampness in 
the dirt framework. Appraisals of nitrogen and phosphate mineralization rates, as 
well as the accessibility of weighty metals that might be available in excrement, 
are fundamental for precisely anticipating application paces of natural supplement 
sources (Berti and Jacobs 1996). The subject of nitrogen mineralization is exam-
ined in more prominent profundity in the accompanying areas of this post. Compost 
deals information can be utilized to compute manure supplements. Composts bought 
in Minnesota are thought to be utilized in Minnesota. The substance organization 
and capacity of creature fertilizer have been talked about somewhere else in this 
record. No misfortunes of excrement supplements were determined, as no informa-
tion is accessible on the extent of various fertilizers put away in various capacity 
frameworks. We picked fertilizer as a source since we trusted that smelling salts 
volatilization from excrement reenters the framework (plants and soil) inside the 
state limit. Future examinations could affirm this suspicion. Environmental nitrogen 
obsession by vegetables is one more key wellspring of nitrogen for trimming frame-
works in Minnesota. On account of its environmental and monetary significance for 
crop production in Minnesota, it is utilized at large scale.
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18.4 Handling Characteristics of Manure 

The sum, structure, and consistency of excrement essentially affect the plan of 
animals fertilizer gear. The nature of compost taking care of fluctuates relying upon 
the sum and sort of solids present in manure will be helpful for soil fertility. The 
distinction between dealing with characterizations is not fixed, yet rather differs by 
arrangement. By and large, excrement can be arranged by how it should be made due. 
Fertilizer the executives properties change as consistency increments from fluid to 
strong. At one limit of the range is tidal pond liquid with an exceptionally low solids 
focus (under 1%) that can be taken care of with standard diffusive siphons. Huge 
firearms or focus turn water system frameworks with little spouts can be utilized to 
inundate the tidal pond fluid. Strong excrement, then again, requires the utilization of 
front loaders as well as forks. Strong excrement typically contains over 20% solids. 
In the center are harder-to-handle slurries that contain somewhere in the range of 5 
and 20% solids. The key impacting factor is the dampness content of the excrement, 
while the size of the solids and the presence of litter can altogether influence the hard-
ware expected for dealing with, treatment and transport. Solids will quite often settle, 
yet extremely thick excrement (more noteworthy than 10% solids) forestalls settling 
and can give a more uniform fertilizer than settled, more slender compost. Sand is 
one more troublesome strong that is incidentally utilized as dairy bedding. Due to 
its high thickness and abrasiveness, sand requires exceptional settling and taking 
care of cycles. Solids fixations are connected with supplement levels. The higher the 
solids fixation, the higher the supplement focus overall. Gauges are accessible for 
most kinds of excrement, yet delegate tests should be analyzed to really comprehend 
what is in the compost. Assesses and classified values ought to be utilized with alert. 
They are valuable for arranging; however, when the plant is in activity, the best tech-
nique to decide healthful and dealing with properties is to gather and examine superb 
delegate tests. Various characteristics of manure from different species are presented 
in Fig. 18.2.

18.5 Organic Manure 

Natural composts have a high extent of natural matter and a modest quantity of plant 
supplements. They are delivered by plants or creatures and are natural in nature. By 
controlling the physical, synthetic, and organic nature of the dirt, they are utilized to 
advance soil yield. A kind of natural compost utilized in farming is excrement. By 
presenting natural matter and supplements, for example, nitrogen that is held in the 
dirt by microorganisms composts increment soil ripeness.
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Fig. 18.2 Relative handling characteristics of different types of manure for various species

18.5.1 Bulky Organic Manures 

Farmyard manure (FYM) or farming compost, farm waste, urban crop residues, dark 
soil, sewage, green manures, and other bulky sources of organic compounds are forms 
of bulky organic manures. Every one of these fertilizers has a massive appearance and 
offers both huge volumes of natural matter and humble degrees of plant supplements. 
The three most critical and frequently used cumbersome natural fertilizers are by a 
long shot ranch yard excrement, manure, and green compost. Various types of organic 
manure are shown in Fig. 18.3.

18.5.2 Effect of Bulky Organic Manures on Soil

• It fundamentally impacts the development of plants.
• Increment the dirt’s substance of natural matter would increment its actual 

characteristics.
• Give food to soil microorganisms by supporting the natural substance in the dirt, 

which builds the WHC of mud soil and further develops seepage in clayey soil.
• Give soil microbes nourishment. This stimulates the activity of microorganisms, 

which helps transform inadequate plant nutrients into form that plants can also 
use.
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Fig. 18.3 Types of organic manure

18.5.3 Farmyard Manure (FYM) 

It alludes to a decaying combination of domesticated animal’s excreta and pee, as 
well as bedding (bedding) and scraps from roughage or feed took care of two domes-
ticated animals. 0.5% Ns 0.2% P205, and 0.5% K2O are found on normal in very 
much spoiled FYM. One of the most significant farming side effects is FYM. Trag-
ically, around half of India’s dairy cattle waste creation is currently utilized as fuel, 
prompting loss of rural land. Availability of different minerals have been present 
in Table 18.1. 

• The richest among all is poultry manure.
• When contrasted with the compost part, all creatures’ pee contains a higher level 

of N and K2O.

Table 18.1 Average percentage of N, K2O5, and  K2O in the fresh excreta of farm animals 

Excreta of N (%) P2O5 (%) K2O (%)  

Cows and Bullocks Dung 0.40 0.20 0.10 

Urine 1.00 Traces 1.35 

Sheep and Goat Dung 0.75 0.50 0.45 

Urine 1.35 0.05 2.10 

Buffalo Dung 0.26 0.18 0.17 

Urine 0.62 Traces 1.61 

Poultry – 1.46 1.17 0.62
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18.5.4 Organic Manure Transformation Reactions in Soils 

Plant supplements, including full scale and micronutrients, are contained in both 
cumbersome and concentrated natural composts, with natural nitrogen content liable 
to be the most predominant. Merged amino acids, proteins, amino sugars, and other 
natural types of soil nitrogen can be found. At the point when natural composts, for 
example, FYM, fertilizers, oil cakes, green excrements, and different materials are 
added to the dirt, microbial assault happens, bringing about complete vanishing of 
natural protein and transformation of the leftover nitrogen into inorganic structure 
through the course of mineralization. The natural contaminations that have been 
disintegrated into the dirt do not keep going extremely lengthy. A few fertilizer 
microorganisms, worms, and bugs assault them right once, especially in the event that 
the dirt is sloppy. Infinitesimal life forms separate the various parts that create natural 
waste to deliver new mixtures, some of which have unbelievably basic substance 
attributes and others that are fairly broad. The natural extras do not all breakdown 
without a moment’s delay or in a similar way. While specific constituents separate 
quick, others do so more leisurely, nevertheless others take an extremely extensive 
stretch. 

18.6 Various Sources of Plant Nutrients 

18.6.1 Soil Sources 

Because of progressing and escalated cultivating strategies, the supplement giving 
ability of many soils has consistently diminished. The primary drivers of low effi-
ciency on most cultivated fields are low and disintegrating soil fruitfulness. Escalated 
cultivating likewise caused a deficiency in specific optional and micronutrients in the 
dirt. A simulation of nutrient insufficiency demonstrates that nitrogen deficit is global 
and that almost 49, 20, and 47% of Indian soils are similarly low in P, K, and Zn. In 
125 regions, there is a lack of sulfur. In some rural creation frameworks, Fe, Mn, and 
B have additionally become significant limitations. Long-haul compost preliminaries 
in different agro-biological areas have obviously demonstrated that potassium lack 
will turn into the best restricting variable for crop efficiency under serious editing 
later on. Other manure supplements will be less successful, therefore. Moreover, it is 
anticipated that as much as 8 million tons of supplements are lost every year because 
of soil disintegration. To amplify use of accessible supplements, it is accordingly 
expected to restrict supplement misfortunes through fitting soil the executives’ tech-
niques, to remediate soil issues, and to utilize suitable yield types, social medicines, 
and editing frameworks.
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18.6.2 Mineral Fertilizers 

Mineral manures are fundamental for keeping horticultural result. Since it has a 
significant expense, it should be improved combined with the wide range of various 
horticultural creation factors, for example,

• Recommending manure for a whole yield developed instead of just one harvest.
• Restricting fixings like auxiliary and micronutrients are killed.
• Using the right items, such as wrapped urea and ultra granule, such as using 

phosphate rocks that are readily available nearby in saline soil effectively. 

Along these lines, manures should be utilized in the perfect sum, with flawless 
timing, and from the right source. 

18.6.3 Organic Sources 

Natural fertilizer helps crop development and soil efficiency in different ways. 
Organics straightforwardly affect plant development and digestion through the take-
up of humid mixtures or their breakdown items. In a roundabout way, it helps the 
accessibility of major and minor plant supplements by upgrading the valuable soil 
microorganisms and their movement. 

Natural assets, which are created from creature and plant matter, are important side 
effects of horticulture and related callings. Natural assets incorporate components 
like creature squander, horticultural waste buildups, sewage, ooze, fertilizer, biofertil-
izers, human waste, and other modern waste. It is assessed that natural sources could 
deliver 9.9, 2.7, and 4.4 million tons of N, P2O5, and K2O plant supplements each 
year, separately. 3.7, 1.1, and 1.8 million tons of nitrogen, phosphorus, and potas-
sium, separately, are created by steers and bison compost. A large portion of it is 
changed over into fuel. Utilizing biogas can assist with decreasing how much supple-
ments and fuel expected to consume compost. Creature squander water contains less 
nitrogen than biogas slurry, which is more gainful for plants. Night soil could like-
wise give around 5 mt of N, P, and K supplements whenever utilized actually. The 
ongoing possible accessibility of yield deposits is 400 million metric tons (mmt). A 
lot of buildup stays in the field in regions where mechanical reaping is utilized. Plant 
supplements and natural matter are lost when these deposits are signed set up. 70% 
of harvest buildups are rice and wheat straw. Around 33% of farming buildups are 
reused straightforwardly ashore, and a huge sum is reused after use as animal feed, 
where animal feces is utilized as FYM. 

Future wellsprings of NPK supplements could incorporate fisheries, bone feast, 
provincial and metropolitan squanders, green manuring, agro-modern squanders, and 
yield buildups. In the event that those composts were painstakingly gathered, moder-
ated, and reused, India may be fit for meeting its supplement needs and increasing its 
farming over the long haul. Besides there is a huge micronutrient’s content of natural
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composts. Because of their correlative and added substance nature, the joined utiliza-
tion of natural, organic, and inorganic manures in farming creation and soil efficiency 
expects extraordinary importance. 

Soil mineral, natural, and organic wellsprings of plant supplements, notwith-
standing any remaining significant sources, ought to be used really and actually in 
the improvement of reasonable harvests. Coordinated supplement supply addition-
ally assists with further developing soil conditions by bringing down troublesome 
soil biological circumstances and raising soil creation. 

18.7 Organic Cycling 

18.7.1 Green Manuring 

Green compost has for some time been an office utilized by ranchers. Conversely, 
a rancher will be unable to execute conventional green manuring in escalated horti-
culture by forfeiting a whole harvest season for green manuring. Green manuring, 
then again, assists ranchers with decreasing their compound compost necessities and 
is one of the best and harmless to the ecosystem strategies for natural treatment. 
An old practice known as “green manuring” of land for rural purposes blurred into 
indefinite quality by the last part of the 1960s. Since it is the least expensive well-
spring of contributions for expanding soil richness and renewing plant supplements, 
particularly nitrogen, it requires unique consideration in the ongoing setting of a 
coordinated supplement supply framework. 

Through the accompanying advances, green manuring assists increment with 
trimming creation.

• Nodulated vegetables fix barometrical nitrogen and use it to advance soil nitrogen.
• Disintegrating natural matter affects N, P, K, and micronutrients in the dirt.
• Works on the physical, substance, and organic climate of the dirt by lessening 

filtering and vaporous misfortunes of nitrogen and expanding the proficiency of 
plant supplement use.

• New cuttings of a few enduring vegetables, for example, Gliricidia filled in 
hedgerows and handle nooks can be utilized for take-up into the dirt as a well-
spring of N on the off chance that ranchers are reluctant to commit their joined 
soil assets and yield contributions to green manuring. This is a run-of-the-mill 
practice in the southern locales of the country. 

18.8 Biological Sources 

The disclosure by Hellrigel and Wilfarth in 1886 that harmonious bacterial settle-
ments could may be reap barometrical nitrogen particles to help have plants in
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vegetable root knobs flagged a developing acknowledgment of the significance of soil 
biota in richness studies. Composts with organic sources are known as biofertilizers. 

The expression is currently used to depict all-natural excrement, including green 
fertilizer. Biofertilizers, then again, are combinations of living microorganisms that 
are utilized to increment soil richness and plant sustenance for more manageable 
farming creation. In India, biofertilizers are viewed as a reasonable option in contrast 
to compound manures in practical cultivating frameworks since they are economical, 
earth mindful, and sustainable wellsprings of mass and modest plant supplements. 

18.8.1 Rhizobium Inoculants 

To fix nitrogen, legumes and rhizobium collaborate. To supply up to 80% of the 
nitrogen needs of different pulse and legume crops, it is advised to inoculate seeds 
with rhizobium cultures. For the initial growth and establishment of legume seedlings, 
10–20 kg of inorganic N/ha must be added to the soil. Leguminous crops have been 
shown to help maintain soil fertility when employed as a part of a crop rotation. 
Rhizobium inoculation in traditional pulses frequently increases yield by 2–3 q/ha. 
Rhizobium inoculation is currently a common practice for newly introduced legume 
crops. 

18.8.2 Azotobacter Inoculants 

Azotobacter is a non-symbiotic nitrogen fixer that grows in the rhizosphere and bene-
fits plants. A number of employees have utilized azotobacter chrococcum inoculants 
in field research. Estimates suggest that azotobacter inoculation might save the loss 
of roughly 15–20 kg of N/ha and boost grain productivity by almost 10%. They also 
create growth hormones, which support seed germination, root growth, and plant 
vigor. 

18.8.3 Azospirillum Inoculants 

At least two species of the gram-negative nitrogen-fixing spirilla formerly known as 
Spirillum lipoferum are currently found in the genus Azospirillum: A. brasilense and 
A. lipoferum. In field experiments, A. brasilense cultures were successfully inoculated 
into sorghum and pearl millet, saving about 20–40 kg N/ha. Wheat responded strongly 
to A. lipoferum as well.
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18.8.4 Blue-Green Algae Inoculants 

An appropriate environment for algal nitrogen fixation levels ranging from 40 to 
80 kg N/ha/year is a flooded rice field. Crop yield can be enhanced by 10–20% via 
algal implantation. There are additional claims that BGA produces chemicals that 
stimulate growth. 

18.8.5 Azolla 

Due to the heterocystous blue-green algal Anabaena azolla’s presence in its ventral 
leaves, the water herb azolla fixes atmospheric N. India is the home of Aspergillus 
pinnata. Azolla has a chemical make-up of 4–6% N, 0.5–0.6% P, 2.6 percentage K, 
9–10% ash, 5 percentage points crude fat, 9% crude fiber, and 20–30 percent in terms 
of crude protein (on a dry basis). It, therefore, can be used as green manure and is an 
excellent source of organic N. 

18.8.6 Phosphatic Biofertilizer 

Through the release of organic acids, a number of soil bacteria (Pseudomonas striata, 
Bacteria polymyxa), as well as fungi (Aspergillus awamori), are capable of converting 
insoluble phosphate into soluble forms. These acids cause the pH to decrease and 
dissolve phosphates that have been isolated. Furthermore, some hydroxy acids may 
form metal complexes with calcium and iron, efficiently emulsifying the two compo-
nents and increasing the use of soil phosphorus by plants. Application of organic 
manure coupled with PSM can improve the P from rock phosphate’s availability. 
On P-deficient soils, extract can significantly improve the availability of P to plants. 
They can also stimulate the mobility of other mineral elements like copper and zinc. 

18.9 Chemical Fertilizers 

Manure is any dry or fluid substance that is added to the dirt to give at least one plant 
supplements. Notwithstanding lime and gypsum, the expression compost alludes to 
economically figured out items.
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18.9.1 Nitrogen Fertilizer 

Natural and inorganic types of nitrogen both are available in the dirt. Instances of 
inorganic structures incorporate nitrate, nitrite, and alkali (NH4+), among others 
(NO3−). In the beginning phases of development, paddy assimilates nitrogen as 
NO3− and NH4+ compounds. While NO3− is lost by filtering on the grounds that 
it does not shape a replaceable complex with mud and natural colloids at unbiased 
to high pH, nitrogen as NH4+ structures an interchangeable complex with earth 
and natural colloids and is hence not lost by draining. Be that as it may, when the 
climate is truly acidic, it goes through a trade. In spite of the way that plants retain 
nitrogen as NO3−, nitrate composts are not frequently utilized on the grounds that 
they will generally assimilate dampness. Accordingly, urea and other NH4 composts, 
for example, ammonium sulfate are frequently utilized. N ought to be applied with 
the goal that the plant procures it all through its life cycle, as most Indian soils are 
nitrogen poor and yields require nitrogen all through the developing season. Nitrogen-
containing composts should be regularly applied to all dirt and yields. The aggregate 
sum of nitrogen manures required is hence more noteworthy than the aggregate sum 
of different supplements. 

18.9.2 Commercial Nitrogenous Fertilizer 

Business nitrogenous manures are those that are made for an enormous scope and 
sold for their nitrogen focus. 

18.9.2.1 Nitrogenous Fertilizers 

In light of the synthetic structure in which nitrogen is joined with different compo-
nents by the manure, nitrogen composts can be separated into four kinds. Different 
types of nitrogenous fertlizers are presented in Fig. 18.4. 

Fig. 18.4 Types of nitrogenous fertilizers
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18.9.2.2 Nitrate Fertilizers 

Nitrogen is combined with different components as NO3−, calcium nitrate (15.5% 
N), sodium nitrate, or Chilean nitrate (16% N). Sodium nitrate is a business manure 
that is imported. 

18.9.2.3 Ammonical Fertilizers 

Nitrogen is blended in with different parts in ammonical (NH4) structure in these 
manures:

• Ammonium sulfate (20% N)
• Ammonium chloride (24–26% N)
• Anhydrous alkali (82% N). 

18.9.2.4 Nitrate and Ammonical Fertilizers 

Both nitrate and ammonical nitrogen are available in these manures:

• Ammonium nitrate (33–34% N)
• Calcium ammonium nitrate (26% N)
• Nitrate of ammonium sulfate (26% N). 

18.9.2.5 Amide Fertilizers 

These manures have nitrogen as amide or cyanamide:

• Urea (46% nitrogen)
• Calcium cyanamide (21% nitrogen). 

18.10 Conclusion 

It is concluded that using composted farmyard manure as fertilizer in organic farming 
systems increase biological soil activity, promoting soil quality and fertility. Utilizing 
biodynamically prepared compost significantly alter microbial turnaround, however 
these changes may not always have an impact on crop yields. Organic matter improves 
soil, slows down land erosion, and stimulates the activity of soil bacteria, enhancing 
soil fertility.



18 Green Biochemicals from Manure 467

References 

Ali U, Rehman KU, Malik MY (2019) The influence of MHD and heat generation/absorption in a 
Newtonian flow field manifested with a Cattaneo-Christov heat flux model. Phys Scr 94(8):085217 

Allee LL, Davis PM (1996) Effect of manure and corn hybrid on survival of western corn rootworm 
(Coleoptera: Chrysomelidae). Environ Entomol 25(4):801–809 

Berti WR, Jacobs LW (1996) Chemistry and phytotoxicity of soil trace elements from repeated 
sewage sludge applications, vol 25, no 5. American Society of Agronomy, Crop Science Society 
of America, and Soil Science Society of America, pp 1025–1032 

Durieux ME (1995) Inhibition by ketamine of muscarinic acetylcholine receptor function. Anesth 
Analg 81(1):57–62 

Edmeades DC (2003) The long-term effects of manures and fertilisers on soil productivity and 
quality: a review. Nutr Cycl Agroecosyst 66(2):165–180 

Giacometti C, Cavani L, Baldoni G, Ciavatta C, Marzadori C, Kandeler E (2014) Microplate-scale 
fluorometric soil enzyme assays as tools to assess soil quality in a long-term agricultural field 
experiment. Appl Soil Ecol 75:80–85 

Gurevitch J, Koricheva J, Nakagawa S, Stewart G (2018) Meta-analysis and the science of research 
synthesis. Nature 555(7695):175–182 

Hornick SB (1988) Use of organic amendments to increase the productivity of sand and gravel 
spoils: effect on yield and composition of sweet corn. Am J Altern Agric 3(4):156–162 

Jiang G, Zhang W, Xu M, Kuzyakov Y, Zhang X, Wang J, Di J, Murphy DV (2018) Manure and 
mineral fertilizer effects on crop yield and soil carbon sequestration: a meta-analysis and modeling 
across China. Glob Biogeochem Cycles 32(11):1659–1672 

Kallenbach C, Grandy AS (2011) Controls over soil microbial biomass responses to carbon 
amendments in agricultural systems: a meta-analysis. Agr Ecosyst Environ 144(1):241–252 

Karami A, Homaee M, Afzalinia S, Ruhipour H, Basirat S (2012) Organic resource manage-
ment: impacts on soil aggregate stability and other soil physico-chemical properties. Agr Ecosyst 
Environ 148:22–28 

Latham EE (1940) Relative productivity of the A horizon of Cecil sandy loam and the B and G 
horizons exposed by erosion. J Am Soc Agron 32:950–954 

Liu Z, Rong Q, Zhou W, Liang G (2017) Effects of inorganic and organic amendment on soil 
chemical properties, enzyme activities, microbial community and soil quality in yellow clayey 
soil. PLoS ONE 12(3):e0172767 

Liu S, Pu S, Deng D, Huang H, Yan C, Ma H, Razavi BS (2020) Comparable effects of manure and 
its biochar on reducing soil Cr bioavailability and narrowing the rhizosphere extent of enzyme 
activities. Environ Int 134:105277 

Luo G, Li L, Friman VP, Guo J, Guo S, Shen Q, Ling N (2018) Organic amendments increase crop 
yields by improving microbe-mediated soil functioning of agroecosystems: a meta-analysis. Soil 
Biol Biochem 124:105–115 

Maillard É, Angers DA (2014) Animal manure application and soil organic carbon stocks: a meta-
analysis. Glob Change Biol 20(2):666–679 

Mandal S, Pu S, Wang X, Ma H, Bai Y (2020) Hierarchical porous structured polysulfide supported 
nZVI/biochar and efficient immobilization of selenium in the soil. Sci Total Environ 708:134831 

Nowak MA, Sigmund K (1998) The dynamics of indirect reciprocity. J Theor Biol 194(4):561–574 
Pu S, Yan C, Huang H, Liu S, Deng D (2019) Toxicity of nano-CuO particles to maize and microbial 
community largely depends on its bioavailable fractions. Environ Pollut 255:113248 

Ringer MA, Andrews T, Webb MJ (2014) Global-mean radiative feedbacks and forcing in 
atmosphere-only and coupled atmosphere-ocean climate change experiments. Geophys Res Lett 
41(11):4035–4042 

Ros M, Pascual JA, Garcia C, Hernandez MT, Insam H (2006) Hydrolase activities, microbial 
biomass and bacterial community in a soil after long-term amendment with different composts. 
Soil Biol Biochem 38(12):3443–3452



468 S. Javed et al.

Saha MR, Hasan SMR, Akter R, Hossain MM, Alam MS, Alam MA, Mazumder MEH (2008) In 
vitro free radical scavenging activity of methanol extract of the leaves of Mimusops elengi Linn. 
Bangladesh J Vet Med 6(2):197–202 

Sandor JA, Eash NS (1991) Significance of ancient agricultural soils for long-term agronomic 
studies and sustainable agriculture research. Agron J 83(1):29–37 

Tejada M (2009) Application of different organic wastes in a soil polluted by cadmium: effects on 
soil biological properties. Geoderma 153(1–2):254–268 

Thangarajan R, Bolan NS, Tian G, Naidu R, Kunhikrishnan A (2013) Role of organic amendment 
application on greenhouse gas emission from soil. Sci Total Environ 465:72–96 

Weidemann AG (1943) Fertilizer placement studies on Hillsdale sandy loam soil. J Am Soc Agron 
Zaller JG, Köpke U (2004) Effects of traditional and biodynamic farmyard manure amendment on 
yields, soil chemical, biochemical and biological properties in a long-term field experiment. Biol 
Fertil Soils 40(4):222–229 

Zhang Y, Yang S, Fu M, Cai J, Zhang Y, Wang R, Xu Z, Bai Y, Jiang Y (2015) Sheep manure 
application increases soil exchangeable base cations in a semi-arid steppe of Inner Mongolia. J 
Arid Land 7(3):361–369



Chapter 19 
Current Trends and Prospects 
of Transforming Animal Waste into Food 

Samreen Ahsan, Atif Liaqat, Adnan Khaliq, Rabia Iqbal, 
Muhmmad Farhan Jahangir Chughtai, Tariq Mehmood, Kanza Saeed, 
Shoaib Fayyaz, Aaqib Saeed, and Nimra Sameed 

Abstract Animal waste production is a disquieting situation all over the world. 
Presently, research and development is working to utilize waste for producing value-
added products (manure, animal feed, etc.), extraction of valuable compounds, 
renewable energy, and biodegradable packaging material production. This chapter 
discusses the extraction of protein (keratin, collagen, gelatin, myofibrillar, and blood 
protein) from animal waste and its application in food industries. Furthermore, this 
chapter also reviews bone meal and fish meal application and the utilization of animal 
protein in the development of packaging film. The review also discusses the regula-
tory status of waste material in packaging along with ethical and religious concerns 
and future prospects of animal waste in nutricosmetics, biotechnological, and dairy 
probiotic beverage development. The waste utilization in effective way will be an 
efficient tool to be a part in control of climate change.
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19.1 Introduction 

The world population is estimated to exceed 10 billion by the end of 2050 (Duque-
Acevedo et al. 2020). Around the world, different countries are trying to enhance the 
production of food to feed ever-growing populations in the future. As a result, the 
industrialization of agriculture and allied sectors would further be promoted which 
in turn will certainly increase the production of waste. The farm mechanization 
preferences and progress in industrialization have increased the production of agro-
industrial waste. In general, the waste produced by agricultural fields and the agri-
food industry is nutrient-rich and cannot be left untreated (Sadh et al. 2018). Globally, 
about 50% of the total waste produced is deposited in open dumps and landfills 
(Millati et al. 2019). 

Managing such a large amount of waste is resource-intensive and challenging 
work. Interestingly, it can be utilized as a raw material for the production of value-
added products, extraction of compounds for use in food, production of renewable
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energy, and development of biodegradable packaging materials in the present times 
(Birania et al. 2022). 

Recognizing the importance of these agro-industrial wastes, authorities propose 
their transformation into value-added products (Mora et al. 2019; Álvarez et al. 2010). 
In advanced countries, animal products are considered as main sources of protein in 
the diet. Globally, 45% of overall protein consumption comes from animal sources, 
which is predicted to rise by 135% until 2050 (Lynch et al. 2018). 

Mutton, beef, poultry, and pork are the highly consumed meat types and are 
commonly served as processed meats, pies, burgers, and sausages. In addition, 
various materials as co-products can be obtained in the production of these main 
products and considered as secondary products. Chitin, fat, and animal protein are 
the chief by-products that can be obtained from poultry, livestock, aquatic species, 
and domestic animals and generally account for 1/3 to 1/2 of an animal’s live weight 
(Khodaei et al. 2021). Direct consumption of meat by-products is relatively small, 
majorly due to cultural and traditional practices, consumer perception, and ethical 
and religious restrictions. In addition, public health concerns, e.g., bovine spongiform 
encephalopathy can be reasons of the low consumption of these by-products. Thus, 
worldwide efforts are being made to reduce the dependence on animal protein and 
to discover a model route to utilize animal waste produced during meat processing 
and could be effectively utilized in pharmaceuticals, animal feed, pet food, industrial 
applications such as plant growth stimulators, adhesives, cosmetics, textile, water 
treatment, and biopolymers (Lynch et al. 2018). 

The utilization of by-products in any of meat industry cannot only uplift their 
revenue but also shows positive impact on environmental pollution with zero waste 
generation (Henchion et al. 2016). This waste is also thought to be a high-quality raw 
material with low commercial value for the production of valuable products such as 
chitosan, chitin, gelatin, collagen, keratin, enzymes, peptides, oils, ω-3 fatty acids, 
and fishmeal (Araújo et al. 2018a). 

Protein remains in these products as obtained from animals are inexpensive 
sources. Meat by-products and wastes from slaughterhouses or processing industries 
are utilized as starting materials for the production of value-added products. The 
major steps for protein recovery from meat processing wastes include pretreatment, 
extraction, and downstream processing (Khodaei et al. 2021). Figure 19.1 showing 
processing of animal waste.

In the past three decades, one of the biggest issues discussing worldwide is “cli-
mate change”. Animal waste disposal is impacting on climate by increasing surface 
temperature, increasing mean sea level, and variability in rainfall. There are a lot of 
calls published on mitigation of climate change but not on adaptation. The current 
review article is proposing ways by explaining that sets up waste segregation and then 
recycles it. Animal waste is its offal, bones, skins, hides, and blood and fortunately, 
all of these contain a lot of nutrients and beneficial factors that can be extracted and 
converted into valuable products. It would be very challenging by 2050 to fulfill the 
need of food for estimated 9 billion people in the challenging time period of climate 
change. It is the dire need to drive efforts be on track to control the rise in temperature 
and to achieve sustainable development goals (Batini 2019).



472 S. Ahsan et al.

Biodegradation 
Bio-composting 

Light, 
H2O and 

CO2(photosynthesis) 

Polymer 
synthesis/ 
extraction 

Films 
processing 

Application 
& Disposal 

Animals 
Biopolymers 

Collagen 
keratin 

chitosan 
gelatin 
blood 

Renewable 
source 

(Cellulose, 
pectin, starch) 

Fig. 19.1 Biodegradable polymers life cycle from natural sources (Mohanty et al. 2005)

19.2 Extraction of Protein from Animal Waste 

19.2.1 Keratin Pretreatment and Extraction 

Various research has been performed to isolate keratin from animal wastes in the 
last few years. These strategies belong to two major classes: proteolysis and protein 
denaturation. Based on protein denaturation, the techniques are divided into oxida-
tive, sulfitolysis, or oxidative, whereas alkaline, enzymatic, and microbial techniques 
are based on protein degradation (Chilakamarry et al. 2021). Protein denaturation 
methods yield the highest weight keratins, but are time-consuming and use chemicals 
that are toxic and pollute the environment (Shavandi et al. 2017). 

As keratin contains cysteine and amino acid cross linkages, its extraction using any 
technique either solvent or non-solvent is challenging. Methods that cause keratin 
denaturation include agents such as surfactants, chemicals, and hydrolytic agents 
that play an important part in keratin extraction by breaking sulfide bonds without 
affecting the keratin structure (Wang et al. 2016). First, denaturing substances and 
chemicals increase the ability of keratin to absorb water and swell by splitting the 
hydrogen and reducing the hydrophobic bonds in its structure. In the next step,
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sulfide bonds are broken down using chemicals that are either oxidative or reductive 
depending on the reaction mechanism (Kakkar et al. 2014). To improve keratin 
solubility in water, urea is commonly used as a denaturing agent. The effectiveness 
of a surfactant depends mainly on its interaction with the keratin. Anionic surfactants 
are reported to be more effective than cationic and neutral surfactants (Eslahi et al. 
2013). 

Various studies have reported sodium dodecyl sulfate (SDS) as an effective surfac-
tant as it enhances the rate of keratin extraction through a bi-nucleophilic displace-
ment mechanism. The process involves two reducing agents producing kerateins with 
thioglycolic acid and 2-mercaptoethanol as reducing agents. As the degradation of 
keratin takes place at pH more than 11, most of the reduction reactions are performed 
in alkaline conditions. For the process of reduction, mercaptoethanol is often used 
but it is undesirable because of its unpleasant odor and is also poisonous (Pan et al. 
2016). 

Peracetic acid (C2H4O3) and performic acid (CH2O3) are generally used to break 
keratin disulfide bonds and oxidize cysteine into cysteic acid residues. Then oxidized 
keratin is known as keratoses that is modified chemically and can be separated at 
different pH and solubility into α-, β-, and γ-keratoses fractions. Another technique 
used to cleave sulfide bonds is sulfitolysis which uses sodium sulfite (NaSO3), sodium 
bisulfite (NaS2O5), and sodium bisulfite (NaHSO3) (Lee et al.  2014). To break disul-
fide bonds in wool, a new organ phosphonic chemical called LKS-610 was used. The 
chemical produces thiol groups upon interaction with disulfides and a considerable 
decline in cysteine content was observed (Li et al. 2019). 

Alkaline extraction uses hot alkali solutions to break down amide linkages in 
keratin converting them into amino acids such as cysteine which is the most abundant 
amino acid found in keratin structure (Gupta et al. 2012). A highly concentrated basic 
solution can isolate hydrogen from sulfur and carboxyl groups. During this process, 
the decomposition of peptide chains forms alkali sulfides having an unpleasant odor. 
When the alkali concentration is less than 10%, there exist a direct relation between 
solubility of keratin and the alkali’s concentration. Increasing the NaOH concentra-
tion from 15 to 38% enhances the strength of wool fibers by approximately 30%. 
Cysteine is among the major amino acids found in wool and is degraded in strong 
alkaline solutions. Process parameters must be adjusted to retain cysteine during the 
derivation of protein (Shah et al. 2019). 

Trifluoromethanesulfonyl (1-Hydroxyethyl-3-methylimidazolium bis), as 
hydrophobic ionic liquid (IL), is widely used to isolate and extract keratin 
from chicken feathers. Investigation of the effects of IL, NaHSO3 (reducing agent), 
temperature, and reaction time showed that keratin yield rises from 7 to 15% as 
the mass ratio increases (Chilakamarry et al. 2021). One of the important factors 
that affects keratin extraction yield is temperature. Temperature affects the yield in 
three different steps; (1) Increasing the temperature from 70 to 80 °C enhances the 
yield. (2) A rise in temperature from 80 to 90 °C had no effect on the yield. (3) An 
increase from 90 to 100 °C resulted in a lower yield (Ji et al. 2014). 

To break down and decompose keratin into peptides, methods involving enzymes 
and microorganisms can also be used. The procedure used for the degradation of
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keratin with the help of bacteria has not been described yet. One of the microbial 
enzymes that breaks the bonds of keratin protein is keratinase which is produced by 
some microorganisms. The decomposition of keratin in the presence of microbial 
enzymes does not alter the structure of proteins and retains its functional properties 
(Chilakamarry et al. 2021; de Menezes et al. 2021). 

The weight of keratin isolated by environment friendly techniques such as IL 
extraction, alkaline extraction, steam, and superheated water varies depending on 
the processing conditions. Keratin having molecular weight below 10 KDa is not 
suitable to be used as a structural material (Fagbemi et al. 2020). Thermal methods 
(superheated water, steam explosion, microwave) use steam and high pressure which 
destroys keratin and the yield is also less. The yield of keratin extracted using enzymes 
is unclear and an expensive process. More research is required to assess cost effec-
tiveness for the process and extract keratin with similar physicochemical properties 
depending on the source and method (Fagbemi et al. 2020). 

19.2.2 Gelatin and Collagen Extraction 

The removal of non-collagen components from animal’s waste is essential before 
collagen extraction. Various pretreatments including degreasing, swelling, and 
demineralization are used for this purpose. By the use of alkali treatments with 
sodium hydroxide (NaOH), non-collagen components are removed with the swelling 
of raw material. Although the concentration of NaOH and solvent temperature can be 
changed depending on the nature of raw material and extent of cross-linking found 
in collagen, the use of higher concentration for NaOH at 4–20 °C should be avoided 
to prevent damage in collagen structure (Zhang et al. 2013). 

Demineralization of collagen is achieved with hydrochloric acid (HCl) and 
ethylenediaminetetraacetic acid (EDTA). EDTA, as compared to HCl at same concen-
tration, has been reported to present better decalcification properties from animal 
bones and fish scales. For fat extraction, solvents such as n-hexane and ethanol are 
used. Pretreatment has been reported to have a significant effect on the degree of 
hydrolysis while collagen is being extracted from bovine animal’s waste. Presently, 
numerous novel approaches such as high pressure processing, ultrasound, and 
microwave-assisted extraction are being used to facilitate pretreatment methods for 
isolating and extracting collagen (Chotphruethipong et al. 2019). The cavitation 
resulting from a high frequency ultrasound irradiation has the potential to disrupt 
raw material and break them into simple and small pieces thereby increasing the 
surface area extraction (Zou et al. 2020). 

With high ultrasound frequency, the shear rate has been observed to increase with 
a decrease in length of bubbles showing inverse relation. Among other pretreatments, 
thermal techniques such as boiling and high pressure processing significantly effect 
the degree of hydrolysis, while collagen is being extracted from bovine animals. 
Boiling pretreatment generally shows better efficacy than high pressure in this regard 
(Hong et al. 2019).
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A commonly used technique to extract collagen from animal hides is enzymatic 
hydrolysis. The process involves a minor chemical reaction with almost no damage 
and side effects to the protein’s structure. The applications of pepsin as an enzymatic 
extraction agent have been reported in various studies. It allows breakage at the 
telopeptide region of the triple helix in collagen’s structure producing pepsin soluble 
collagen (PSC). It also assists in leaching of the collagen structures increasing the 
extraction yields while in the solution (Jin et al. 2019). 

Other enzymes being used for the extraction of collagen include trypsin, alkaline 
protease, lactases, and papain. Hydrolysis time, enzyme nature, concentration, and 
solid-to-liquid ratio affect the yield of enzymatic extraction (Grønlien et al. 2019). 
Following trend has been observed considering the effectiveness of enzymes for 
collagen extraction from bovine animals: collagenase > trypsin > pepsin (Zhang 
et al. 2013). 

The alternative prevailing technique used for extracting collagen can be chemical 
electrolysis using an acid, salt, or an alkali. This one is more inexpensive and unde-
manding (Dhakal et al. 2018). Acid-soluble collagen (ASC) method is effective in 
the demineralization and extraction of collagen at low temperatures with the help of 
organic or inorganic acids. The extraction rates are observed to be faster with organic 
acids as compared to inorganic acids. Intra and intermolecular forces of the collagen 
helix are broken down, high molecular weight proteins are broken down into smaller 
units by acids such as HCl and acetic acid. The acid concentration generally varies 
from 0.5 to 1 M (Jafari et al. 2020). The collagen chain structure must not be affected 
by the acid concentration. An undesirable effect in collagen structure was seen at 
1.05 M concentration of acetic acid due to side reactions. The yield of collagen 
extraction can also be affected by time and temperature (Blanco et al. 2019; Jafari 
et al. 2020). Alkaline extraction methods are less favored for collagen extraction due 
to poor performance, low extraction yields, and collagen denaturation (Meng et al. 
2019). 

Extraction methods using acids are generally an effective way for extracting 
collagen. But they can be influenced by various parameters such as acidity, energy 
consumption, and processing time thereby restricting the extraction yield resulting 
in an increased solubility of the final product, nutritional losses, poor function, and 
bitterness (Araújo et al. 2018b). The use of ultrasonic electric fields with enzyme 
and acidic methods can result in an increased yield, in a small amount of time. A 
commonly used method is combination of hydrogen bond donor and hydrogen bond 
acceptor called the deep eutectic solvent (DES) method (Akram and Zhang 2020; 
Amani et al. 2021). A supercritical fluid extraction (SFE) technique is also employed 
to isolate proteins using by-products. Although this method can alter the structure of 
the extracted protein, it is environmentally safe (Sousa et al. 2020). 

Regardless of the setbacks, the acid and enzyme extraction methods are gener-
ally employed. The application of the traditional approach along with pretreatment 
methods improves productiveness. Although pulsed electric field (PEF), DES, SFE, 
and ultrasound approaches have established quite supremacy for extraction, they 
are more productive when combined with traditional techniques (Cao et al. 2021).
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Table 19.1 is representing pretreatment and collagen extraction methods from various 
animal’s skin. 

Table 19.1 Pretreatment and collagen extraction methods from various animal’s skin 

Pretreatments Collagen extraction methods 
and steps 

References 

Chicken 

Hot water bath treatment at 
40 °C for 1 h 

4 step extraction involving 
protease inhibitor solution 
(1 km/L NaCl and Tris-HCl 1 
× 10–3 km L), ethylene 
diamine hydrochloride (24 h), 
acetic acid (0.5 k KM/L), and 
pepsin (1 g/L) followed by 
precipitation steps involving 
ammonium sulfate (25% 
saturation), and sodium 
chloride crystals 

Cliche et al. (2003) 

Non-collagen removal using 
NaOH 0.1 km/L and fat 
removal using butyl alcohol 
10% v/v at 4 °C for 1 day 

Acid hydrolysis using acetic 
acid 0.5 km/L at 4 °C for 42 h 
followed by precipitation 
using NaCl 2 km/L, dialysis 
using water and centrifugation 

Du and Betti (2016) 

Fat removal and 
de-pigmentation by 
centrifugation 

Acid hydrolysis using acetic 
acid 0.5 km/L at 4 °C for 72 h 
followed by centrifugation 
and dialysis using distilled 
water 

Jiménez Vázquez et al. (2019) 

Non-collagen removal using 
NaOH 0.1 km/L at 4 °C for 
1 day and fat removal using 
butyl alcohol 10% at 4 °C for 
24 h 

Acid hydrolysis using acetic 
acid 0.5 km/L for 1 day at 
4 °C followed by vacuum 
depending on animal breed 

Suurs et al. (2022) 

Sheep 

Non-collagen removal using 
0.1 km/L NaOH for 5–6 h at 
4 °C followed by  
demineralization using 
0.5 km/L EDTA for 48 h 

Acid hydrolysis (0.5 km/L for 
3 h) followed by enzyme 
addition (pepsin 1 g/m3), 
precipitation using NaCl 
2.6 km/L, centrifugation, and 
hydrolysis (1 km/L NaCO3) 

Chuaychan et al. (2015) 

Washing and hair removal 
using deionized water 

Acid enzyme treatment using 
acetic acid and trypsin at 
(0.5 km/L, 0.001 g trypsin at 
pH 7 for 40–60 min) followed 
by filtration and centrifugation 

Fernandez-Hervas et al. (2007) 

Goat

(continued)
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Table 19.1 (continued)

Pretreatments Collagen extraction methods
and steps

References

Non-collagen removal using 
NaOH 0.1 km/L for 0–48 h 

Acid enzyme treatment using 
acetic acid 0.5 km/L and 
pepsin 0.1% w/v followed by 
precipitation using NaCl 
2.6 km/L for 12 h, and 
centrifugation for 30 min at 
4500 g 

Hakim et al. (2021) 

Non-collagen removal using 
NaOH 0.1 km/L for 1 day at 
4 °C  

Acidic hydrolysis using acetic 
acid 0.5 km/L for 24 h 
followed by precipitation 
using NaCl 2.6 km/L, 
centrifugation at 7000 g and 
dialysis using acetic acid 

Wahyuningsih et al. (2018a, b) 

Non-collagen removal using 
NaOH 0.1 km/L for 48 h at 
4 °C  

Acid enzyme treatment using 
acetic acid 0.5 km/L and 0.1% 
pepsin for 24 h followed by 
precipitation using NaCl 
2.6 km/L, centrifugation at 
7000 g, and dialysis using 
acetic acid 

Wahyuningsih et al. (2018a, b) 

Pig 

Degreasing through sonication 
using 75% sodium 
dodecylbenzene at 25 °C and 
120 W 

Acid enzyme treatment using 
acetic acid 0.5 km/L followed 
by precipitation using NaCl 
for 5–7 h, centrifugation at 
7000 g and dialysis using 
acetic acid 

Zhang et al. (2020) 

Fat removal using ether, alkali 
pretreatment using NaOH 2% 
g/g, and sonication at 25 kHz 
for 40 min 

Maintain alkaline pH using 
phosphate buffer solution 
followed by enzyme 
hydrolysis using alcalase at 
1:100 w/v and centrifugation 

Zhang et al. (2017) 

Cattle 

Collagen was extracted from 
cattle skin and collagen base 
amalgamation for flame 
retardant composition was 
prepared and introduced into 
material of cellulosic textile 
by grafting copolymerization. 
Unused and raw cattle skin 
waste was cut into 3 to 4 mm 
size 

Hydrolysis at alkaline pH 
using NaOH 3–5%, followed 
by filtration and neutralization 
using acetic acid 

Nabijon et al. (2017)

(continued)
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Table 19.1 (continued)

Pretreatments Collagen extraction methods
and steps

References

Salt washing using NaCl 
0.5 km/L for 2 h followed by 
lime treatment for hair 
removal and non-collagen 
removal using NaOH 2% for 
5 days  

Acid enzyme treatment using 
acetic acid 0.5 km/L and 
pepsin at 1:20 w/w for 2 days 
followed by centrifugation at 
20,000 g for 15 min, 
precipitation using NaCl 
2 km/L for 6 h and dialysis 
using deionized water for 
4 days  

Feng and Betti (2017) 

Pretreatment with hot water 
bath at 70 °C for 15 min 

A solution of 5% calcium 
hydroxide and 5% acetic acid 
mixed with sample and 
hydrolyzed for 48–72 h 
followed by hot water bath 
treatment for 1 day at 70 °C 
and filtration 

Said (2018) 

19.3 Application of Animal Waste 

19.3.1 Collagen as Food Additive 

Substances added to food to improve the safety, texture, quality, taste, and appearance 
of food are known as food additives. Such substances include emulsifiers, preser-
vatives, thickeners, and antioxidants. Collagen, a food additive, is used to enhance 
the rheological properties of various foods. Meat and meat products having raw 
materials with added collagen have better technological and rheological properties. 
Liverwurst or paste containing collagen has improved quality and less existence of 
fat caps (Hashim et al. 2015). 

Heat-treated collagen fiber acts as an emulsifier in acidic products. The integrity 
and rheological properties of oil-in-water emulsion were evaluated. Droplet size 
of prepared emulsion and phase separation reduced its pH value resulting in the 
production of stable emulsion at acidic pH. Through high pressure homogenization, 
acid emulsions showed lower dispersions and six times decrease in mean surface 
diameter than the primary emulsions (Santana et al. 2011). Heat-treated collagen 
fibers are a natural alternate to man-made emulsifiers to be used in acidic foods. The 
heat processing in such foods decreased protein charge and solubility leading to a 
lowering of oil-protein interaction. Primary emulsions formed by heating collagen 
fiber have high creaming and emulsion rates (Aberoumand 2012). 

Food-grade collagen can be used in place of lean meat in bologna. In a study, coarse 
bologna and bologna with fine emulsion were developed by the fibrous collagen in 
place of lean meat. As a result, no significant effect on shrinkage, density, stability,
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water content, and protein content were found. Moreover, no significant effect on 
color, pressure fluid, pH, or cooking loss were discovered (Kalinova et al. 2017). 

Duck feet collagen was added in sardine surimi to study its effect on physiochem-
ical properties. The added collagen resulted in improved gel hardness and strength, 
folding test score, and a color lightness of surimi. Furthermore, collagen proved to 
be an effective alternative to protein additive for improvement of surimi quality. Jelly 
production from the addition of chicken feet collagen also had a good response from 
customers (de Almeida et al. 2012; Huda et al. 2013). 

19.3.2 Collagen in Beverages 

Collagen-infused drinks are widely being used in the global market including various 
products such as soy collagen, cocoa collagen, cappuccino collagen, juice collagen, 
and birds nest collagen. Collagen drinks help body generate fatty tissues and stimulate 
the collagen making mechanism of body resulting in improved body tissues and 
reducing skin wrinkling and sagging (Lin et al. 2020). 

Malaysian dairy industry has used collagen in their probiotic drink containing 
prebiotic fiber (Hashim et al. 2015). Vitagen collagen drinks facilitate the growth of 
healthy bacteria found in gut and also enhance skin beauty. Avon has developed “Avon 
Life Marine Fish Peptide Collagen Drink” which contains good quality collagen 
extracted from fish skin, vitamin C, and fructo-oligosaccharide. Nestle Malaysia has 
also launched several products including Nescafe body partner and collagen coffee 
containing collagen from the fish source (Binsi and Zynudheen 2019). 

Collagen has a rod-like triple helix structure which is thermally unstable and 
plays an important role as a clarifying agent in alcoholic beverages by accumulating 
insoluble particles and yeast. Bovine collagen solutions could possibly be used to 
purify beer and yeast preparations by chemically modifying them. Collagen has 
a distinctive caprylic taste which can be improved by adding stevia and sucralose 
extract and further blending with acesulfame potassium if needed (Znamirowska 
et al. 2020). 

19.3.3 Gelatin for Food Industry 

Collagen and gelatin have wide usage as food additives and packaging materials in 
the food industry. Gelatin is integrated in food products to enhance their texture, 
color, taste, and other properties. Gelatin is majorly used as a food stabilizer and 
consistency enhancer as it forms stable gel and foam. It is used in water gel desserts 
for its melt-in-mouth property but it also forms insoluble cross-linked hydrogel that 
maintains its shape in swelling equilibrium (Tsykhanovska et al. 2020; Yang et al. 
2020). Heat-treated collagen fiber is a natural alternative of synthetic emulsifiers. The 
addition of collagen in sausages improves its rheological properties and decreases fat
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cap of the oil-in-water emulsion. The antioxidant property of collagen hydrolysates 
prevents peroxidation of lipids that are dangerous for human health. This antioxidant 
property is linked with the radicle scavenging imidazole group of histidine (Sousa 
et al. 2017). To extend the shelf life of foods, collagen-based films have played a 
significant role. The main function of food packaging is to prevent the exchange 
of oxygen, moisture, and microbial activity and to maintain the sensory qualities 
of food material. Gelatin has been widely researched as a food packaging material 
because of its biodegradability, film-forming ability, and effective gas barrier quality. 
However, the use of gelatin has some disadvantages because of its poor strength and 
wide absorptive nature. It absorbs moisture in high-moisture food packaging (Fustier 
et al. 2015; Huang et al. 2020). A combination of gelatin with biopolymers can 
improve its properties by reducing mobility, improving resistance, and mechanical 
barrier properties. Gelatin and collagen films are used to produce sausage casings 
using the co-extrusion process but they are less effective due to poor mechanical 
properties and moisture sensitivity (Beghetto et al. 2019; Mohseni and Goli 2019). 
A multilayered structure can be used for this purpose containing multiple barriers to 
moisture and oxygen. Gelatin is the first material used as a bioactive substance carrier. 
Active packaging of gelatin films and coatings can be achieved by incorporating 
natural antioxidants and antimicrobial components. Bioactive components for active 
packaging could be plant extracts like rosemary, grape, lemon, and oregano. Extracts 
can be inactivated by heat, light, and oxygen (Benayahu et al. 2020; Regubalan et al. 
2018). Researchers have tried to encapsulate solids, liquids, and gas in microcapsules 
to protect their functional components. Encapsulation is also a solution to control 
and decrease taste and smell of vegetable extracts. Gelatin encapsulation technique 
can be used to manufacture food formulations. 

19.3.4 Keratin in Feedstock 

Chemical thermal hydrolysis of chicken feathers results in feather hydrolysates that 
are rich in amino acids and polypeptides. They have similar composition to soybean 
protein and cotton seed protein used as a dietary supplement for feeding ruminants. 
Enzymatic-alkaline hydrolysis of feather keratin for feeding was performed (Ramakr-
ishnan et al. 2018). Enzymatic modification through enrichment with lysine leads to 
an increased nutritional value. A horn meal is made by putting raw horns and hoofs 
under high pressure. Animal feed can be prepared by using keratin which proves as 
a useful protein (Brandelli et al. 2015). 

19.3.5 Applications of Fish Collagen in Drug Delivery 

Fish collagen has potential role in biomedical applications including wound dressing 
and tissue engineering techniques. However, the applications of collagen for drug
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delivery are limited. Recently, the researchers are gaining interest in the applica-
tions of polymeric matrices and nano and micro-particles of collagen isolated and 
extracted from fish for drug delivery applications (Felician et al. 2018). To study this, 
collagen extracted from marine sponges and jellyfish was evaluated. Fish collagen 
was extracted and prepared using freeze-drying technique. The extract was then 
incorporated with growth factors such as fibroblast growth factor in microspheres for 
controlled delivery. Results revealed that microspheres were dispersed uniformly into 
the porous structures of collagen extract and had better biocompatibility as opposed 
to collagen without microspheres. This allows microspheres to be used as controlled 
growth factors to wound site in the body (Cao et al. 2015). Table 19.2 gives protein 
contents and various applications of fish organs. The gels made from fish collagen 
extracted from skin of an eel fish were also studied for drug delivery applications. 
Results revealed that certain drugs including tetracycline and ampicillin were deliv-
ered effectively as the zone of inhibition appeared against different bacterial strains 
(Veeruraj et al. 2013). In another research, fish collagen encapsulated with negative 
nanoliposomes was studied for enhanced topical delivery. Results revealed that fish 
collagen enhanced the protein expressions of type I collagen suggesting its appli-
cations in cosmetic industries (Seo et al. 2018). Fish collagen extracted from Lates 
calcarifer scale was incorporated with Bixa rollana plant extract to study anticancer 
and antibacterial properties. Results revealed that microspheres showed consistent 
release of plant extract and exhibited antimicrobial properties against both, i.e., gram 
positive and gram negative bacteria. These studies elaborate the potential of collagen 
protein for the delivery of anticancer agents (Muthukumar et al. 2014).

19.3.6 Food Applications of Bone Meal 

Bone meal is a combination of roughly and finely ground animal bones and waste 
from slaughterhouse. It is being used as a feed additive to provide monogastric 
animals with phosphorus (P) and calcium (Ca) in the form of hydroxyapatite. It acts 
as a slow organic fertilizer, and it provides plants with small amounts of calcium, 
nitrogen, and phosphorus. 

Bone meal is utilized as a major source of phosphorus, calcium, and traces of 
different elements. Calcium is the basic constituent of teeth and bones. It is necessary 
for blood clotting, transmission of nerve impulses, muscle contraction, hormone 
production, and several other reasons. Stability of cell membrane is also stimulated 
and maintained by calcium (Coutand et al. 2008; Hendriks et al. 2002). 

19.3.6.1 Dietary Supplement 

Along with many other meals, bone meal, specifically meat meal, is used as a 
mineral/food supplement for cattle and hoofed animals. Transmissible spongiform 
encephalopathy, primarily known as mad cow disease in cattle, is spread by improper
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Table 19.2 Protein contents and various applications of fish organs 

Major organs of fish Applications Protein content (%) References 

Fins Biomedical purposes, 
pharmaceutical, and 
cosmetics 

17–20 Mahboob (2015) 

Skin Biomedical purposes, 
pharmaceutical, and 
cosmetics 

25–28 Mahboob (2015) 

Meat Supplementation of snacks 
and pasta 

20–22 Nawaz et al. (2019) 

Egg shells Calcium supplement and 
food fortification 

4–8 Waheed et al. (2019) 

Hairs Antimicrobial and 
antioxidant 

85 Pleissner et al. (2011) 

Scale Biomedical purposes, 
pharmaceutical, and 
cosmetics 

22–25 Mahboob (2015) 

Fish processing waste Antimicrobial and 
antioxidant 

11.5 Pleissner et al. (2011) 

Fish processing waste Foaming capacity, 
emulsifying characteristics, 
water retention capacity, 
gelling activity, and oil 
absorption 

16–31 Ghaly et al. (2013)

use of bone and meat meal in animal nutrition. Salmonella contamination can be 
reduced and controlled by proper temperature control (Jiang et al. 2011). 

Historically, bone meal has been used as a dietary calcium supplement for humans 
(Mendez and Dale 1998). Studies have shown that lead and calcium have a same 
atomic structure as they have in their ionic forms (Pb2+, Ca2+) and thus leads to the 
potential for lead accumulation in bones (Potera 2009). In 1970’s, Allison Hayes 
an American actress was poisoned with a calcium supplement made from lead-rich 
horse bones, prompting the Environmental Protection Agency to develop stricter 
import regulations. In addition, in 2013, study of broth-based products of chicken 
bones found out that they contain more quantity of lead than present in the tap water. 

19.3.6.2 Dosing Format 

For bone meal, there is no Recommended Dietary Allowance (RDA). For adults aged 
from 19 to 50 years, the recommended daily allowance for calcium is 1000 mg/day 
and for women with more than 50 and men more than 70, the recommended daily 
dose is 1200 mg/day.
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The RDA of calcium for children aged between 4 and 8 years is 1000 mg/day. The 
RDA of calcium for children aged between 9 and 18 years is 1300 mg/day (Atuah 
and Hodson 2011; Ross et al.  2011; Tangke et al. 2020). 

Pregnant or breastfeeding women require some more calcium than RDA. 
However, it should be taken with the prime concern of healthcare provider. 

19.3.6.3 Toxicity and Side Effects 

In bone meal, some trace elements may be helpful. However, lead is high in bone 
meal. High levels of mercury may also be present there. This causes major doubts 
about its use as a nutritional or dietary supplement. Bone meal contains much more 
lead than refined calcium carbonate (Atuah and Hodson 2011). 

Bovine spongiform encephalopathy (BSE) or “mad cow disease” can also be 
transmitted through bone meal. Bone meal and other by-products of animals that 
may be used as basic animal feed or supplements have been held responsible to 
transmit BSE. The processing procedure determines the presence of an infectious 
agent. There is no research or studies that claim that meal obtained from bones is 
suitable for human consumption (Ali et al. 2018). 

There are no well-known food or drug interactions with bone meal. 

19.4 Food Applications of Fish Meal 

The highest quality fish meal comes from raw fish. However, to prevent oil and protein 
breakdown, raw fish is often handled and treated by draining, chilling (water chilling 
systems, mixing of ice with the fish), or chemical preservation (formaldehyde or 
sodium nitrite). 

Fish and other seafood might be the most leading human food after cereals, 
providing averagely 15 percent of the global intake of protein contents. Muscles 
of lean fish contain 18–25% protein by weight, which is almost equivalent to poultry 
or beef, but contains far fewer calories. In fish, 4 to 10 cal are present in just only 
one gram of protein, as opposed to 10–20 cal/g of protein for lean meats. For fatty 
meats, caloric contents may jump up to 30 cal/g (Subhan et al. 2021). 

Fish feed is the largest non-recurring operating cost in aquaculture production. 
Therefore, they constantly try to make food cheaper by using cheap ingredients. 
Therefore, they constantly try to make feed cheaper by using cheap ingredients. Fish 
meal is a major ingredient in several feeds and is mainly substituted due to high cost 
and limited global supply. 

Animal feed is made from fish meal because it is rich in protein contents moreover 
it is also a good source of phosphorus, calcium, and other minerals. Popularity of 
fish meal is particularly in feed prepared for water life due to its high protein content 
and appropriate balance of amino acid for water life (Yilmaz and Ozmen 2020).
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The raw or canned fish consists of 3 main factors: solids (dry defatted material), 
water, and oil. Fishmeal is made through a series of steps that include cooking, 
dehydration, pressing, and grinding. While cooking, at a temperature of 85–90 °C, 
screw press is used to press the cooked fish, which helps in the removal of liquid and 
“press cake” is left behind. The supernate is drained, and the remaining solid mixture 
is centrifuged in order to obtain “still water”, from which is removed by evaporation. 
The pressed cake and stick water are homogenized before they enter the dryer to 
produce fishmeal with a moisture content of approximately 10%. During each stage 
of processing, different variations may arise, which will lead to obtaining fishmeal 
of different quality (Wood et al. 1985). 

Crude protein levels, fat contents, and ash contents in good quality fish vary 
from 66%, 8–11%, and less than 12%, respectively. Good quality fishmeal has a 
crude protein level of over 66%, a fat content of about 8–12%, and ash usually less 
than 12%. In developing and tropical countries, sometimes “fishmeal” is processed 
after meat is sun-dried and milled and grind. This type of fishmeal has very high 
ash contents and comparatively low in protein. By-products obtained from fish that 
include concentration of fish protein with relatively more protein content (higher 
than 70%) (Watanabe et al. 2001). 

In 1980s, fish silage which was acid-preserved was heavily promoted as a means 
of preserving raw or trash fish and for making aquaculture feed by mixing such silage 
with other feeds, although this practice is not extensively used (Watanabe et al. 2001). 

Fish meal, roughly grinded powder from flesh of cooked fish. Although previously 
important as fertilizer, now fishmeal is used mainly for animal feed, particularly for 
poultry, pigs, pets, and farmed fish. Certain types of fatty fish, such as anchovies, 
menhaden, sardines, and herring are a major source of fishmeal and its byproduct 
like fish oil (Wood et al. 1985). 

For processing into meal, sliced fish passes through long cookers of steam on a 
screw conveyor. Oil and water are than removed by pressing the cooked flesh of fish 
(that spoils rapidly during storage conditions). Hot air is used to dry the pressed fish 
cake, resulting in food with a high content of vitamin B12 and up to 50% of protein 
contents. 

Roe, might be female fish eggs mass (hard roe), or sperm of male fish, i.e., mass 
or milk (soft roe), which are thought to be food. Eggs of different fish are consumed 
as edible food, after it is salted or smoked. Hard sturgeon eggs, from which caviar 
is made, is most valued. When preparing caviar, the egg mass of freshly caught fish 
is removed and passed through a very fine sieve, hence, separation of the eggs takes 
place. Moreover, cleaning the eggs from external pieces of fat and tissue. Then, salt 
is added to make them preserve and enhance the flavor. Smoked cod roe is eaten 
frequently in Scandinavia and Great Britain. Salted carp, cod roe, or mullet are the 
basis of taramasalata which is a Greek appetizer (Bledsoe et al. 2003). 

Soft caviar can be fried or poached and is sometimes served as an appetizer or light 
first course. Other roes’ fish that are particularly well eaten are mackerel, herring, 
sole roe, salmon, and shad. 

Scrod is a young fish, particularly fish is cut up and boned for smoking or cooking. 
The origin is believed to come from an Old Dutch word that means “to grind”. In
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around 1841, it seemed to be used for the first time (Shenderyuk and Bykowski 
2020). 

Sashimi, a specialty of Japanese main course food, where raw fresh fish is served. 
The fish should be absolutely fresh and is cut into very thin slices or quarter to about 
half an inch (0.75–1.5 cm) thick slices, cubes, or strips, depending on the nature and 
type of the fish. Wasabi and soy sauce are added to the sashimi. Japanese meal must 
contain Sashimi as a food starter, served before food, while the flavor is still clear so 
that its nuances can be adopted. 

The commonly used fishes are harvested from oceans: yellowtail, tuna, sea bream, 
flounder, and mackerel. Fish harvested from freshwater includes carp and perch. They 
can also be eaten as raw, as are prawns, abalone, clams, and lobsters. With sashimi, 
sake is traditionally taken in its liquid state (Cozzo and Smart 2020). 

Kippers, a most traditional and common British breakfast dish, consisting of 
herring aged by kippering-cut, gutted, cleaned, salted, and then smoked. It may be 
sautéed, fried or grilled. 

The best quality kippers possess pale copper color and harvested from the Isle of 
Man, Scotland, and northern England. Kipper is often served with lemon and butter 
but sometimes with a poached egg. The dish may be sometimes served at dinner or 
with tea (Alfian et al. 2020). 

Fish sauce, in Southeast Asian cooking, a liquid condiment made by fermenting 
saltwater or freshwater fish with salt in large quantities. After several months, the 
resulting brown liquid, which might be rich in proteins, is drained and bottled. Some-
times, it is provided with stay time to mature in glass in the presence of sunlight or 
bottles made of clay before its use. Worldwide, it is recognized with different names 
like nuoc am in Vietnam, in Thailand, it is known as nam pla, in Cambodia, it is 
known tuk trey, patis in the Philippines, ketjap ikan in Indonesia, and ngan-pya-ye 
in Myanmar. Fish sauce is widely utilized as soy sauce in regions like Vietnam and 
Thailand. Oyster sauce made by Chinese chefs has a similar preparation method that 
is being used particularly in Cantonese dishes (Choksawangkarn et al. 2018). 

Fish oil, a fatty oil extracted from the fish body, that is used in the production of 
several different products such as cooking oil, margarine, soaps, sealants, cosmetics, 
paints, candles, lubricants, industrial coatings, and water repellents. Fish oil is also 
extensively used in leather tanning, rubber production, and the production of various 
chemicals used to make synthetic wax. Sardines, herring, and menhaden are the main 
sources of fish oil. During the production of fishmeal, oil and water are squeezed out 
of cooked fish and separated by a centrifuge. Before storage, the oil is additionally 
purified by a centrifuge. Fish oil is rich in unsaturated lipids. Oil extracted from 
fish liver was once considered to be a major source of vitamins A and D. These 
vitamins are now being synthetically produced at relatively cheaper prices (Sidhu 
2003). Table 19.3 shows the protien extraction from fish waste and applications in 
food.
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Table 19.3 Protein extraction from fish waste and its application in food 

Source Protein Application References 

Skin of sucker catfish 
(Pterygoplichthys 
pardalis) 

Type I collagen Fresh cheese Nurubhasha et al. 
(2019) 

Grass carp collagen 
(GCC) films 

Collagen Pork preservation Ameer et al. (2020) 

Alaska pollock (Gadus 
chalcogrammus) and  
the pacific cod (Gadus 
macrocephalus), waste 
from fish cutting 
(heads, swim bladders, 
fins, skin, and bones) 

Gelatin > 80% protein Fish culinary 
products 

Zarubin et al. (2021) 

Several fish species Fish protein 
hydrolysates (FPHs) 

Alternative for 
synthetic antioxidants 
rich source of 
bioactive peptides 

Desai et al.  (2022) 

Fish skin and cartilage 
tissue of salmon fish 
and fileting waste 
(heads, fins, vertebral 
bones) of cartilaginous 
fish species 

Protein hydrolysates 
characterized by a 
high protein content 
(up to 80.0%) 

Biologically active 
food additives, 
multicomponent food 
system 

Zarubin et al. (2020) 

Pepsin-solubilized 
collagens (PSC) 

Type I collagen The resulting PSC 
from the five tissues 
would all be 
potentially useful 
commercially 

Liu et al. (2012) 

Swim bladders of Catla 
catla (Catla) 

Gelatin Flow properties of 
gelatin revealed 
non-Newtonian and 
pseudoplastic 
behavior 

Chandra and 
Shamasundar (2015) 

Nile tilapia 
(Oreochromis niloticus) 

Fish protein 
hydrolysate (FPH) 

Diets for carnivorous 
and omnivorous 
shrimp 

Silva et al. (2014) 

19.5 Application of Animal Wastes in Food Packaging 

In recent decades, the demand for packaging materials has also increased with the 
growth of the food industry. The conventional petroleum-based plastics are not 
biodegradable and pose serious environmental problems, such as threats to marine life 
including plants and animals and causes environmental pollution with deterioration of 
quality of air (Zhong et al. 2020). In addition, burning results in the release of toxic 
gases (carbon dioxide, carbon monoxide, chlorine, 1,3-butadiene, furans, amines, 
dioxins, etc.), reducing air quality, increasing the threat of global warming, and
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contributing to many health concerns. The waste may contain such substances that 
are non-degradable and it negatively impact on environmental and health of human 
being, have fueled worldwide interest in finding environment friendly alternatives 
(Luckachan and Pillai 2011; Shaikh et al. 2021). 

In contrast, biodegradable material in waste in non-synthetic contains no toxic 
effect and can be easily degraded due to its environment friendly polymers that 
have capacity to breakdown in home and industrial composting condition. These 
biodegradable polymers could be the outcome of natural resources or from by-
products and wastes of agricultural and animal processing. Animal processing by-
products are low-value and underutilized non-meat materials that are generally 
produced from meat processing or slaughterhouses, such as skin, blood, and viscera. 
There is a long list of biopolymers produced from animal waste but the most high-
lighted in value addition are gelatin, collagen, keratin, myofibrillar protein, and 
chitosan. They have many uses in the food and pharmaceutical industries, but a signif-
icant amount is underutilized and could potentially be used to produce bio-plastics. 
This section summarizes research progress on the use of meat processing by-products 
to produce biodegradable polymers with a focus on food industry applications. Addi-
tionally, current industry status and regulations for utilization of biodegradable are 
also discussed. The plastic material is the major concern of environmental pollution 
and in ocean is about 100–200 million tons of plastic waste, and it is estimated that 
8 million tons of plastic are dumped off every year (Kurtela et al. 2019). 

Figure 19.1 shows life cycle for biodegradable polymers from natural source. 
Different food categories have separate storage and transportation conditions, e.g., 
fruits and vegetables preservation requires a slow rate of respiration and transpira-
tion, which usually depends on equilibrium relative humidity, temperature, light and 
gas (O2, CO2, and ethylene). Dairy products such as milk, cheese, and cream must 
be protected from oxidation and microbial growth, so extrinsic factors including 
oxygen, light, and humidity must be carefully considered. Meat products transporta-
tion showed discoloration, which can be avoided by vacuum packaging or controlled 
atmosphere. Eco-friendly biopolymer packaging is widely used to ensure the safety 
and quality of meat products (Chen et al. 2019). 

19.5.1 Biodegradable Packaging Materials 

Packaging materials that are usually biodegradable are derived from natural resources 
that are sustainable or food or by-products of agricultural (Fig. 19.2). Studies have 
shown that animal proteins are highly nutritious and have techno functional proper-
ties such as gelling properties, emulsification, water, and oil holding capacity (Pérez-
Andrés et al. 2019). These proteins are natural, inexpensive, and abundant, and their 
remarkable functional properties may make them excellent candidates for the produc-
tion of biodegradable films. In addition, protein films are fully compostable and 
provide a source of nitrogen, thus exerting a fertilizing effect during decomposition
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Fig. 19.2 Biodegradable polymers from different sources 

in the soil. The biodegradable films are usually produced from proteins (gelatin, 
collagen, etc.) obtained from animal waste (da Rocha et al. 2014). 

19.5.2 Development of Packaging Films from Animals’ 
Proteins 

19.5.2.1 Collagen Films 

The skin, bones, ligaments, tendons and cartilage of pigs, cattle, and aquatic animals’ 
are rich source of collagen. Their skin and peel have 30–35% protein. The collagen 
is fibrous protein that give structural support to different organs of body and ensure 
the strength and flexibility required for effective movement, tissue regeneration, 
and repair via processes of mechanical and chemical conversion (Sorushanova 
et al. 2019). Collagen is generally colorless and opaque and exhibits remarkable 
viscoelastic properties with high tensile strength and low elongation (Avila Rodríguez 
et al. 2018). 

19.5.2.2 Gelatin Films 

Gelatin is a water-insoluble protein produced from moderate hydrolysis of collagen 
(by chemical, enzymatic, or thermal methods). The type of collagen, the source, and 
the age of the animal are important factors that affect the properties of gelatin of 
particular interest are, fish skin, bones, scales, cooked filets, solid waste from surimi
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processing, offal from processed or semi-processed fish products, farmed alligator 
bones, and giant Red Sea cucumbers are examples of potential marine by-products. 
It can be used as a source of collagen and gelatin (Gómez-Guillén et al. 2011). 

Studies have shown that gelatin films are suitable for food packaging applications 
due to their high mechanical strength, transparency, and barrier properties (Khodaei 
et al. 2020). However, the mechanical and inhibitory properties of gelatin films 
strongly depend on the amino acid composition and molecular weight of the polymer. 
Different amino acid compositions and processing conditions between species affect 
the molecular weight distribution of gelatin. According to the US Food and Drug 
Administration (FDA), EC, FAO and WHO, gelatin is a safe additive for food industry 
applications and can be widely used in biodegradable or especially edible packaging. 
Due to high hygrometry, gelatin layers in contact with food and surfaces containing 
high amounts of moisture show high swelling and dissolution capacity. A microbial 
transglutaminase, widely used to enhance the mechanical and inhibitory properties 
of gelatin or protein films, has also been approved as a generally recognized as safe 
(GRAS) substance by the FDA since 1998. 

19.5.3 Keratin Films 

It is a structural protein of horns, wool, hoofs, hair, nails, etc., and insoluble in 
nature. The keratin and creatine proteins exhibit mutual resemblance with each other 
to perform the functions. The creatine proteins are rich in cysteine (sulfur-containing 
amino acids) which link the surrounding cysteine residues through intermolecular 
and intramolecular interactions to build disulfide and hydrogen bridges. These bonds 
give keratin a crystalline structure, high stiffness, and elasticity potential (Barone and 
Arikan 2007). It is noticed that 65 million tons of feathers and 2.5 million tons of 
wool are globally produced every year. In this production, 1.5 million tons of wool is 
used for low/small value and in textile industry and other part is burnt and employed 
for landfilling (Shavandi et al. 2017). Various researchers reported that keratin films 
on mixing with glycerol give clearer films with pronounced mechanical strength (Yin 
et al. 2013). Although these films are generally very weak but can be used as humidity 
sensors for rough surfaces being cost effective and porous in nature (Hamouche et al. 
2018). 

19.5.4 Myofibrillar Proteins 

These muscular proteins, on the basis of their solubility in water and location in 
skeletal muscle are divided into sarcoplasmic, interstitial, and myofibrillar. These 
form 60% of muscle proteins as the main component and responsible to perform 
remarkable functions of emulsification, gelling properties, and solubility (Dong et al. 
2020).
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The research has been conducted to study the effect of processing conditions on 
muscular proteins derived from fish waste. Later on, these proteins were used in 
film production to observe its characteristics. It was noticed that the produced films 
exhibit the uniform structure, low water vapor permeability, good mechanical prop-
erties, making it suitable for food packaging materials due to its 35.96% softener, 
drying temperature of 25.96 °C, and 1.13% protein content. Another study investi-
gated the effects of various fatty acids (palmitic acid, caproic acid, and stearic acid), 
including surfactant (sodium lauryl sulfate) on the physical properties of fish filet-
derived muscular (myofibrillar) proteins As a result, it was found that the addition 
of surfactants and fatty acids significantly improves the elongation and flexibility of 
the film and also increases the soluble rate of the prepared film (da Silva Pereira et al. 
2019). 

19.5.5 Blood Proteins 

It is an excellent source of heme iron and essential amino acids and considered 
as one of the main protein-rich by-products of the meat industry. In present era, 
blood after collection from animal slaughterhouses is being used in pet food produc-
tion, biogas production, biotechnology, and biofertilizers manufacturing industries 
with its less amounts for food applications. The physical properties of the prepared 
films of blood were studied by several authors at varying concentration of glycerol 
and plasma protein concentrations. The researcher Nuthong and their team (2009) 
(Nuthong et al. 2009) prepared films from plasma of pig in first attempt. During 
study, it was noticed that glycerol decreased the moisture resistance while increasing 
the transparency and elasticity of the films. It was also observed that the relatively 
high solubility of blood-based films limit their usage in food applications. The same 
authors conducted the another study by using glyoxal and caffeic acid as cross-
linking agents in order to reduce the solubility of porcine bases plasma membranes 
in aqueous solutions. The findings were that the use of glyoxal in food is limited 
due to its toxic effects, while caffeic acid has a negative effect on the appearance of 
the films. The effects of mixing of chitosan and porcine plasma proteins at different 
levels were investigated by Samsalee and Sothornvit (2020) in another study. The 
addition of chitosan increased the mechanical properties and thermal stability while 
decreasing the water solubility, water vapor permeability, and transparency of the 
blend films. The same scientists reported that heating of porcine plasma protein solu-
tion followed by homogenization tends to improve the seal and mechanical strength 
of the plasma layer. Furthermore, the mechanical properties and water resistance of 
the resulting films could be improved by incorporation of microencapsulated turmeric 
oil or chitosan. These active package help to increase the storage life of packaged 
rice grains up to 50 days in comparison with untreated plasma-based protein films 
(40 days) (Samsalee and Sothornvit 2020). Development of biodegradable films from 
animal waste has been shown in Table 19.4.
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Table 19.4 Biodegradable packaging films developed from animal wastes 

S. No. Source Extraction method Results References 

1 Fish skin Acidic extraction The thickness and 
elastic behavior of 
gelatin film were 
increased by adding 
palm oil and clove oil 
can enhance 
antimicrobial 
property 

e Silva et al. (2021) 

2 Chicken Skin Alkali extraction 
with NaOH 

The rice flour  in  films  
enhances water vapor 
pressure and thermal 
properties of films 
and decreases 
solubility, UV, and 
light transmission. 
Blended films with 
20% rice flour gave 
best result 

Soo and Sarbon 
(2018) 

3 Bovine bones Acid treatment Addition of microbial 
transglutaminase 
enhances the 
molecular weight, 
stability of network 
structure, and 
mechanical strength, 
and the resultant films 
were insoluble in 
water 

Ma et al. (2020) 

4 Chicken feathers Alkaline 
hydrolysis 

Keratin from feathers 
of chicken in 
biodegradable films 
showed a tensile 
strength of 3.62 MPa 
and Young’s Modulus 
of 1.52 MPa, and 
elongation at break 
was 15.8% that 
proved its suitability 
for bioplastic films 

Liu et al. (2018) 

5 Sheep wool keratin Alkaline mild 
oxidative method 

Keratin from wool of 
sheep showed 
increase in 
transparency, thermal 
stability, and UV 
barrier strength 

Fernández-d’Arlas 
(2019)

(continued)
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Table 19.4 (continued)

S. No. Source Extraction method Results References

6 Goat hoof Soxhlet apparatus Blood fibrin, keratin, 
gelatin, mupirocin 
used in biodegradable 
films of wound 
healing. The study 
showed cell viability, 
biocompatibility, cell 
adhesion, and 
proliferation of 
blended polymers 

Sellappan et al. 
(2022) 

19.5.6 Regulatory Status for Animal Waste Based Packaging 
Material 

The European Union (EU) has developed regulatory policies since the 1970s on the 
quality control and analysis of food packaging materials to regulate both commercial 
reasons and consumer health. The Food and Drug Administration (FDA) defined 
food packaging/contact materials to ensure safety of food under the intended usage 
conditions. Migration testing must be prerequisite to demonstrate that the packaging 
material should be safe for use in agricultural product packaging and not transfer 
toxic substances to the product. According to the EN 17033 standard of European 
Union, these materials must use as edible films or coatings for food should exhibit 
GRAS status, with the exception of an allergen and it must be indicated on the label In 
addition to these, biodegradable mulch films used in horticulture and agriculture made 
of thermoplastic materials must degrade at least 90% for 48 months at 25 °C (Nieto 
2009).Conclusively, petroleum-based plastics are the predominantly used polymers 
in the food packaging sector over the past decades, and this increased production 
has raised concerns about environmental contamination. However, innovations for 
increasing annual production and demand for biodegradable packaging materials in 
the food and agriculture sector lead to the pronounced production and processing of 
animal-derived products. These tools, to produce the non-petroleum biodegradable 
plastics from co-products or even waste, can provide more sustainable solutions to 
support the concepts of circular bio-economy, and also helpful to optimize the use 
of natural resources.
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19.6 Religious and Ethical Concerns Related to Food 
Application of Animal Wastes 

19.6.1 Religious Concerns 

Despite the immense efforts to maximally utilize animal wastes in food sector, 
consumer has religious and ethical concerns in terms of religious prohibitions, safety 
of these waste products, and fraudulent usage of these products in food. Although 
scientific data have shown some of these concerns are meaningless and have not 
ground. However, concerns and anxiety expressed by the consumer are real and 
warrant a serious effort by government, researchers, and food manufacturers to 
diminish these fears and so ensure the sustainable utilization of these products. 

Religion is associated with morality, deity, one’s worldview of daily life. A person 
must strictly adhere to religion in relation to anything which he consumes. Animal 
waste could be a source of valuable bioactive compounds but in many regions of 
world it is regarded as dirty, dangerous, and disgusted. Halal is a concept that defines 
anything to be allowed according to the Islamic laws commonly employed with all 
kind of food products and food ingredients and food contact materials (Herpandi et al. 
2011). Halal must cover the whole process beginning from the selection of source 
material, preparation, storage, handling, transportation, and distribution till consump-
tion point. According to an estimate, there will be more than 31% of Muslims world-
wide and to fulfill the consumption needs provision of halal food sources is essential 
(Hackett et al. 2017). Therefore, there is great need of halal food source authenti-
cation due to the strict adherence to religious obligation of consuming halal only. 
Gelatin and gelatin-based products are considered as mashbooh/doubtful because 
porcine (haram) gelatin is most abundant so traceability of gelatin is important to 
safeguard consumer from food frauds and to protect the consumer health. In Europe, 
around 80% gelatin is produced from pig (haram source) and used further in food 
manufacturing operations. In majority, slaughtering is not performed according to 
the Islamic laws which make the product or process overall haram. Halal products 
are also gaining popularity because of consumer awareness that these products are 
healthier, safe, and obtained by using humane animal treatments. Thus, due to the 
growing concerns among consumers, the halal industry is also on rise. Islam forbids 
dogs, donkeys, while Jews also have a law called kosher. Buddhist and Hinduism 
are destined to eat vegetables or not to eat cattle. Waste products obtained after 
slaughtering such as animal hides, cattle and poultry skins, bone, and fish meal are 
processed further to obtain secondary products such as keratin, gelatin, collagen 
find application in food industries in manufacturing operations. The halal status of 
these secondary material depends upon the nature of raw material or practices used. 
Muslims and Jews do not consume hides, skin, and blood of animals because of 
religious dictates enshrined in Halal and kosher dietary laws. Quran also explains 
that Muslims should eat halal or good food, therefore, halal status of food is a major 
concern for Muslims;
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O Muhammad! Tell them; “I do not find in what has been revealed to me anything forbidden 
for anyone who wants to eat unless it is carrion, outpoured blood and the flesh of swine, all 
of which is unclean; or that which is profane having been slaughtered in a name other than 
that of Allah. But whosoever is constrained to it by necessity, neither desiring to disobey nor 
exceeding the limit of necessity - your Lord is surely All-Forgiving, All-Compassionate”. 
(Al -An ”Am:145). 

19.6.2 Ethical Concerns 

Animal-based secondary food products contain an abundant quantity of proteins with 
vitamins, minerals, and essential amino acids. The fraudulent usage of these products 
for economic gains is a significant concern. Partial replacement and adulteration 
with prohibited ingredients offer a major economic incentive to manufacturer by 
misleading the consumer. Inconsistency in legislations, misleading labeling leads 
consumers to doubt the quality of these products. Efforts to ensure the usage of these 
products are not abused at manufacture level as however the issue has not yet properly 
addressed. 

Vegan community consumes only plant-based diet and avoid consuming animal-
based products for ethical reasons. Therefore, it is imperative to adhere strictly with 
labeling laws compelling food manufacturers to clearly elaborate the usage of these 
products on label in layman’s language to help individuals of such community to 
select for right food choices. Furthermore, technical labeling is not helpful and needs 
to be revised declaring the source of food ingredient must be deemed necessary not 
voluntary. 

The belief that animal waste products is highly loaded with pathogenic microflora 
and toxic residues is another reason people are against utilization of these ingredients 
in food. The concern is almost genuine as these products get easily contaminated 
with spoilage microflora through poor processing operations or if inherent the situ-
ation can worsen. FDA in 2005, proposed the usage of cattle spinal cord and brains, 
from those cattle not inspected or not passed for human consumption prohibited 
to be used in food or feed ingredient to control the spread of Bovine Spongiform 
Encephalopathy (BSE) (Alao et al. 2017). Animal intestines can be used as food 
but these are loaded with microorganisms when separated so must be cleaned and 
boiled before use. In contrast to edible food portion obtained from animals, consumer 
does not appreciate the animal waste products in disparity. Transglutaminase may 
improve the texture of secondary products but may create such chemical linkages 
which make food product indigestible or a threat to health of consumer. Other 
concerns include danger of consuming untested products, disgust toward animal 
waste product (“Yuck factor”). The societal challenges surrounding animal waste 
products are mainly framed primarily in ethical and consumer acceptance, therefore, 
need is to address genuine concerns and barriers. Existing research data on attitude 
and acceptability of animal waste derived food products ranging from highly hostile 
to highly supportive, but limited research in this perspective shows it a source of 
disagreement.



19 Current Trends and Prospects of Transforming Animal Waste into Food 495

19.7 Future Prospects 

In past few years, global population rise exhibited trends of exponential escalation 
(Li et al.  2019). In order to meet the ever-increasing demands of food commodities, 
need of the hour is to scale up the utilization of wastes into sustainable food sources 
(Kumar et al. 2022). Animal waste can be of good use in this regard to owing 
to their nutrient-rich composition. In order to safely convert animal wastes into 
eatables, development novel techniques is the primary task of modern developmental 
science (Kumar et al. 2022). Protein wastes of animal origin are the future to reduce 
global malnutrition issues (Colgrave et al. 2021) like Kwashiorkor, marasmus, or 
marasmic-kwashiorkor (protein energy malnutrition) (Leij-Halfwerk et al. 2019). 
In addition to it, collagen and keratin isolates of animal waste have inexhaustible 
biotechnological applications (Timorshina et al. 2022). Due to fibrillar structure, 
these isolates can be bioengineered in to multiple formats and forms to generate 
target drug delivery systems, nanoparticles, biodegradable food packaging material, 
hydrogels, and scaffold regenerative medicine (Varghese et al. 2020). 

In food processing industry, animal protein isolates like collagen can be utilized 
in its native form as collagen biomaterial (food packaging material) and as food 
additive (Tian et al. 2022). Edible bio-coatings for food commodities like sausages 
prepared using protein isolates can retain both moisture and oxygen thus preventing 
lipid oxidation, which ultimately leads to preservation of organoleptic characteris-
tics of stored food (Titov et al. 2020). Keratin-based bioplastic is thermostables and 
strong moisture resistant making them a suitable material to create food packaging 
material which can provide an additional protective barrier to food against ultraviolet 
radiations (Ramakrishnan et al. 2018). Fish oil is highly nutritious but unstable under 
environmental extremities (Gammone et al. 2018). In order to shield this rich nutri-
tional supplement against the deteriorative impact of ultraviolet radiation, (Tokarczyk 
et al. 2021) must be kept in safe conditions. Due to emulsifying properties of low 
molecular weight keratin, it enhances encapsulation stability of fish oil (Mishra et al. 
2021). 

Similarly, collagen can be isolated from other animal wastes likes eggshells which 
have higher biosafety with low incidence of allergic and autoimmune reactions which 
can be used to develop dietary supplements (Xiao et al. 2021). These supplements will 
support development and upholding of body tissues, skin, hair, and nail tissues partic-
ularly in old age people (Senadheera et al. 2020). Development of nutricosmetics is 
the future use of collagen isolates from animal bones, hides and feathers which can 
be used to create functional foods like high protein baked crackers (Khodaei et al, 
2020; Halim 2021). Similarly, Malaysia Dairy Industry is working on development 
of nutritious probiotic drinks with added collagen peptides to improve digestion. 
These peptide collagen drinks can be a revolutionary natural high-quality peptides 
and fructo-oligosaccharides, thus, improving global nutritional status (Hashim et al. 
2015).
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19.8 Conclusion 

Isolated compounds from animal wastes have been found to have crucial application 
in food and beverage processing industry. Among them, protein isolates like collagen 
and keratin are of key significance to their diverse applications as protein dietary 
supplements, food product coatings, meat processing carriers, edible films, and 
food additives. Still there one certain safety concerns associated with animal waste 
utilization in direct food applications, as these wastes harbor potential pathogens, 
antibiotic resistant bacteria, and other chemical toxins which require advance and 
specialized procedures for eradication prior food application. Similarly, animal waste 
pathogen, like swine hepatitis virus, Cryptosporidium parvum, and Salmonella spp. 
pose potential risk to human health. 

There are certain concerns raised by various religious societies and practitioners 
regarding application of animal wastes, particularly blood in food intended for human 
consumption. Although, blood can be used as nutritional additive, pharmaceutical, 
emulsifier, clarifier, and stabilizer. Although, blood application can be a significant 
contributor in food value addition but in religion like Islam human consumption of 
blood is strictly prohibited due spongiform encephalopathy transmission. Animal 
wastes can be used in food products but require advanced levels of pretreatment to 
ensure safety and maximum nutritional outputs for consumers. 
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Abstract The worldwide application of veterinary antibiotics in animal produc-
tion and health ranges from curative to non-therapeutic uses. Typically, used veteri-
nary antibiotics include penicillins, cephalosporins, tetracyclines, sulfonamides, 
macrolides and fluoroquinolones. The consumption-wise top three veterinary antibi-
otics are tetracyclines, sulfonamides and macrolides, respectively. Majority of the 
antibiotics are eliminated either unaltered or in terms of metabolites in the urine or 
feces of treated animals. Manure-based veterinary antibiotics are fated to be taken up 
by soil components, broken down by soil microbes, absorbed by the plants, moved 
to ground and surface waters via runoff and leaching, and eventually damage both 
terrestrial and aquatic ecosystems. Environmental contamination of residual veteri-
nary antibiotics is offering prospective environmental and health hazards, including 
the occurrence and propagation of antibiotic-resistant pathogens, contamination of 
food products with antibiotic residues, and detrimental effects on non-target organ-
isms. Prudent use of veterinary antibiotics, anaerobic fermentation, composting, 
bioremediation and oil-capture technique are recommended for the mitigation of 
manure-derived residual veterinary antibiotics.
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20.1 Introduction 

The necessity of animal-derived food has immensely increased owing to rising global 
population coupled with a shift in dietary preferences toward meat consumption 
(Zilio et al. 2020). In response, livestock production has accelerated to cope with 
the consumers’ demand and food security. It has led to the emergence of environ-
mental issues including the residual spread of veterinary antibiotics due to their non-
pragmatic use in enhancing animal growth and preventing ailments (Ye et al. 2018; 
Gurmessa et al. 2020). Antimicrobials have been extensively employed to boost 
animal growth, and treat/prevent maladies in the livestock industry (Ramaswamy 
et al. 2010). Veterinary antibiotics are globally manufactured in large quantities on 
annual basis. The worldwide use of these antimicrobials was estimated to be 93,309 
tons in 2017 and is anticipated to reach 105,596 tons by 2030 (Van Boeckel et al. 
2015; Tiseo et al. 2020). Generally, these antimicrobials are not completely absorbed 
and biotransformed in animal bodies and thus largely eliminated through feces and 
urine (Sarmah et al. 2006). A huge volume of animal dung is globally excreted, ulti-
mately added to the soil and mainly utilized as manure-based fertilizer (Peidong et al. 
2009). Subsequently, high levels of several antibacterial drugs have been detected in 
the manure of animal origin. Thus, animal manure has been identified as a substantial 
stock of antimicrobials and antimicrobial-resistant bacteria (Yang et al. 2014). 

Despite the sporadically reported low concentrations of antibiotics in animal 
manure, inclusive data about the estimated levels of most veterinary antibiotics is 
still lacking (Qian et al. 2016). A major proportion of antibiotics remains in the soil 
following the application of manure-based fertilizer (Sun et al. 2017a). Antibiotic 
residues are capable of long-term retention in the soil with subsequent detrimental 
effects on agricultural crops and soil microflora (Hashmi et al. 2017). Accordingly, 
the residual concentrations of antibiotics may offer a potential hazard to agricultural 
products by disrupting seed germination and plant growth (Hu et al. 2010; Gros et al.  
2019). Apart from supplying the essentially-required nutrients and enhancing soil 
fertility, the spreading of manure-based fertilizer also adds the antibiotic residues, 
their metabolic products and drug-resistant microorganisms to the agricultural land 
(Ding et al. 2014). Moreover, these antibiotic-resistant microbes can be transmitted to 
humans and animals through the consumption of contaminated fruits and vegetables, 
grown in manure-fertilized soil (Tien et al. 2017). Improved management and treat-
ment of manure can prevent the occurrence, retention and dissemination of antibi-
otic residues and resultant ecotoxic effects (Durso and Cook 2014). Besides, the 
underlying mechanisms of manure-associated antimicrobial resistance and its envi-
ronmental propagation require exigent and thorough elucidation (Sanderson et al. 
2016). This chapter describes the manure-associated veterinary antibiotics in terms 
of ecological impacts and mitigation strategies.
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20.2 Consumption Trend of Veterinary Antibiotics 
in Livestock Sector 

Veterinary antibiotics are used as an essential component of livestock, poultry 
and aquaculture feeds. The current sequence of antibiotics consumption in animal 
farming is swine > poultry > cattle (Kim et al. 2011). Almost 90% of the currently used 
antibiotics are naturally produced by bacteria, fungi or semi-synthetically prepared 
from natural sources, while, others are exclusively of synthetic origin (Von Nussbaum 
et al. 2006). Tetracyclines, β-lactams, fluoroquinolones, lincosamides, aminoglyco-
sides, macrolides, sulfonamides and ionophores are the principal groups of antibiotics 
utilized in livestock farming (Kuppusamy et al. 2018). Around 90% of the antimi-
crobials consumed in UK, whereas more than half of that in Denmark and Korea, are 
collectively contributed by macrolides, sulfonamides and tetracyclines (Kim et al. 
2011). Up to 150 veterinary antibiotics have been approved to-date for use in animal 
agriculture and 80% of those are employed for non-therapeutic purposes (Ventola 
2015). Antibiotics are administered at sub-therapeutic doses in animals to promote 
their growth, more frequently among swine, cattle, poultry and fish in farm settings. 
Furthermore, specific veterinary antibiotics are employed at certain developmental 
phases, while, others can be given till the animal is slaughtered (Kumar et al. 2005b). 
Antibiotics used as growth enhancers are known to impede the subclinical microbial 
infections and enhance the uptake and utility of the nutritional components. More-
over, these feed additives also minimize the bacterial viability and proliferation in 
the gut resulting in the better availability of feed energy that otherwise would have 
been lost owing to microbial fermentation (Gaskins et al. 2002). 

It is predicted that the world-wide use of antimicrobials will keep on rising 
persistently in connection with the progressively increasing food demand of the fast 
growing population. The globally recorded antimicrobial usage in 2010 is projected to 
rise by 67% during the subsequent 20 years (Van Boeckel et al. 2015). In 2003, China 
manufactured about 65% and 60% of the global production of oxytetracycline and 
penicillin, respectively (Yang et al. 2010). Annually, about 90% of livestock farms in 
the United States employ 11.2 million kg of antibiotics as growth-boosters (Arikan 
et al. 2009). In fact, China, Russia, Brazil, South Africa and India are projected 
to exhibit a doubling of their antibiotic consumption by 2030. About 80% of the 
marketed antibiotics in United States are primarily used for growth enhancement 
and disease prevention in animals (Ventola 2015). Despite consuming 5,000 tons of 
veterinary antibiotics during 2005 (Kumar et al. 2005b), the European Union has 
prohibited the consumption of antimicrobials as feed additives since 2006 (Europa 
2005). Table 20.1 represents the data on country/territory-wise annual consumption 
of veterinary antibiotics.
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Table 20.1 Country/territory-wise annual consumption of veterinary antibiotics 

Country/territory Antibiotic consumption (tons) Year Reference 

UK 897 2000 Thiele-Bruhn and Aust (2004) 

China 6000 2003 Zhao et al. (2010) 

European Union 5000 2005 Kumar et al. (2005b) 

United States 13,067 2009 FDA (2010) 

Brazil 5600 2010 Gelband et al. (2015) 

Germany 1900 

India 1890 

20.3 Excretion of Veterinary Antibiotics in Animal Manure 

Injectables, topical preparations and feed additives are the typical dosage forms of 
veterinary antibiotics meant for parenteral, cutaneous and oral routes of administra-
tion, respectively. Majority of the administered antibiotics undergo biotransforma-
tion, and virtually 30–90% of the given drug is eliminated as metabolites in feces 
and urine (Lin et al. 2017). Antibiotic excretion varies on the basis of animal species, 
development stage and dose. Antibiotics that are in animal’s manure are released 
as conjugated metabolites, parent substances, and oxidation or hydrolysis products, 
depending on the chemical nature of drug and specie of target animal (Tolls 2001). 
The excretion rates of macrolides, tetracyclines and sulfonamides were recorded as 
50–65%, 65–100% and 90–100%, respectively (Arikan et al. 2009; Halling-Sørensen 
et al. 2001; Winckler and Grafe 2001). More than 72% of tetracyclines and 90% of 
fluoroquinolones were eliminated as parent molecules in the excreta of orally-treated 
animals (Winckler and Grafe 2001; Sukul et al. 2009). 

Even though, many antibiotics are broken down in the bodies of animals and 
become ineffective, the conjugated metabolites could be subjected to deconjuga-
tion reaction in urine and fecal material (Sarmah et al. 2006). So, antibiotics can 
be found in fresh animal feces either as metabolites or as the original molecules. 
The majority of antibiotics remain in fecal excreta and form stable compounds with 
soluble organics. When dung is spread to agricultural areas, a portion of the antimi-
crobials becomes portable and pollutes the ambience, including surface and ground-
water. An earlier investigation revealed that pig dung had the greatest concentrations 
of tetracycline residues, followed by chicken and cow feces (Zhang et al. 2008). 
Considering the worldwide annual consumption of 63 million kilograms of antibi-
otics in livestock sector and 30–90% of an administered antibiotic being excreted 
in animal waste, the overall quantity of residual antibiotics in animal manure and 
manure-associated wastewater is estimated as 18.9–56.7 million kilograms per year. 
The bulk of dung and wastewater having manure is utilized as a source of agri-
cultural fertilizer. Veterinary antibiotics and their metabolic products from animal 
waste lead to environmental contamination following the application of manure on 
farmland. Despite the fact that microorganisms can destroy veterinary antibiotics
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during animal waste storage (for instance, in storing sheds and ponds) and manage-
ment (e.g., composting), their remains are regularly identified in dung compost and 
lagoon water containing manure. 

20.4 Environmental Transfer of Manure-Associated 
Veterinary Antibiotics 

Veterinary antibiotics and their metabolic products are passed into the environment 
via the disposal of surplus or expired medicines and utilization of animal excreta (i.e., 
dung or dung-contaminated drained water) on the soil. Antibiotics produced from 
animal dung can be absorbed in farming lands and degraded by means of various 
abiotic and biological processes (Song and Guo 2014). Antibiotics may be transmitted 
to adjacent watershed by leaching and/or runoff from dung-laden soils (Du and Liu 
2012) or can be incorporated into the food chain following their absorption by the 
crop plants (Sallach et al. 2018) as shown in Fig. 20.1. Antibiotic pollutants are 
now commonly identified in the environment and are regarded as a rising worldwide 
concern (Kuppusamy et al. 2018). 

Antimicrobials in the dung of grazing cattle and the water of aquaculture ponds 
are discharged directly into the environment. As an organic fertilizer, the heaped 
dung (in lagoons, slurry stores and storage sheds) and treated material (e.g., compost 
and sewage sludge) are frequently applied in agriculture by spreading, injection or 
irrigation. The environmental stability of veterinary antibiotics is highly dependent 
on soil characteristics, pH, temperature, ultraviolet radiation and animal manure. 
Antibiotics degrade at a slower pace when temperature is low. The high concentra-
tion of organic matter facilitates the binding of fluoroquinolones and sulfonamides 
to animal manure (Marengo et al. 1997). These antimicrobials are unaffected by 
increased aeration and warmth in manure, and therefore released into the environment 
as pharmacologically-active substances (Winckler and Grafe 2001).

Fig. 20.1 Entry of veterinary antibiotics into the food chain through animal manure 
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20.5 Fate of Residual Veterinary Antibiotics in Soil 

20.5.1 Adsorption of Veterinary Antibiotics to Soil 

Adsorption to organic matter and minerals prolongs the retention of veterinary antibi-
otics in the soil (Zitnick et al. 2011). Apart from physico-chemical properties, the pH, 
nature of organic matter and mineral concentration of soil, as well as prevailing envi-
ronmental conditions, govern the sorption of veterinary antibiotics to soil particles 
(Batchelder 1982; Lützhøft et al. 2000; Thiele 2000; Doretto and Rath 2013). The 
adsorption of sulfathiazole and sulfamethazine to loamy soil and sand was signif-
icantly affected by pH (Kurwadkar et al. 2007). Moreover, the organic nature and 
structural diversity of veterinary antibiotics further confound their adsorption to the 
soil constituents. Strong adsorption to organic matter has been documented for some 
antibiotics such as fluoroquinolones and sulfonamides (Marengo et al. 1997; Thiele-
Bruhn and Aust 2004). Likewise, efficient adsorption of tetracyclines occurs to the 
soil, clay and sediments, depending upon the environmental conditions (Rabølle and 
Spliid 2000; Allaire et al. 2006). Sorption and desorption are essential mechanisms 
influencing the transport, accessibility for breakdown and ecological outcome of 
veterinary antibiotics in soil and aquatic environments (Fig. 20.2). Most hydrophobic 
antibiotics are primarily adsorbed via partitioning into soil organic matter (Tolls 
2001). For antibiotics that are ionizable or hydrophilic, partitioning into soil organic 
matter may not be the major adsorption process.

Several environmental parameters affect the retention and stability of veterinary 
antibiotics in the soil as well as their propagation and likely ecological effects. Envi-
ronmental temperature and availability of oxygen influence the degradation of veteri-
nary antibiotics in soil. Trimethoprim and sulfamethoxazole were slowly dissipated 
from mineral soils subjected to anaerobic conditions (Lin and Gan 2011). Increased 
soil humidity leads to conversion of chemicals into solution form, thus augmenting 
the likelihood of microbial degradation. Enhancement of soil humidity was linked 
with reduction in the half-life of sulfadimethoxine (Wang et al. 2006b). Likewise, 
the half-life of virginiamycin was inversely proportional to soil pH (Weerasinghe 
and Towner 1997). 

20.5.2 Chemical Modification of Manure-Associated 
Antibiotics 

Generally, most of the veterinary antibiotics undergo degradation in soil, having 
a half-life of not more than thirty days. Nevertheless, some antibiotics including 
virginiamycin, sarafloxacin and roxithromycin are retained in the soil for more than
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Fig. 20.2 Sorption process of veterinary antibiotics

2 months (Song and Guo 2014). Hydrolysis, oxidation, photolysis, organic trans-
formation and microbial breakdown are various mechanisms of antibiotic decompo-
sition occurring in the soil. In most instances, the breakdown of veterinary antibi-
otics may produce additional hydrophilic metabolites (Bradford et al. 2008). Certain 
antibiotics, for example, erythromycin, tylosin and flavomycin, are completely 
broken at 20–30 °C during 30 days, while only a tiny part of other antimicrobials, 
like ciprofloxacin and virginiamycin, pass through the breakdown process even 30– 
80 days, later. Cold and dark storage of many antibiotics results in their longer 
half-life, indicating that their retention in deeper land layers and deeper waterways 
for extended period of time (Hektoen et al. 1995). During the storage, transport, and 
soil application of solid dung or manure-holding wastewater, antibiotic residues may 
pass through a sequence of biotic and abiotic transformations. 

20.5.2.1 Biotic Transformation of Manure-Associated Antibiotics 

Biodegradation is crucial in governing the environmental fate of antibiotic pollu-
tants. Due to the high microbial activity of animal dung, antibiotic residues may be 
easily degraded by manure-associated bacteria. However, many veterinary antibi-
otics cannot be broken down entirely in animal dung, resulting in the distribution 
of veterinary antibiotic residues to farm fields through the use of dung in the soil 
(Feng et al. 2017). Farming lands often include a variety of microorganisms known



20 Manure-Associated Veterinary Antibiotics; Ecological Consequences … 513

to degrade the veterinary medicines (Dantas et al. 2008). Temperature and incubation 
conditions are the primary environmental parameters that determine biodegradation 
rates of dung-associated antibiotics owing to their substantial effect on microbial 
activity (Wang et al. 2006a). Biodegradation under anaerobic circumstances has 
been recorded to be quite sluggish than that occuring under the aerobic conditions 
(Yang et al. 2009). 

20.5.2.2 Abiotic Transformation of Manure-Associated Antibiotics 

Hydrolysis, photolysis, and/or redox transformation are the major abiotic transforma-
tion processes for veterinary antibiotics. The mechanisms of abiotic transformation 
for the majority of antibiotics are determined by their physico-chemical character-
istics (for instance, the solubility, molecular structure, hydrophobicity and speci-
ation) and environmental conditions, i.e., temperature and pH (Jeon et al. 2014). 
The majority of veterinary antibiotic are hydrolytically stable under normal ecolog-
ical circumstances. The presence of ample quantity of water in animal manure and 
soil renders the hydrolysis as the primary mechanism for environmental dissipa-
tion of antibiotics. Sulfonamides, macrolides and ß-lactam antibiotics are prone to 
hydrolysis (Huang et al. 2001). Antimicrobials like β-lactams and sulfonamides 
can be broken down via hydrolysis in some situations (Li et al. 2011). Conversely, 
photolysis forms the minor pathway for antibiotic degradation on account of limited 
exposure to sunlight (Beausse 2004). Some antibiotics possibly go through direct 
photolysis in water or soil under sunlight (Niu et al. 2013). Some veterinary antibi-
otics including oxytetracycline and chlortetracycline are susceptible to photolysis 
by sunlight (Conde-Cid et al. 2018). Due to the occurrence of photosensitizers in 
dung, photocatalytic degradation frequently plays a key role in manure-associated 
antibiotics, in addition to direct photolysis (Sukul et al. 2008). Besides, several veteri-
nary antibiotics are known to undergo oxidative decarboxylation and hydroxylation 
reactions (Al-Ahmad et al. 1999). 

20.5.3 Colloid-Mediated Transfer, Leaching and Runoff 
of Veterinary Antibiotics 

The principal component of colloids, dissolved organic matter, may affect the adsorp-
tion of antibiotics to soil components (Dodgen and Zheng 2016). Large amounts 
of colloids, including dissolved organic matter, are present in dung and manure-
associated wastewater, and the soil administration of animal manures may concur-
rently increase colloids and antibiotic residues into the settings. The transport of 
antibiotic in soil is increased by their interaction with effluent-borne colloids (Zou 
and Zheng 2013). Antibiotics leach into deeper soil or groundwater according to the 
absorption capacity of the topsoil (Hamscher et al. 2003). Antibiotic concentration
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in the overland flow of irrigated agricultural soil following pig slurry administra-
tion was analyzed for four hours. Peak concentrations of sulfachloropyridazine and 
oxytetracycline were recorded in runoff from the tramline plot at 0.70 mg/L and 
0.072 mg/L, respectively (Kay et al. 2005). Antibiotics may penetrate aquatic habi-
tats through urban sewage systems, effluent from animal rearing and leaching runoff 
from terrestrial ecosystems. Antimicrobials in aquatic environments might be trans-
mitted to agroecosystems through irrigation and sedimentation. The movement of 
volatile organic compounds within soils and into ground and surface waters is 
caused by runoff and leaching. On manured fields, the leaching of sulfonamides 
into groundwater has been documented (Hamscher et al. 2005). 

20.6 Uptake and Deposition of Residual Veterinary 
Antibiotics by Plants 

Animal manure is employed to fulfill the organic matter and nutrients requirement 
of agricultural land. Nevertheless, this process can provoke the inadvertent release 
of antibiotic residues into agricultural soil and consequent uptake by plants (Kumar 
et al. 2005a; Chung et al. 2017). The uptake, disposition and accumulation of antibi-
otic residues in plants are dependent upon their species, cultivars and developmental 
stage, concentration and physico-chemical characteristics of drug, as well as the 
growth conditions and soil properties (Pan and Chu 2017). Root crops that are directly 
connected with soil, like radish, potato and carrot are highly contaminated with antibi-
otic residues. Detectable concentrations of levamisole, trimethoprim and florfenicol 
were recorded in carrot and lettuce, obtained from antibiotic-contaminated sandy soil 
(Boxall et al. 2006). Moreover, sulfonamides such as sulphapyridine, sulfathiazole 
and sulfamethazine were accumulated in bitter melon, lettuce, sweet potato, carrot, 
green pepper, white gourd and Chinese cabbage (Bao et al. 2010). Nevertheless, 
tylosin was not uptaken by cabbage, green onion and corn on account of its larger 
molecular size (Kumar et al. 2005a). 

20.7 Ecological Impact of Manure-Derived Veterinary 
Antibiotics 

Land application of animal manure not only contributes to soil fertility through 
the supply of essential nutrients but also leads to disruption of microbial dynamics 
following the introduction of microorganisms and antibiotic-resistant microbial 
genes (Poulsen et al. 2013; Ding et al. 2014). Manure-based antibiotics consid-
erably alter the relative fecundity of soil microflora by selectively targeting the
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range of susceptible microorganisms (Ding and He 2010). The selective inhibi-
tion or destruction of vulnerable bacteria by antibiotics provides conducive envi-
ronment for the growth and dominance of resistant strains. Selective destruction of 
soil bacteria ascribed to oxytetracycline and sulphapyridine resulted in the over-
growth of fungi (Thiele-Bruhn and Beck 2005). Besides, other antibiotics such as 
tylosin and apramycin also impaired the normal pattern of soil microflora (Wester-
gaard et al. 2001; Xiaoping et al. 2004). The extent of antibiotic-induced modifi-
cation of soil microflora varies with the characteristics of soil, microbial dynamics 
and concentration of antibiotics (Zielezny et al. 2006; Čermák et al. 2008). Even 
though the relative fractions of Gram-negative and Gram-positive bacteria remained 
unaltered following the addition of sulfadiazine, widespread resistance to tetracy-
cline significantly diminished this ratio (Hund-Rinke et al. 2004; Hammesfahr et al. 
2008). 

Several antibiotics including tylosin, sulfadiazine and ciprofloxacin have been 
implicated in disrupting the respiration rate and biomass synthesis of soil (Demoling 
and Bååth 2008; Kotzerke et al. 2008; Näslund et al. 2008). The enzymatic and 
microbial activities of soil were affected by trimethoprim, tetracycline, sulfamethox-
azole, tylosin, sulfamethazine and chlortetracycline (Liu et al. 2009). The translo-
cation of soil-adsorbed antibiotics can contaminate both groundwater and surface 
water by means of leaching and erosion (Pedersen et al. 2003). Contrary to pesti-
cides, the regulatory standards for inspecting residual concentrations of veterinary 
antibiotics in crops have not been established. The storage of veterinary antibiotics 
in edible portions has been linked with growth impairment in crops and potential 
health concerns following their entrance into the food chain (Zheng et al. 2014; 
Ahmed et al. 2015). Exposure to sulfadiazine, enrofloxacin and sulfamonomethoxine 
has been associated with deleterious effects in tomato, Chinese cabbage and wheat 
(Jin et al. 2009). Additionally, the contaminated fruits and vegetables grown on 
manured-amended soil and consumed in raw form can transmit the drug-resistant 
microorganisms to humans. 

The indiscriminate usage of antibiotics may expedite the emergence of drug-
resistant microbial strains and consequent unurable infections (Kumar et al. 2005a). 
The environmental transmission of antibiotic resistance from animal husbandry 
through animal manure has been well-established (Heuer et al. 2011). Animal 
manures, particularly those of cattle, sheep and pigs are more frequently contami-
nated with resistance genes based on the rate of antimicrobial consumption (Enne 
et al. 2008; McKinney et al. 2010). Multi-drug-resistant bacteria were isolated from 
the fecal material of pigs (Van den Bogaard et al. 2000). The vertical or horizontal 
transmission of antibiotic-resistance genes between human and veterinary pathogens 
may cause the emergence of untreatable forms of campylobacteriosis, colibacillosis, 
salmonellosis (typhoid) and other infections (Vaagland et al. 2004; Sun et al. 2017b).
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20.8 Mitigation Strategies for Manure-Associated 
Veterinary Antibiotics 

Control measures are requisite to curb the ecotoxic implications of veterinary antibi-
otics following the use of animal dung as fertilizer. Removal of antimicrobial residues 
and antibiotic-resistant bacteria is necessary before applying animal manure on agri-
cultural land. Effective sterilization methods and composting techniques should be 
devised for the decontamination of animal manure. Appropriate control strategies 
are critically needed for precluding the leaching and subsequent dissemination of 
pathogens during storage, transportation and composting of manure. Composting 
and anaerobic fermentation can effectively decrease the level of veterinary antibiotics 
in animal manure. Besides, another efficient and relatively less-expensive technique 
of electrochemical treatment has been postulated for the decontamination of animal 
manure (Laridi et al. 2005). Liquid obtained from manure lagoons requires proper 
disinfection prior to its environmental disposal. Efficient oxidation techniques using 
hydrogen peroxide, ozone and ultraviolet radiation can augment the breakdown of 
veterinary antimicrobials (Li et al. 2008). 

Manure-containing wastewater can be subjected to oil extraction process for 
removing lipophilic veterinary antibiotics (Dodgen et al. 2018). However, the 
adequate elimination of poorly hydrophobic antibiotics may necessitate several oil-
capturing cycles. The phytoremediation capacity of certain woody plants has been 
successfully employed for the elimination of sulphonamides (Michelini et al. 2012). 
Besides, certain phosphate-solubilizing bacterial species like Bacillus and Pseu-
domonas can be used to improve the bioremediation capacity of plants. The efficacy of 
psychrophilic anaerobic digestion in eliminating antibiotics residues and antibiotic-
resistant bacteria from animal manure necessitates further exploration (Massé et al. 
2010). 

Improved hygienic and biosecurity measures can reduce the consumption of 
veterinary antibiotics through minimizing the likelihood of microbial infections in 
animals (Alban et al. 2013). Another strategy for the rational application of antimi-
crobials in veterinary practice is the selection of exact drug and appropriate dosage 
regimen for the right patient/condition. Antimicrobials must be reserved for curing 
microbial infections in animals following the appropriate susceptibility assessment 
and specific prescription guidelines. Several government organizations are appraising 
the application of antibiotics in livestock and poultry sectors. Antibiotics that are 
primarily consumed for curing human infections are banned for consumption in 
veterinary medicine in some European countries including Denmark, Sweden and 
Germany (Teillant and Laxminarayan 2015). Similarly, antibiotics are no longer 
employed as growth promoters in animal production in New Zealand, South Korea, 
Mexico and Australia (Gelband et al. 2015), whereas China, Russia, Philippines, 
Argentina, South Africa, Japan, India, Brazil and Indonesia have not banned the 
consumption of antibiotics for growth enhancement in animals (Laxminarayan et al. 
2015). As the chronic ecological effects caused by lower antibiotic concentrations 
in land, plants and water are primarily unidentified and hard to probe, the gradual
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exclusion of veterinary antibiotics from animal feed has been recommended. The 
discovery and development of green and sustainable growth promoting agents as 
alternatives to antibiotics should be targeted by future research. 

20.9 Conclusions and Future Considerations 

A wide range of antibiotics are considerably utilized in veterinary practice and animal 
farming for the treatment and/or prophylaxis of infectious diseases as well as for 
growth promotion purpose. Accordingly, the residual amounts of these antibiotics 
are released in animal manure and subsequently lead to environmental contamination 
with potentially adverse ecological consequences. Besides disrupting the health and 
well-being of humans, animals and plants through their direct toxicological impacts, 
these residual veterinary antibiotics also enhance the dissemination of drug-resistant 
microbial pathogens. Judicious use of veterinary antibiotics and appropriate miti-
gation strategies are requisite for preventing the undesirable consequences asso-
ciated with the release of residual veterinary antibiotics in animal excreta. More-
over, the exploration of efficient and safe alternatives to antibiotic growth promoters 
and manure-based fertilizers is also suggested. Finally, the development of highly 
sensitive and more accurate methods for detection, quantification and inactivation of 
residual veterinary antibiotics in animal manure should be targeted by future research 
studies. 
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