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Foreword 

There are several reasons for studying environmentally friendly technologies for managing animal 

manure efficiently and in a sustainable manner.  

For the engineer the challenges lay in developing and producing the technology and contribute to 

the implementation of the technology on livestock farms. As environmental friendly technologies 

for management of bio-waste is becoming a commodity in great demand on a rapidly growing 

global market many engineers will find their future jobs in this field.  

Competence in the domain of livestock production and environmental impacts are also highly 

needed, because a rapidly changing and increasing livestock production is causing a range of 

environmental problems at both the local (odour and ammonia emissions), regional (nitrate leaching 

to the aquatic environment) and global scales (greenhouse gas emissions). Thus, for the student 

interested in contributing to the reduction of pollution caused by livestock farming this course will 

give an understanding of mechanisms behind the pollution. Knowledge needed if one wishes to 

contribute to alleviate the problems caused by the pollution from livestock farming.  

The EU countries have agreed on regulation and directives with the objective of reducing the 

pollution risk by enforcing a maximum livestock density thereby balancing production of animal 

manure with plant need of N and P. This policy is under revision and new regulations support the 

use of environmental technologies to mitigate environmental problems in industrialised livestock 

production. This change will enhance a great and uncovered need for specialists in environmental 

technologies and management of manure. Bio-waste specialist will be needed in the industry and 

consulting, as farmer advisors, in public service and in research and development.  

The intention of this compendium is to introduce the future scientist and engineers to the biological 

and physical-chemical processes controlling the pollution and the technologies needed for working 

in the manure sector. A short presentation about the need of environmentally friendly technologies 

for treating and managing animal manure is given.   

Thereafter, characteristics of the physical and chemical nature of animal manure are introduced as 

well as methods for sampling and measuring manure characteristics. After this section 

environmentally friendly technology for reducing ammonia and odour emission, separation 

technologies, energy production in biogas plants and the effect on greenhouse gas emission is 

presented.  

Further the compendium will introduce the reader to sustainable use of the animal manure for 

fertilization of crops and for soil amelioration. This chapter will also link leaching and erosion loss 

to application of manure.  

This is the first issue of the compendium which gives an overall presentation of technologies that 

can mitigate environmental impact caused by manure from livestock production. We will greatly 

acknowledge feed back i.e. about inclusion of technologies and processes, comments to chapters 

and overall impression of the writing. The comments will be used when revising the compendium 

and also when we in the near future write a textbook about the issues presented in this compendium. 
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1. Introduction 

Livestock manures represent a valuable resource, which if used appropriately can replace 

significant amounts of mineral fertilizers in areas with intensive livestock production. On the other 

hand, the large volumes of animal manure are not only a source of valuable plant nutrients 

(Bouwman and Booij, 1998) but, unless managed carefully to minimise nutrient losses, are also a 

source of air pollution and a threat to aquifers and surface waters (Steinfeld 2006; Fig. 1.1).  

Animal production is developing dramatically at the global scale with trends towards increasing 

concentration on large specialised production units to improve profitability. These changes in 

production systems have resulted in the pollution of air, water and soil (Burten and Turner, 2003). 

There is a pressing need for technology for management and treatment of animal manure, which can 

ensure a sustainable use of nutrients and reduce environmental impacts, including odour and NH3 

emissions, greenhouse gas emissions and the spread of diseases.   

In Europe there is a trend in the policy of regulation to include use of manure processing to handle 

the change in agricultural practise. The nitrate directive (Directive 91/676/CEC), issued in 1991 by 

the Commission of the European Communities, was an important step towards a common European 

approach concerning protection of ground and surface waters against pollution by nitrates from 

agriculture (Commission of the European Communities, 1991).The policy focus is on reducing 

pollution by regulations aiming at ensuring manure managed with as few losses of plant nutrients as 

possible. This policy can be obtained through optimal recycling considering the whole system of 

manure management. Further, regulations ensure that the manure is applied to fields at rates where 

the plant nutrients added match and not exceed the demand of the crops. This compendium will not 

give an overview about regulations which varies widely between countries. 

This compendium provides in chapter 3 an understanding of manure management, manure 

processing technologies and manure use as a fertilizer to crops that contribute to development of 

sustainable, environmentally friendly livestock production systems. To set the full picture we will in 

the introduction give a brief overview of the challenges and benefits of using animal manure to 

fertilize crops and the environmental problems related to inefficient use of the manure. 

 

Environment  

 

 

 

Figure 1.1. Environmental 

hazards related to the 

management of animal 

manure.  
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2. Environmental challenge 

 

2.1. Manure recycling –plant nutrients and carbon 

The recycling of animal manure to land will contribute plant nutrients to crops and reduce the need 

for mineral fertilizers.  In animal manures only a part of the nitrogen (N) is immediately available to 

plants and part of the N is at risk to be lost to the environment (2.1). In general it is assumed that 

phosphorus (P) and potassium (K) in manure have a fertilizer value equivalent to that of mineral 

fertilizers.  

It is recognised that the sources of P will be exhausted within this century (Steen, 1998) and that 

this will cause a major reduction in the global crop production due to P-deficiencies of the crops. 

Therefore, it is imperative that this as well as all other plant nutrients is recycled and not wasted.  

The N fertilizer value of manure in the first growing season is lower and more variable than that of 

commercial fertilizers, because manure organic N has to be mineralized before it is available to 

plants and because some of the inorganic N in the manure may become immobilised by soil 

microorganisms upon application (Jarvis et al, 1996). Further, a variable part of the inorganic N is 

lost by ammonia (NH3) volatilization and, depending on the rate and period of application, weather 

conditions and soil type, by runoff, denitrification and leaching (Sommer and Hutchings, 2001). 

The guidelines for using animal manure should therefore include strategies for reducing losses of 

NH3 and nitrate-N and for improved utilization of inorganic and organic N. Together; these 

approaches may greatly increase the fertilizer value of the manure. Further, farmers should be 

confident in the reliability of the manure as a fertilizer.  

Acknowledgement of the N, P and K fertilizer value and of use of the manure or residual products 

from manure processing is most important for an efficient system approach to the management of 

manure. Thus, there is a need of knowing how manure products is used sustainably for fertilisation 

of crops when developing manure processing technologies and when advising farmers and 

administrators about manure use and regulation.  

Globally the amount of carbon stored in the soil is about twice that present as CO2 in the 

atmosphere (IPCC 2007), and the amount of carbon cycled annually along the photosynthesis-

decomposition pathway is roughly 20 times greater than the current net increase in atmospheric 

CO2. Thus even relatively small changes in input rates of livestock manure to soils can be of 

significant influence to both soil quality and net greenhouse gas (GHG) emissions. Different 

manure management systems will affect soil organic carbon storage, therefore this component of C 

cycling has to be included when assessing technologies for manure management and processing.  
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2.2. Pollution of ecosystems and aquifers 

Surface- and groundwaters may be polluted by leaching and runoff of manure nutrients and these 

give rise to an increased need for water purification treatment in the provision of safe drinking 

water supplies.  

Direct discharge of liquid manure to receiving waters caused serious eutrophication of lakes and 

rivers. Thus in Europe direct discharge of animal manure to recipient waters are not allowed. 

To the Baltic Sea about 90% of the 57000 tons N annually being discharged to rivers originates 

from agriculture. Of the 1800 ton P discharged to Danish rivers and oceans 45% originates from 

agriculture (Christensen et al. 2004). Most nitrogen is leaching to drain and aquifers and from there 

to the recipient waters. Erosion is the mechanism of transport of a large part of the P from 

agriculture. 

With the implementation of the Water Framework Directive, loss of nutrients from agricultural 

operations will become a critical issue in areas that are exposed to eutrophication. Losses of plant 

nutrients from manure through leaching and erosion is reduced through better management of the 

manure in the field as described above and through removing the excess amounts of N and P from 

the manure with slurry separators (Hjorth et al. 2008a). Both the management and separation 

technology will be described in the following. 

 

2.3. Ammonia emission 

Livestock production contributes 70-80% of the anthropogenic NH3 emission in Europe and to 55% 

of the global NH3 emissions. Close to the source, NH3 gas is deposited rapidly on vegetation or soil, 

and up to 50 % of the ammonia emitted will be deposited within a radius of 2 km from the source 

(Asman et al., 1989). In Europe the emission represents a loss of about 30% of the total nitrogen in 

animal manure (ECETOC, 1994; Hutchings et al., 2001). 

In the atmosphere NH3 readily combines with sulphate (SO4
2−

) and may combine with nitrate 

(NO3
−
) to form particulates containing ammonium (NH4

+
). Particulate NH4

+
, and to a lesser extent 

NH3, may be transported over long distances. Deposition of NH3 or particulate NH4
+
 to land or 

water may cause acidification and eutrophication of natural ecosystems (Fig. 2.2). Furthermore, 

NH3 emissions play a role in the formation of PM2.5 and PM10 (Particulate Matter <10µm), airborne 

micro particulates that can be a health hazard (Erisman and Schaap, 2004. Consequently, ceilings 

on the annual NH3 emissions were included in the Gothenburg Protocol United Nations Convention 

on Long-range Transboundary Air Pollution (CLRTP, United Nations, 2004), and in the EU 

National Emissions Ceilings Directive (NECD) (EEA, 1999). Ammonia in animal houses is also a 

hazard to health of farm workers and animals being housed, as it causes lung and respiratory 

diseases.    

For farmers, the loss of NH4
+
 via volatilization from animal houses, animal in yards next to farm 

buildings, manure stores and from applied manure will reduce the fertilizer value of animal manure 

applied in the field. In addition, the variability of NH3 emission will cause variability and 

uncertainty in the fertilizer efficiency of the manure, reducing farmers‟ confidence in manures as a 

source of N for crops. This may lead them to over supply the crops with N, risking a reduction in 

crop quality and increasing losses of nitrogen (N) to the environment by leaching of nitrate and 

emission of nitrous oxide (N2O) (Fig. 2.1) 

To obtain a reliable estimate of the emission from these sources, the processes involved in the 

transfer of NH3 from the manure to the atmosphere have to be described precisely. A detailed 

knowledge of the processes of NH3 transfer from the manure and transport to the free atmosphere 

will contribute to development and implementation of techniques and housing designs which will 



 8 

contribute to the reduction of NH3 emission to the atmosphere and to a sustainable use of animal 

manure. 

 

 

 

 

 

 

 

 

 

 

 

2.4. Odour  

Livestock production units are a source of malodours originating from housing, manure storage and 

field application of animal manure. The intensity of malodours is often unacceptable, especially for 

neighbours in surrounding residential areas, and studies indicate that pig production units have a 

negative impact on the real estate value of nearby dwellings.  

The odorants are composed of a large number of organic components that are emitted from 

livestock production. The obnoxious smell from livestock production originates primarily from 

animal manure being stored anaerobically as slurry or from solid manure with anaerobic zones or 

spots. Quantification of odour is complex as the annoyance to people is caused by a combination of 

the offensiveness and concentration of a component and the perception of odour varies between 

individuals. Thus even though NH3 is an odorant, the concentration of NH3 has to be several 

thousand times higher than that of mercaptanes before it is registered by the human nose. Animal 

housing may be considered an important source of odour (Hayes et al 2004) even if concentration 

are low, due to the continuous odour emission all year round. Manure storages are primarily an 

odour source during emptying and during spring field applied manure is beyond doubt considered 

the most important odour sources (Pain et al. 1990). 

The odour emission is a local problem and is not assessed in national inventories. Regulations of 

agriculture in relation to odour are primarily focused on zoning i.e. the odour emission acceptance 

varies with the presence of neighbours to the source of odour. The processes of odour production 

will be described together with the technologies available for the reduction of odour emission from 

livestock production.   

  

2.5. Green house gases 

Livestock farming systems are major sources of nitrous oxide (N2O) and methane (CH4), which 

contribute considerably to the so-called greenhouse effect, as the global warming potentials of N2O 

and CH4 are 296 and 23 times higher than that of carbon dioxide (CO2) per kg (IPCC 2007). 

Methane accounts for 30% of the anthropogenic contributions to net global warming, and N2O 

accounts for 10% (Solomon et al. 2007). Indirectly, the NH3 emissions also contribute to N2O 

emissions by increasing the N-cycling in natural ecosystems. The atmospheric CH4 concentration 

has increased 2.5 times and N2O ca. 20% from the pre-industrial value (IPCC 2007).  

Figure 2.2. Deposition 

of oxidized nitrogen 

(NOx) and reduced 

nitrogen (NH3+NH4
+
) to 

oceans (Duce et al. 

2008)  
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Enteric fermentation of ruminants contributed 13-15% and livestock manure contributed 5% to the 

total emission of CH4. Wastes from livestock production systems are estimated to contribute as 

much as 30-50% to the global N2O emissions from agriculture. The emissions of CH4 and N2O 

from livestock production are regulated as part of the Kyoto Protocol under UNFCCC. The 

reduction targets for EU on greenhouse gases are 9 % by 2008-2012 with reference to 1990, and the 

EU has proposed a further reduction target of 20 % by 2020. The methodology for estimating CH4 

and N2O emissions from livestock manure based on emission factors is devised by the 

Intergovernmental Panel on Climate Change – better known as IPCC.  

This compendia will present how technology as a secondary effect can affect emissions of CH4 and 

N2O and it will be emphasised that the effects shall be analysed using a whole-farm modelling 

approach. The chapter about livestock production will present a conceptual system approach for 

assessing GHG emission from manure management. The technology sections will if relevant 

present the GHG emission as affected by changing management and introducing manure processing 

technologies. 

 

2.6. Disease 

Direct discharge of manure to waterways and percolation to groundwater, usually in by-pass flow 

via cracks and fissures (macro-pores), is a great risk to human and animal health as livestock 

manure contains numerous pathogens (bacteria, viruses, parasites). Some of these are zoonotic, i.e. 

they may be transmitted to man (e.g. Escherichia coli, Campylobacter, Salmonella, Leptospira, 

Listeria, Shigella, Cryptosporidum, Hepatitis A, Rotavirus, Nipah virus, Avian Influenza), in which 

they may cause systemic or local infections (Davies et al. 1997; Stanley et al. 1998; MacKenzie et 

al. 1994). The annual occurrence of typhoid fever has been estimated at 17 million cases with 

approximately 600,000 deaths, and diarrhoeal diseases cause the death of 951,000 people annually 

in South East Asia (World Health Report, 2000).  

A number of bacteria, protozoa, viruses and, in particular, parasites are the source of these diseases. 

Transmission of these pathogens is enhanced by inappropriate management (collection, storage, 

transport, spreading) of animal manure and may be reduced by proper manure handling and use. 

Unsanitary handling of manure may also promote the spreading of parasites to man by introducing 

larval stages into the food chain.  Recently, parasitic diseases including food-borne trematode 

zoonoses and cysticercosis have been highlighting the risks of disease transmission through animal 

manure and human excreta. 

Discharge of animal manure to rivers may pose a much greater risk of pathogens transfer than 

careful recycling on agricultural land with appropriate precautions during spreading. Highly 

contagious and pathogenic diseases, such as Foot and Mouth Disease, Swine Fever and Aujezsky‟s  

Disease may spread with animal effluent through waterways and, when one farm is infected with 

the disease, then farms downstream will be at considerable risk of infection. It has not been 

completely proven, but poor manure management, the mixing of human and animal excreta, and the 

close contact between domestic and animal housing may propagate Avian Influenza, SARS, etc.  

However, the sanitation of animal manure as affected by management and treatment is not the 

major objective of this compendium, and will therefore not be part of the curriculum of this course. 

Further information about hygiene might be found in the Journal of Livestock Science (Albihn and 

Vinnerås, 2007).
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3. Manure management systems 

The livestock production system varies greatly within and between countries, from farmers raising 

very few animals in Asia to beef-cattle producers in US having up to 100,000 calves in their feed 

lots. In the following we therefore give a short introduction to the FAO classification of livestock 

production (Sere and Steinfeld, 1996). The FAO defines three categories, namely grazing, mixed 

and industrial systems. The classification of FAO is focused on developing definitions of livestock 

production categories that are useful when donor organizations are directing their competence 

building and financial support to end user groups (stakeholders).  

Still the definition is useful to encapsulate the farming system on which this compendium focus. 

The aim is to describe manure management on European industrial farms. The manure management 

on these farms is an interlinked system with animal manure being produced and stored in animal 

houses often removed to outside stores and from there transported and applied in fields.  

 

3.1. FAO-Classification of livestock production 

The FAO definition of a livestock system is that more than 90% of the feed to livestock originates 

from rangelands, pastures, annual forages and purchased feeds and less than 10% of the total value 

of production comes from non-livestock farming activities. Non-livestock activities are households 

having a few animals fed on organic waste, cuttings from road verge etc. Further, within the 

livestock farming category FAO defines grazing, mixed production and industrial livestock 

production. This is the first level or tier of the system. 

 

3.1.1. Grazing Systems   

The livestock is feed according to the definition of livestock production systems mentioned above. 

The important definition of this system is that the livestock travel to find feed (mobile), depend on 

local communal pasture (sedentary) or have access to sufficient feed within the boundaries of the 

farm (ranching and grassland). Annual stocking rates are less than 10 livestock units per hectare of 

agricultural land. The grazing production systems can be found in arid, semi-arid, sub-humid and 

humid regions and in temperate and tropical highland. In terms of total production, grazing systems 

supply only 9% of the global meat production.  

 

3.1.2. Mixed systems  

The mixed systems are defined as farms where 1) more than 10% of the dry matter fed to livestock 

comes from crop by-products (e.g. feed from industrial processing of food) and/or stubble or 2) 

more than 10% of the value of production comes from non-livestock farming activities. Thus the 

feed for the livestock in these systems come from communal grazing, crop residues, and crops and 

cut and carry processes, produced on farm and external feed. Globally, mixed farming systems 

produce the largest share of total meat (54%) and milk (90%) and mixed farming is the main system 

for smallholder farmers in many developing countries. 

 

3.1.2. Industrial Systems   

Industrial systems have average stocking rates greater than 10 livestock units per hectare of 

agricultural land and <10% of the dry matter fed to livestock is produced on the farm. The 

production systems in focus are poultry production (broilers and layers), pig production, ruminant 

feedlot meat production and large-scale dairy production. The industrial livestock production 

systems depend on outside supplies of feed, energy and other inputs and the demand for these 
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inputs can thus have effects on the environment in regions other than those where production 

occurs. Industrial systems provide >50% of global pork and poultry meat production and 10% of 

beef and mutton production. 

 

3.2. EU classification of animal manure categories 

Animal excreta is collected in animal houses and applied in the field after storage for the purpose of 

improving soil quality and provide minerals for the crop. This management of animal excreta has 

been named – to manure the crop. Today animal manure is the name of all kinds of excreta 

collected in animal houses. There have been some confusions about the terms used to characterize 

the different kinds of animal manure categories, but in 2001 the EU network published an animal 

production dictionary which included a thorough presentation of the most important manure types 

(Pain and Menzi 2003). In table 3.1 is given a few of these terms covering most of the animal 

manures produced in Europe.   

 

Table 3.1. Terms used to describe manure categories (Pain and Menzi 2003) 

Term Description 

Deep litters Manure generated in loose housing systems where the animals often walk on 

a solid floor covered with straw, wood shaving or other organic bedding 

materials that will retain the liquid and solids. The bedding material is added 

continuously to ensure that the top layer is always relatively dry, and the 

mixture produced in these systems is categorized as deep litter, which may 

over time reach a depth of up to one meter, depending on how often it is 

being removed (typically once or twice a year).  

Excreta Waste expelled from the body: faeces plus urine. 

Farmyard manure (FYM) Faeces and urine mixed with large amounts of BEDDING (usually straw) on 

the floors of cattle or pig housing. Farmyard manure differes from deep litter 

in that a major part of the urine excreted has bee run of by gravity and 

collected separately. 

Faeces Solid waste or undigested material voided by animals 

Solid animal manure Manure scraped of the floor behind tied animal or from open space solid floor 

where the liquid part flows of the floor. The solid manure has a typical dry 

matter content of 12-18%, and is a mixture of mainly faeces and part of the 

urine plus bedding, spilt feed, spilt drinking water and water used for 

washing. 

Slurries A mixture of all the faeces, urine and some bedding materials (straw, wood 

shawing etc.) are traditionally collected from below slatted floors. The dry 

matter content is 1-10% and lower than other manures, due to addition of 

washing water and little use of bedding materials.  

Urine Wastes removed from the blood stream via the kidneys and voided as a 

liquid. 

 

3.3. Manure management practises 

The design of animal housing and methods of manure storage and manure handling reflect the large 

differences in climate and production objectives across Europe as well as globally. Housing has 

been developed to give shelter and provide a comfortable and dry environment for animals, with the 

purpose of increasing production and to facilitate feeding. In some dry climates, such as the N. 

American prairies, there is less need of shelter and both dairy cows and calves for beef production 

are raised in open feedlots (Fig. 3.1), even at temperatures less than -20
o
C. In Europe, the most 

important types of housing systems are loose housing vs. tied housing systems and liquid manure 

vs. solid manure systems. For cattle, loose housing systems are typical except for some Alpine and 
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Scandinavian countries where traditional tied housing systems are still quite common. For pigs, 

loose housing is standard with the exception of housing for sows. Nevertheless systems where the 

sows are confined (i.e. not loose) will for animal welfare reasons most likely be abolished or 

legislatively banned in many countries in the near future.  

 

 

 

 

Animal manure collected in housing systems has to be stored for a period inside or outside the 

housing until it can be transported to its final destination, usually field spreading. The size and 

nature of this storage depends to a large extent on the value of the nutrients in the manure and on 

the regulatory climate. Often, the storage capacity is designed to allow timely spreading of the 

manure in the field, i.e. during the growing season when the crop can utilize the plant nutrients.  

Most animal slurry is transported in tankers to the field and spread with tankers or slurry spreaders 

in the field. Often the slurry is transported and spread with the same vehicle. Alternatively, on a few 

farms animal slurry is transported by pumping the slurry through pipelines to the fields and 

thereafter spread using sprinklers. When developing these systems one should consider problems 

due to sedimentation and clogging of slurry dry matter in the pipeline system.  

Transport and spreading of solid manure is carried out with the spreading vehicle. Typically the 

farmer will use a front loader to empty the solid manure store and fill the solid manure spreader. 

The manure is then transported to the field with the spreader and applied in the field with a 

spreading vehicle (Hansen 2003).  

 

3.4. Animal houses 

Most cattle buildings are naturally ventilated. The ventilation is used to keep a stabile environment 

at relative constant temperatures and air humidity. Ventilation will affect the emission of gases from 

manure in the animal houses and also the choice of technologies that can be used to mitigate the 

emission. 

In cattle houses based on slurry, excreta are collected from below the slatted floor or in tied housing 

systems in a gutter behind the animals. The slatted floor area may cover the entire floor or be 

restricted to the walking alleys or the area behind tied cows. Some buildings with slurry systems are 

also equipped with automated scrapers. In the buildings with solid floor resting areas and slatted 

walk ways, the solid resting area may be strewn with straw, sawdust, wood shavings, peat etc. 

Calves for beef production are often housed in animal buildings with a solid floor covered with 

Figure 3.1. Canadian beef 

feed lot with about 10.000 

calves being fed with corn. 
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bedding, in which urine and excreta are deposited. Such systems have an increasing importance 

in Europe for larger cattle (heifers, beef cattle, suckling cows) for animal welfare reasons. In a large 

part of buildings with tied dairy cows, the excreta are separated into solid manure (farmyard 

manure; FYM), mainly containing faeces and straw, and liquid manure, which is a mixture of water, 

urine and dissolvable faecal components.  

Pig houses more often have forced or mechanical ventilation systems than cattle houses. The floor 

type determines the management of manure. Pig manure can be handled as a liquid or solid. 

Buildings with slatted floors are common, with manure falling into channels or stores below the 

floor. The manure management in these buildings is mainly via deep pit, where slurry is stored for 

considerable time within the animal house. In other systems the slurry is drained out at weekly 

interval by gravity when opening channels full of slurry (pull plug) or the slurry is flushed out using 

the thin fraction of stored slurry for flushing. The frequency of manure removal varies from several 

times a day, up to monthly intervals. Some pig housings systems have been developed with partially 

or fully solid concrete floors strewn with straw or sawdust, to improve the welfare of the pigs. 

Typically, the solid manure is removed at monthly intervals. 

 

 

 

 

 

 

 

 

Figure 3.2: From the left to the right 1) slurry covered with surface crust and stored in a concrete 

slurry store, 2) Concrete slurry store without roof cover and 3) Deep litter stored in manure heaps, 

the composting process causes evaporation of water. 

 

3.5. Manure stores 

Animal manure collected in housing systems has to be stored for a period inside or outside the 

housing until it can be transported and spread to fields (Fig. 3.2). The EU Nitrate Directive sets 

minimum limits for the period of time during which manure application is prohibited. 

Consequently, animal manure storage capacity should be sufficient to store manure for at least that 

period. Most European countries have guidelines concerning the minimum period of storage for 

manure, especially for liquid manure/slurry. The actual average storage capacity for liquid manure 

or slurry is around 6 months in many countries but longer in Scandinavian countries and shorter in 

some Southern and Eastern European countries, differences in storage period is partly due to 

different cropping seasons and slurry application strategies and partly due to differences in the 

regulation of livestock production. For solid manure the storage capacity varies from 2 to 12 

months. For most countries solid manure storage capacity is less or equal to that for liquid 

manure/slurry. 

Liquid manure/slurry is mostly stored in tanks made from concrete or enamelled steel sheets outside 

the livestock houses, except for the Netherlands, Ireland and Norway where slurry stores may be 

partly below the slatted floor of the animal building and partly outside in slurry tanks. Lagoons and 

lined ponds are the major storage system in the UK and some Southern and Eastern European 

countries. Currently, efforts are being made to replace lagoons with tanks in many European 
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countries, because the tanks with concrete walls are more impermeable than lagoons. Slurry 

lagoons and tanks are normally not covered, unless there has been a tradition of covering liquid 

manure stores (e.g. in Switzerland) or covers are required by law to reduce emission of NH3 and 

odour (e.g. in Denmark, Finland and the Netherlands), or to exclude rainfall. The liquid 

manure/slurry is usually homogenized (stirred) in the tank prior to application. 

Solid manure is usually stored in uncovered heaps on concrete pads (Fig. 3.2), which in most 

countries and cases are designed so that drainage is collected. Storage of solid manure in the field is 

reported only from Denmark, Italy, some Eastern European countries and the UK. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Presentation of slurry spreading machines. Up left splash spread spreader, up right slurry 

injecting machine and down centre trail hose spreading machine. 

 

3.6. Application of animal manure 

Slurry is typically applied with tankers equipped with a splash plate for broad-spreading. A splash 

plate devise consist of a tube through which the slurry at relative high pressure is sprayed onto a 

vertical plate that spread the slurry in a half-circle on the crop and plant. One splash plate may be 

mounted behind the tanker spreading the manure or the tanker may be equipped with spreading bar 

with several splash plates mounted. This technology is the cheapest method of applying slurry and 

other liquid manures and remains the most commonly used method in Europe. The principle of 

application is robust and spreading of manure is fast, although not very precise and usually rather 

heterogeneously distributed. It is said that the slurry is broadspread in the field. 

Spreading slurry more precisely and homogenously as well as also reducing ammonia emission has 

been achieved by development of the trail hose application tanker. This tanker is at its rear end 

equipped with a bar on which is mounted 1 m long hoses ca. 30 cm apart, the bar may be up to 24 m 

wide. On the tanker is set a slurry distributor ensuring a similar flow of slurry through each of the 

hoses. The opening of the hoses is either trailing on the soil or is situated a few cm above soil surface. 
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The trail hoses allow the slurry to be placed exclusively on the soil between the rows of a growing 

crops i.e. beet, cereals, etc. 

For application of slurry in grasslands the trail foot spreader has been developed. This is a trail hose 

spreading machine with an iron or steel device at the opening of the tubes that moves the grass or crop 

apart and allows the slurry to be applied at the soil or the base of the plants. 

Slurry may also be applied through injection into the soil. These tankers are equipped with injectors 

that create an open slot in the soil in which the slurry is applied. The first injectors designed injected 

the slurry in 10-15 cm deep slots (deep injection) but today the injection depth is 3-5 cm (Shallow 

injection). The devises for injection slurry may vary but on most machines the injectors consists of one 

or two discs or a tine is cutting the slot in the soil into which the slurry is applied. Some tankers have a 

device for closing the slot after the slurry has been applied.  

In Denmark and UK, most solid manure is spread using rear-discharge or side discharge spreaders. 

This type of spreader has a large capacity and is used for spreading various types of solid manure, 

such as cattle, pig and poultry manure (Hansen 2004). The rear discharge spreader is designed to 

throw manure out from the rear of the machine. This may be achieved by beaters that rotate 

horizontally or vertically or spinning discs. The manure in the spreader is transported to the beaters 

or spinning discs at the rear of the spreader by conveyor (or moving floor) or auger at the base of 

the machine. The spreader designed to throw the manure out from the side of the machine has the 

beaters and spinners at the side and the manure in the spreader is moved to the spreading side with 

auger or conveyors. 
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4. Animal manure characterization 

This section will give a presentation of the most important manure components based on the 

mineral fertilizer value, the bioenergy content and importance for assessing gaseous emissions from 

manure. There are major differences in composition of manure between manure categories e.g. 

manure vs. solid manure (Table 4.1). Between similar manure categories there may be differences 

because the manure are produced by different animals e.g. fattening pig manure vs. dairy cow 

manure or because the animals have been fed different diets.  

There has been much focus on characterizing the organic matter content of the manure. In most 

studies dry matter (DM), volatile solids VS and organic N (Norg) is by the farmers considered 

important organic components. DM is the fraction of the manure that is left after water has been  

evaporated due to heating at 80
o
C and constitutes 1 – 10% of the manure. VS is the fraction of DM 

that volatilize when heating the DM at 550
o
C, i.e. typical 80% of DM is VS. Organic N is the part 

of total nitrogen fraction that is not in form of nitrate (NO3
-
) or ammonium (NH4

+
) and other minor 

inorganic fractions of nitrogen oxides. Of the inorganic components NH4
+
, phosphorous (P) and 

potassium (K
+
) is much in focus. Ammonium and K

+
 is dissolved in the manure liquid and P is 

found in the solid fraction and also dissolved as orthophosphate (PO4
3-

). 

For environmentalists the heavy or trace metals Cu and Zn are also of concern. Pigs are fed these 

metals to reduce diseases and this intake will increase the concentration of Cu and Zn in pig 

manure. Therefore Zn and Cu may accumulate in soil applied large amounts of manure. Further, the 

manure may contain organic contaminants such as hormones and antibiotic (Petersen et al. 2007; 

Albihn and Vinnerås 2007) 

The first and largest section of the chapter will be about characteristics of the organic fraction of 

manure and about the constant change in carbon and nitrogen content due to microbial 

transformation of the organic matter. Thereafter the chapter will give a short introduction to 

characterization of the mineral components based on studies of slurry, which is the manure category 

that is most in focus, produced in large amounts and also viewed as the manure category producing 

most environmental problems. 

 

Table 4.1. The composition of slurries from finishing pigs and dairy cows used in Danish studies 

(Møller et al.2004,2007; Sommer and Husted, 1995) .  

Animal 

category 

 Component 

 DM VS* Total

-P 

Total

-N 

TAN K Ca Mg Cu Zn 

 ------------------------------g kg-1------------------------------ ---------mg kg-1--------- 

Finishing 

pigs 90.8 75.9 1.0 5.8 3.3 2.0 0.8 ND 21.5 28.6 

Dairy cows 102.4 90.9 1.0 5.2 2.1 4.3 1.6 ND 0.6 ND 

*VS: The organic fraction lost during incineration.  

DM: Dry matter content of slurry. 

ND: Not determined.  

 

4.1. Nitrogen and carbon - Microbial and biochemical degradation processes 

The distribution of nitrogen (N) and carbon between an inorganic and organic phases and labile and 

stabile organic carbon fraction is affected by microbial transformations of organic matter taking 

place during storage.  
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In livestock farming, usually not more than 5 to 45% of the nitrogen (N) in plant protein is 

transformed into animal protein, depending on animal type and management. The remaining 55 to 

95% is excreted via urine and dung as organically bound N. Following the deposition on the floor of 

animal housing systems or in pastures, all urea and a fraction of the organic N is rapidly hydrolyzed 

into ammonium (NH4
+
). (Oenema et al. 2001) 

Unlike mammals, poultry excrete a mixture of organic-N and ureic acid. Ureic acid is a heterocyclic 

nitrogen compound which slowly hydrolysis to urea, which is then hydrolysed to TAN (Koerkamp, 

1994). The concentration of TAN and ureic acid in applied manure is therefore very variable and 

related to storage conditions (Kroodsma et al, 1988). In the following the compendia will not 

include presentation characteristics and management chicken excreta. 

 

4.2.1. Mineralisation – immobilisation  

Organic N may be transformed to inorganic ammonium NH4-N (TAN = NH3+NH4
+
) by 

microorganisms (mineralization) or vice versa (immobilization), depending on whether the manure 

has a low or high C:N ratio. This addition or removal of TAN (total available nitrogen) will tend to 

increase or decrease NH4-N concentrations accordingly. Bedding material usually has a high C:N 

ratio relative to animal excreta, thereby promoting immobilization (Kirchmann and Witter, 1989).  

Immobilization of inorganic N into organically bound N is a microbial process, which depends on 

the C:N ratio of degradable organic compounds. In general, there is no immobilization of N in 

slurry mixtures, because the C:Norg ratio of the easily degradable compounds is low (<15). During 

in-house storage, most of the digestible compounds containing N are transformed and about 10% of 

the organic N is mineralized. Little N is mineralized during outside storage of slurry in manure 

management systems with more than 14 days in house storage. Thus in these systems it is assumed 

that about 5% of the organic N is transformed to inorganic N during 6–9 month storage outside 

(Sommer et al. 2006). If slurry is removed twice a day then more degradable N is transferred to the 

outside store and mineralisation of organic N will differ from the above mentioned estimates.  

In consequence of the high mineralisation (urea) immediately after excretion and collection of 

slurry and relative minor immobilisation of N more than 60% of the N in pig slurry and more than 

50% of N in cattle slurry are in form of NH4
+
 (Table 4.1). 

 

4.2.2. Nitrification and denitrification 

NH4
+
 may also be converted to nitrate (NO3

-
) and N may be lost as nitrous oxide (N2O), nitrous 

monooxide NO or free nitrogen (N2) during nitrification or denitrification (Oenema et al., 2001). 

 Biogenic emissions of N2 and N2O originate from processes carried out by nitrifying and 

denitrifying bacteria. Nitrification has a requirement for oxygen, whereas denitrification is restricted 

to environments without oxygen and, hence, these processes are separated in space and/or time 

(Sommer et al. 2008). 

  HOHNOONH 22 2324   Nitrification 

OHCONCHNO x 2223 ½½   Denitrification –not stoichoimetric correct  

Because faeces and urine are highly anoxic upon excretion, nitrifying activity is absent. During 

storage of animal slurries, nitrifying activity develops only slowly at the interface of atmosphere 

and slurry, because the diffusion of molecular O2 into the slurry is slow (Petersen et al., 1998). 

Surface crust drying may accelerate the creation of oxic conditions at the surface and therefore may 

induce nitrifying activity during long-term storage. However, the amount of NH4 nitrified in slurries 
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and liquid manures in lagoons and basins is usually very small. Also the release of N2O from 

slurry during storage is small and mostly set at 0 (Velthof et al, 2005). 

In bedding-material-amended animal manure in deep litter animal houses, feed lots and in stacked 

farmyard manure heaps, significant nitrifying activity can develop during storage. Here, the 

nitrifying activity results from the much greater aeration of the manure in the surface layer 

compared with slurry, because the litter-amended manure is porous and rather dry, thus allowing 

molecular O2 to diffuse more easily into the manure. Further the added straw litter may also serve as 

a conduit for molecular O2 and the oxygenation of the manure. As a result, measurable quantities of 

NO2
−
 and NO3

−
 can be found in the surface layers, and also significant emissions of N2 and N2O 

have been measured from dung heaps and deep litter stables (Sommer et al. 2008). The emission of 

N2 and N2O from outside stored solid manure is most variable and no valid model for predicting the 

loss has been identified. As a best assumption it has been estimated that 15% N is lost due to N2 and 

N2O emissions from outside stored solid manure (Poulsen et al. 2001). 

 

4.2.3. Carbon 

In most inventories or scenario calculations of carbon loss due to gaseous emissions are expressed 

as DM loss. The justification is partly that carbon are a major constituent of the organic matter in 

the DM fraction.  

Slurry is as mentioned an anaerobic matrix in which organic carbon transformation is relatively 

slow. The absence of oxygen is a precondition for the production of CO2 and CH4 via microbial 

metabolisms of organic material in livestock and livestock manure. During slurry storage inside the 

animal houses reduction in organic components will be affected by slurry removal frequency i.e. 

storage time and temperature. There are few studies of the reduction of DM under realistic 

conditions so in the Danish Normative system for assessing manure composition it has been decided 

that a rough estimate of DM loss from slurry stored in house is 10%. Outside the slurry is stored in 

tanks, the temperatures are lower and storage periods longer so the estimated loss is set at 5% of the 

DM added to the store (Poulsen et al. 2001). 

For solid manure produced in deep litter housing systems for cattle, the hoofs will compact the deep 

litter, and the temperature may rise to 40-50
 
C at 10 cm depth (Henriksen et al. 2000). The deep 

litter in pig houses will to a greater extend be stirred by the pigs and temperature in the litter may 

differ from the pattern seen in cattle houses. There is not much information about the loss of dry 

matter from deep litter systems therefore again expert assumptions have been used to estimate the in 

house DM loss to 30% in pig and cattle deep litter systems (Poulsen et al. 2001).  

Solid manure stored outside livestock houses are oxid depending on the aeration rate (i.e. water 

content and compaction/manure density) and oxygen consumption. If oxygen consumption is higher 

than the flow of oxygen into the heap, then anaerobic zones will emerge, a process promoted by 

compaction and/or a high water content of the manure. In contrast, a high straw content facilitates 

air entering the heap (Sommer et al. 2008). Consequently aerobic (composting) conditions are 

found to prevail in straw-rich heaps of solid manure, whereas a temperature rise due to composting 

rarely occurred in high density heaps of manure with little bedding material, i.e. cattle farm yard 

manure. In consequence of these patterns it is in the Danish manure inventory assumed that DM 

loss is 45% from a well aerated solid manure store of deep litter and swine solid manure, and 10% 

from high density cattle farm yard manure (Poulsen et al. 2001). A more recent estimate of DM loss 

during storage of solid manure or the DM rich fraction from separation of slurry is given in table 

4.2 
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Table 4.2. Loss of dry matter (DM) during storage of solid manure in per cent of initial content 

(Chadwick 2002, Hansen et al. 2006).   

Pre treatment Type of manure Heap 

weight, 

tones  

Length of 

storage  

Loss of DM, % of 

initial 

None 

Pig FYM 3.4-5.2 

180 49 

Straw 50% 

Pig FYM 3.4-5.2 

180 46 

Covered 

Pig FYM 3.4-5.2 

180 26 

None DM rich fraction from 

slurry separation 

6.9 120 

12 

Covered DM rich fraction from 

slurry separation 

6.9 120 

5 

 

4.3. Organic components 

The composition of the organic components may affect separation as charge and pH will influence 

flocculation and also cation absorption on the DM particles in liquid and in solid manure. Animal 

manure contains short chained volatile organic acids with 1 to 5 atoms of carbon ((VFA = C2–C5 

acids), organic lipids, protein, carbohydrate, and lignin which also contains non carbohydrate 

organic components like phenols. Carbohydrates are the largest fraction of the organic material 

followed by protein, lipids, lignin and VFA. The organic components include compounds with the 

functional groups carboxylates, hydroxylic, sulphurhydryls and phenols, which at the pH interval in 

of the manure will contribute to a negative charge of the organic matter.  

In slurry the VFA constitutes ca. 15% of the dry matter in pig slurry and about 8% of the dry matter 

in cattle slurry (Derikx et al., 1994; Sommer & Husted, 1995a). In stored solid manure the VFA will 

be oxidised and the concentration of organic acids in solid manure are therefore low with the 

exception of manure heaps where air exchange is impeded by covering or compaction.  
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Figure 4.1. Distribution of phosphorous between the particles, colloids and dissolved fraction of pig 

slurry (Adapted from Christensen et al. 2008) 
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4.4. Inorganic components 

Separation efficiency of different technologies is greatly affected by the slurry composition, as e.g. 

high density minerals will end up in the solid fraction. Additionally, electric conductivity will affect 

flocculation, and the relative concentration of cations will affect crystallisation.  

Composition of ions in animal slurry varies significantly between slurry from different animals and 

is affected by diets fed to the animals and management of slurry. Electric conductivity depends of 

the concentration and species of ions in solution and varies from 0.008 to 0.026 S cm
-1

. Cattle slurry 

contain more sodium (Na
+
), potassium (K

+
) and calcium (Ca

+
) than pig slurry, i.e. two to three 

times more, due to intake of roughage having a high content of these cations. In cattle slurry, the 

content of these ions varies two fold due to variation in diets. 

The distribution of P between the solid and liquid phase is affected by pH with more P being 

dissolved at decreasing pH. In slurry P may be crystallised as struvite (MgNH4PO4 x 6H2O) and 

different forms of calcium phosphates, i.e. calcium dihydrogen phosphate Ca(H2PO4)2, calcium 

hydrogen phosphate CaHPO4 and tricalcium phosphate Ca3(PO4)2. The forms of phosphate will be 

affected by pH of the slurry (Eq. 4.1).  

3 4 2 2 4 2 4 2 2 4 2Ca (PO )  + 4 H SO  + 2 H O  2 CaSO ·2H O + Ca(H PO )·2H O 

 

(Eq. 4.1) 

Studies suggest that in slurry, phosphate can crystallise as struvite. Ammonium is present in large 

excess for struvite formation, thus crystallisation is mainly controlled by magnesium concentration 

and pH.  

Part of the inorganic P may precipitate as calcium hydrogenphosphate, or it may absorb to CaCO3.  

Most K
+
 and NH4

+
 salts are very soluble and struvite is the only crystal that in practise contributes 

to settling or separation of ammonium. Thus, most K
+
 and NH4

+
 are dissolved in the liquid phase. 

Most of the P in animal slurry is in the particle fraction of slurry and less than 30% is dissolved in 

the liquid phase (Fig. 4.1). The P is mainly associated to the particle fraction, where it may be 

bound inorganically in crystalline form or is adsorbed onto particles; e.g. one study showed that 

organic P in solution only constitute about 5% of the P in slurry (Hjorth et al. 2008a). 

 

4.5. pH buffer systems 

Manure proton content (H
+
, pH=-log(H

+
)) is a most important characteristic of manure when 

assessing, ammonia emission, biogas production or separation of slurry.  

 It has been shown that the main buffer components in animal slurry controlling [H
+
] is total 

inorganic carbon (TIC = CO2 + HCO3
−
 + H2CO3), total ammoniacal nitrogen (TAN=NH3+NH4

+
) 

and volatile fatty acids (VFA = C2–C5 acids). In stored slurry, the concentration TIC may be larger 

than TAN and VFA in the bulk of stored slurry, this component is therefore of major importance in 

controlling slurry pH. In addition to inorganic buffers, negatively charged particles in the slurry will 

contribute with acid groups with pKa values from 5-9 (Hjorth et al. 2008a). 

A number of processes will affect the pH of manure; e.g. emission of CO2 and NH3 is important as 

emission of CO2 will increase pH and emission of NH3 will reduce pH. Oxic degradation of organic 

material reduces the content of acids in solution and thereby increases pH. In contrast, anoxic 

processes will contribute to the formation of organic acids (e.g. VFA=C1-C5) and thereby reduce 

pH.  

In the anoxic animal slurry VFA are produced and the pH of the slurry is therefore about 7.3-7.7 

(Sommer and Husted 2005). In oxic solid manure heaps the VFA is degraded or not produced and 

the pH is between 8.4 to 8.8. In a biogas digester methane production reduce VFA content, 
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therefore, in the anoxic environment of a biogas digester the content of organic acid is reduced by 

methanogenic microorganisms by transformation to CH4 and CO2, which will increase pH to range 

of 8 to 8.3.  

Feeding practise may affect the concentration of ionic species in the slurry and the pH, because the 

electric charge of the solution has to be neutral (Hjorth et al. 2008a). At present, soya beans in the 

diet are supplying most of the crude proteins needed by the pigs, and soya contains high 

concentrations of K
+
, which when excreted will increase the pH of urine and slurry. Reducing the 

soya concentration in the diet and supplementing with amino acids will reduce the K
+
 concentration 

and because of the charge balance, the concentration of H
+
 will increase. Thus for pig urine and 

slurry and for cattle urine it has been shown that pH declines when cationic species of the feed is 

reduced; i.e. for pig slurry a reduction of more than 1 pH unit has been observed within the range of 

traditional diets with and without addition of amino acids and reduction of soya.  
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5. Sampling and analysis of organic waste 

Animal manure is a most heterogeneous material, therefore the sampling procedures have to be 

planned most carefully to get a representative sample and characterisation of the manure. In this 

section we will give an introduction to the sampling of slurry and solid manure, statistic analysis of 

the results. 

  

5.1. Slurry sampling 

Due to the settling and floating of dry matter during storage the composition of stored slurry are 

very inhomogeneous. Thus, for components related to the solid e.g. dry matter (DM), ash, volatile 

solids (VS) and phosphorous (P) the concentration will vary with height above the bottom of the 

store (Table 5.1). Most of the potassium is dissolved in the liquid phase and therefore evenly 

distributed in the slurry.  

 

Table 5.1.  Relative content of dry matter and plant nutrient in stored slurry (3 m deep) Average of 

one component is 100. The four layers are surface crust, slurry 5 cm below surface crust, middle 

layer (1.5 m) and bottom layer (Petersen 1998).  

Height DM Total N TAN Total-P K 

Surface crust 125 103 93 129 98 

5 cm below surface crust 77 99 103 77 101 

Middle layer 87 98 103 85 101 

Bottom layer 111 101 101 109 102 

Ave. 100 100 100 100 100 

LSD0.95 22 4 6 24 3 

 

If there is no need for knowing the inhomogeneity of the slurry then before sampling the slurry 

should always be stirred by a pump or a propeller mixer. During stirring the slurry should be 

sampled. Solid in especially pig slurry do precipitate very fast, typically within minutes. 

  

5.1.2. Solid manure 

Solid manure from animal housing may be the faeces fraction scraped from the floors where the 

liquid is transferred through gutters to a liquid store. Alternatively the solid manure are from animal 

houses where the floor is covered with bedding material (Straw, wood shavings) that absorbs the 

urine and spilt drinking water in which faeces is also distributed. 

The solid manure is often stored in manure heaps. Pig solid manure and cattle and pig manure with 

high litter content will self-heat due to aerobic microbial transformation of the organic material in 

the manure (i.e. composting). Cattle solid manure is compact and air transport into the heap is slow, 

consequently, there is slow to no composting in heaps with solid cattle manure with no content of 

bedding material i.e. straw.  

The loss of water and volatile solids may increase the concentration of non decomposable 

components (Ash, P and K). Heating will start near the surface (in layers 20-40 cm from surface) 

and with time heating will move towards the centre of the heap, consequently this process will over 

time cause large losses of VS and ammonium. 

If a manure heap is not covered, precipitation will leach some of the components from the surface to 

the centre or to the surroundings and therefore also cause depletion of “mobile” plant nutrients at 
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the layers near the surface. At the same time water evaporates and carbon is lost as CO2 from the 

surface a process that will increase the concentration of the non volatile ions. Table 5.2 presents the 

composition of the solid material from different layers of a compost heap. 

 

Table 5.2.  Concentration of dry matter, ash, volatile solids (VS), N-total, and ammonium at 

increasing distance from the centre of a compost heap (ca. 2 m in height) (n=2). Top presented as a 

fraction of wet sample and bottom presented as a fraction of dry matter. 

Height Dry matter Ash N-total Ammonium 

From 

bottom Average SD Average SD Average SD Average SD 

Cm % of wet 

sample 

% of wet 

sample 

g/kg wet 

sampoe 

g/kg wet 

sample 

Center 35.94 0.01 14.9 0.3 10.1 0.3 2.1 1.4 

Middle 40.2 0.1 16.9 1.6 12.9 1.8 1.8 0.2 

Surface 77.6 1.9 29.8 0.4 28.1 0.7 7.6 0.8 

 

Height VS Ash N-total Ammonium 

From 

bottom Average SD Average SD Average SD Average SD 

Cm % of dry matter % of dry matter g/kg dry matter g/kg dry matter 

Center 58.5 0.8 14.9 0.3 28.2 0.9 5.9 3.9 

Middle 58.1 4.2 16.9 1.6 32.0 4.8 4.6 0.5 

Surface 61.6 1.5 29.8 0.4 36.19 0.02 9.7 0.8 

 

Sampling of solid manure is complicated because the content of ammonium will be lost if the solid 

manure is stirred with a front loader in the course of homogenising the manure in a solid heap.  

Instead it is recommended that with a front loader the manure is removed from the centre part of the 

heap and samples are taken from the sides of the hole that the front loader has produced. Samples 

should be taken from the surface, from between the centre and the surface and from the centre of 

the heap. From each sampling point 5 sub samples is taken and transferred to a plastic bag.  

 

 

Figure 5.1. Example of sampling points in a manure heap. 

Manure heap 
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e 
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5.1.3. Homogenizing samples 

There is a risk of lowering ammonium due to ammonia volatilization during homogenisation of the 

samples that will be analysed. To reduce ammonia losses from the samples during homogenisation 

the solid manure sample is cooled before it is homogenised and liquid manure is homogenised in 

closed containers. 

 

5.2. Statistical sample treatment 

In the following is given the standard statistics used to describe the quality of the analysis and 

thereafter the calibration of an analysis using standard curves for transforming a signal to an 

estimate of the concentration. 

 

5.2.1.Statistics of repeatability, reproducibility, detection limit, quantification limit and precision of 

the analysis 

5.2.1.1 Repeatability 

If a specific sample is analysed using the same analytical procedure more than once most likely the 

results from each analysis will vary, i.e. the concentration of total ammoniacal nitrogen 

(NH3+NH4
+
) may be measured to be 5.90, 5.92 and 5.89 g/kg dry matter. Even though we are 

repeating the same analysis on the same sample that should give identical results we do see a 

variation with the same method. The value of the sample (i.e the ammonia concentration) is 

characterised by its mean value variation 

1


n

i

i

x

x
n

 
(Eq. 5.1) 

Where x  is the mean value of the sample, xi is the individual measured values, n is the number of 

measurements 

The variation within the measured value, the repeatability of the analytical procedure, is often 

described by the standard deviation (SD) or the sample coefficient of variation CV (%). 
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 (Eq. 5.2) 
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 (Eq. 5.3) 

The repeatability describes the smallest possible variation when applying a specific analytical 

procedure in a specific laboratory. 

 

5.2.1.2 Reproducibility 

While repeating the same analytical procedure to the same sample tells us the smallest possible 

variation for a given measured result it does not tell anything about the variation of the actual 

sample value. The reason for this is that small variations might occur in between sub samples taken 

at the same sampling point. In order to determine the variation of the samples, n samples have to be 

taken at each sampling point (i.e. the 5 sub samples from the compost heap). Each sample then has 

to be analysed using the same analytical procedure and the mean values are the used to calculate a 

common mean using equation (5.1). The standard variation between the means of the sub samples 
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can be calculated from equation (5.2). This standard deviation is termed the reproduceabillity of 

the method or the standard deviation on the measured value. 

 

5.2.1.3 Detection limit 

All analytical procedures have a lower concentration limit below which it cannot be used to 

determine if a given chemical component is present or not. Different procedures exist to determine 

this lower limit. The most useful is to analyse blank samples that do not contain the component to 

be analysed. The mean value and the standard deviation of the blank can be determined from 

equations (5.1) and (5.2). In order to determine the detection limit samples with decreasing known 

concentrations of the component to be determined are made and analysed. The detection limit can 

now be found either as 

1. The sample that shows a mean value equal to the value of the blank plus three times the 

standard deviation of the blank  

2. The sample where the mean value minus three times the sample standard deviation is 

different from the mean value of the blank 

The methods leading to the highest detection limit being chosen. 

 

5.2.1.3 Quantification limit 

In general the detection limit can only be used to describe to what concentration level a method can 

be used to determine if a component is present or not. In order to determine the concentration of a 

given component more strict criteria than those used in 5.2.1.3 should be set up. No general rule 

applies but a difference between the measured value and the blank of 10 times the sample standard 

deviation is often used. 

  

5.2.1.4 Precision 

Quantification limits, repeatability and reproducibility does not in themselves guarantee a correct 

result. They only tell about how reproducible the result is. Instead the precision of the method 

should be investigated. The difference between reproducibility and precision can best be described 

as the difference between a sniper that put three bullets into the heart of a target. If it is the correct 

target (typically a person) then both reproducibility and precision is high. If it is the wrong target 

only reproducibility is okay. In chemical analysis it is often difficult to guarantee precision but 

comparing results for the same samples using different analytical methods will often disclose if 

there are systematic deviations between the methods. Calibration against known standards might 

also be used but can for very complex matrices give erroneous results if no blank matrix exist. 

 

5.2.2. Calibration, linear regression, standard error and confidence limits  

Most chemical analysis methods are indirect methods i.e. gas chromatographs uses change in 

current in an FID when a chemical component is burned and HPLCs might use the change in 

refractometric index to describe the concentration of a given component. In order for these signals 

to be useful the signal has to be calibrated against a known sample. Such calibrations can be carried 

out in the following way. 
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          Figur 5.2 Example of a calibration curve 

 

First the lower quantification limit is established. If possible the expected concentration region of 

the true samples to be analyzed should be established. Then calibration samples having 

concentrations around the expected values should be produces (i.e. expected ammonia 

concentration of 5 g/kg dry matter: Callibration samples would be 0, 0.5, 1, 2, 4, 6, 10, 20 g/kg dry 

matter). The calibration samples are then run through the analytical procedure and the concentration 

plotted against the measured signal as shown in figure 5.2. In most cases a simple linear correlation 

between signal and concentration exists. This can be described by equation (5.4) 

  y b x a  (Eq. 5.4) 

Where b is the slope, a is the intercept, x is calibration sample concentration and y is signal 

 

The slope and intercept of equation (5.5) can be determined by equation (linear regression): 
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 (Eq. 5.5) 

Where sx is the standard deviation on all values of x calculated using eq. (5.2), sxy is the covariance 

between x and y calculated from equation (5.6), x  is total mean of x calculated using equation 

(5.1), y  is total mean of y calculated using equation (5.1) 

The covariance between concentration x and signal y is found from equation (5.5): 
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(Eq. 5.6) 

 

The standard error on the regression coefficients a (intercept) and b (slope) can be determined from 

equation (5.7) 
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Based on the calibration curve regression sample concentrations can be calculated based on the 

measured signal using equation (5.8): 




y a
x

b
 (Eq. 5.8) 

The accuracy with which x is determined based on the calibration curve can be found from the 

confidence limits on x, which can be found as shown in equation (5.9) 

,   x p p xConf x t SE  (Eq. 5.9) 

 Where Confx,p is the confidence limits within which x is known with a probability of p, SEx is the 

estimated standard error given by equation (5.10), tp is Students number at probability level p found 

in standard textbooks on statistics typically around 1.96 at the  97.5% confidence level. The 

estimated standard error on x based on the calibration curve can be calculated from (5.9). 
2

2 2

2 2

1 
    

 
x b a

y a
SE SE SE

b b
 (Eq. 5.10) 

Of cause the standard variation can also be calculated based on analysis of repeated samples giving 

a mean and standard deviation on x and as defined by equations (5.1) and (5.2). Based on these a 

standard error of x can be calculated  using equation (5.11). 

x
x

SD
SE

n
  (Eq. 5.11) 

Based on this standard error for the repeated measurements the confidence limits can be estimated 

using equation (5.9). As long as the confidens limits based on the repeated samples (SEx calculated 

from equation 5.11) are larger than those based on the calibration curve (SEx calculated from 

equation 5.10) the confidence limits for the repeated samples should be used. Should this 

confidence limit become smaller than those based on the calibration curve the confidence limits 

based on the calibration curve should be used as they define the lowest accuracy of the analytical 

method as used. 

 

5.3. Example on the use statistics on a mass balance analysis 

Emission or loss of a component (F kg) from a manure store can be estimated with a mass balance. 

We know the weight (W kg manure) and concentrations of dry matter (DM kg
-1

) and concentration 

of component (C g kg
-1

), at start of a treatment period and at the end then F can be calculated using 

the following equation (Mass balance): 
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endendstartstart CWCWF   (Eq. 5.12) 

 

The data needed for the calculation of a mass balance for the purpose of estimating losses of a 

component is: 

Amount of material (fresh weight) – input (Wstart) 

Concentration of dry matter and components in material – input (concentration of component at 

start Cstart, concentration of dry matter at start DMstart ) 

Amount of material (fresh weight) –output (Wend) 

Concentration of dry matter and components in material  - output  (concentration of component at 

start Cstart, concentration of dry matter at start DMend ) 

Now assume that there are no data values available for the variable X. Furthermore, assume that the 

following relationship between the variable X and measurable variables p, q and r exists: 

X = p + q – r  (Eq. 5.13) 

Assume that a new experiment is to be designed and no data values for p, q and r have yet been 

measured. Instead, the standard deviations related to p, q and r are assumed known (e.g. from 

earlier experiments).  

In that case it will be possible to predict the standard error of X  in a new experiment where n data 

values for each of the variables p, q and r are measured: 

Statistics can give us an idea of the number of replicates and how precise one must be when 

sampling and analysing the data if we assess the confidence limits 

222 SESESESE rqpx   (Eq. 5.14) 
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(Eq. 5.15) 

Now assume that the relationship between the variable X and the measurable variables p, q and r is: 

r

qp
X   

(Eq. 5.16) 

Further assumptions are as above. In this case the standard error of X can be predicted as follows: 
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(Eq. 5.17) 

As it appears this equation provides that expected values p , q  and r  are available, while an 

estimate of X  can achieved as rqpX / (provided that the CVs of p, q and r are low). For SD the 

same arithmetic rules as for SE can be used. 

The statistics can give us an idea of the number of replicates and how precise we must be when 

sampling and analysing the data. For that purpose the least significant difference (LSD) is applied. 

Thus if the difference between the amount of a component before and after treating the material 

(loss of material in this case) is greater than LSD the difference is said to be significant. If we want 

to test if the difference is significant with probability P the following equation should be applied. 

 (Eq. 5.18) ( / )* *P P PLSD X SD n t X SE t   
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(Eq. 5.19) 

where t1–P/2, 2n-2 is the 1 – P/2 quantile of the Student‟s t-distribution with 2n – 2 degrees of freedom 

(can be found in tables in standard statistics textbooks). n is the number of data values collected 

before as well as after treatment. SD is the pooled standard deviation based on data collected before 

and after treatment: 
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(Eq. 5.20) 

where SD1 and SD2 are standard deviations of data values collected before and after treatment, 

respectively. 

If we wish to asses if the averages are different with probability P,  t1–P/2, n-1 can be replaced by 1.96 

provided that 2n – 2 is large (> 30).  

If the variation of the difference F determined in eq. 5.1 values between the cores follow the 

statistical normal distribution, then one may assess the 95% of the is the true mean.  The 95% 

confidence is defined as  
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1,975.01,975.0  

(Eq. 5.21) 

This interval will include the true mean with a probability of 95%. 

In order to optimise the reliability of the difference measured with the mass balance approach, the 

numerical value of the difference ( F ) expressed by Equation 5.1 has to be different from 0, 

because if the difference is zero then there is no difference between the amount of the component at 

start and end of the experimental period. This may be obtained by measures decreasing the value of 

SD or by increasing the number (n) of replicates.  

0.975

SD
F t
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(Eq. 5.22) 

Equation (5.23) , which is developed from equation (5.22) make it then possible to calculate the 

number (n) of replicates needed in order F  to different from zero within the 100- 95 % confidence 

limit for F  to be different from c  ±97.5 % of the mean. 
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(Eq. 5.23) 

 

5.3. Analysis of DM, VS, P, K and N 

In the following is given a short introduction to analysis of animal manure and biowaste. Detailed 

information about analysis of these materials can be found in the Standard methods for examination 

of water and wastewater (Greenbeg et al. 1992 ). 

DM: A homogenous sample is evaporated in a weighed dish and dried to constant weight in an oven 

at 80ºC. The weight of the dried sample after drying is related to the weight of the untreated sample. 

VS: The organic material of DM sample produced is then incinerated in a muffle oven at 550
o
C. 

thereby producing an ash fraction of salts and solids in the manure. The difference between DM and 

Ash is the volatile solids and is either related to the DM or to the weight of untreated (not dried) 

original sample. 
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Total N: The principles of the total N analysis (Kjeldahl analysis) is that the organic matter in the 

sample is digested in sulphuric acid containing copper(II) sulphate (kjeltabs) as catalyst. The sample 

is heated and the organic nitrogen is transformed to ammonium and forms ammoniumsulphate. 

After digestion the ammonia is evaporated from the solution of digested material by adding a base 

(NaOH) and heating the sample. The gaseous NH3 is transferred through tubes to a receiver flask 

with a known quantity of boric acid, which absorbs the NH3. 

Ammonium: Ammonium nitrogen (NH4-N) in slurry and solid manure is partly in the form of 

ammonium ions and partly as ammonia. A pH dependent equilibrium exists between the two forms. 

In strongly alkaline solution ammonium nitrogen is present almost entirely as ammonia, which 

reacts with hypoclorite ions to form monochloramine. This in turn reacts with a substituted phenol 

to form a blue indophenol derivative, the intensity of the colour is determined photometrically at 

690 nm. 

Phosphate: Orthophosphate or active phosphorus is measured without any preliminary hydrolysis or 

oxidative digestion of the sample. In this examination some particulate phosphorus may be included 

in the analysis. The sample is diluted and filtrated. The orthophosphate solution is added 

ammonium molybdate and ammonium meta vanadate. A yellow colour develop which is 

proportional to the orthophosphour concentration of the sample, the intensity is measured with 

spectrophotometer. 

Total phosphate content: The most simple, and not always reliable if the P in the sample is difficult 

to transform to ortho phosphorus, is to ad calcium carbonate to the sample and digest the mixture at 

550ºC. The ash is dissolved in Hydrochloric acid and is diluted, the amount of phosphate is 

determined colorimetric with vanadatmolybdat reagent, the absorbance is measured by 

spectrophotometer. 

Potassium (K
+
): Is often determined with flame photometry. Often the sample is diluted with 

deionised water, shaken and the water filtered of the sample. Potassium in the supernatant are 

determined with flame photometer at 766.5 nm. If the sodium (Na
+
) to K

+
 ration is higher than 5:1 

then there may be a risk of interference with Na
+
.  
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6. Manure management and reduction 

The transport and spreading of slurry has been described in chapter two therefore this section will 

focus on mixing and pumping of slurry on the farm, slurry separation and solid manure composting 

 

Figure. 6.1. Different machines used to mix and homogenise slurry stored in slurry tanks A: 

Horizontal paddle stirrer, B:Vertical paddle stirrer, C: Adjustable propeller mixer, D: Propeller 

mixer on swivel arm, E: Pneumatic mixing with compressed biogas, F:Hydraulic mixing (Burton 

and Turner, 2003). 

 

6.1. Mixing and pumping 

In stored pig slurry suspended matter of higher density accumulates as sludge at the bottom of the 

slurry tank and there may be a tendency of crust formation. Due to sedimentation the storage 

capacity of the slurry tank will be reduced and the sediments should be removed. It is difficult and 

costly to remove the sedimented solids, therefore it may be advantageous either to have separated 

most of the solids before storage or to mix the effluents before emptying the store and applying the 

slurry to fields. Mixing slurry will also ensure that the applied effluent has a homogeneous 

composition of nutrients. Furthermore mixing will improve the rheological properties enabling 

constant flow conditions during spreading operations. Mixing may release hazardous gases (H2S or 

CH4), but this is not a major problem when mixing slurry tanks that are not enclosed in a building.  

The effluent may be mixed mechanically with rotating impellers (Fig. 6.1). There may be propeller 

mixers fixed to the slurry tank and often driven by electric engines. Alternatively there is tractor 

driven mixers which can be lowered into the slurry tank using hydraulics. These are quite efficient 

because the mixer can be moved around the slurry tank. One may also use hydraulic or jet mixing 

with pumps set within or external to the slurry store. Using hydraulic mixing the pipes should have 

a diameter of 125 mm or more and ideally there should be adjustable nozzles at the end of the return 

pipe. 

Pumping will be needed when transporting effluent between the different compartments of the farm. 

Furthermore effluent may be pumped from the slurry tank to the field, where it is applied. The 

liquid should have a low content of suspended solids otherwise the suspended solids may lead to 

blockage. The pressure loss in pipes is related to total solids content of the effluent transported as 
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solids increase the viscosity of the fluid (Bashford et al. 1977). Separation of the effluent to <0.5 

mm with simple separators is reducing pressure head loss and also improves the prediction of the 

pressure head loss. Thus if the slurry is dilute the viscosity is lower but a high volume has to be 

transported and in contrary a dense effluent has higher demand to the work of the pump per m
3
 but 

less effluent has to be transported. Alternatively a fermented effluent has a lower viscosity as well 

as a separated effluent.   

 

6.2. Slurry separation 

A precondition for solid liquid separation processes of slurry is knowledge about the physical and 

electrochemical characteristic of animal slurry. At present centrifuges, filters and forced filtering 

with a screw press are the most used separators and these will therefore be presented in some detail 

in this section. 

 

6.2.1. Physical characterisation of slurry 

The particle sizes in the slurry are important for evaluation of sedimentation during storage and also 

for slurry separation, e.g. filtration to retain particles above a certain size. In separation by 

sedimentation the particle size distribution at the lower end is important, as particles in the range 

between 1 nm and 1 µm (i.e. colloids) are subject to Brownian (diffusive) motion in the liquid, and 

therefore do not settle or settle very slowly by gravitation.  

The amount of DM in the fraction <0.025 mm is larger in pig slurry than in cattle slurry, 66–70% 

and 50–55% of DM is in the particle-size fraction smaller than 0.025 mm in respectively pig and 

cattle slurry. Microbial transformation of the organic pool will change the particle size distribution 

due to transformation of organic components to e.g. CO2, CH4 and NH4
+
. Anaerobic digestion 

reduces DM concentration of animal slurry, and changes the partitioning between fraction of large 

and small particles. It has been observed that particles < 10 µm accounts for 64% of DM in raw 

slurry, while it increases to 84% of DM in anaerobically digested slurry. In contrast, the 

concentration of small particles <1.6 µm is reduced most during anaerobic storage in slurry stores. 

In anaerobic digesters stirring and high temperature facilitates microbial degradation of large 

particles and relatively small particles with slowly degradable material is left, whereas slow 

transformation of particles in a cold and not stirred slurry degrade and remove small particles and 

only transform a little of the large particle material (Hjorth et al. 2008a). 

More than 80% of N and P is in the fraction <0.125 mm of cattle slurry (Meyer et al., 2007) and a 

very detailed analysis of particle size fraction showed that in slurry more than ca. 70% of the un-

dissolved N and P was in the particle size fraction 0.45-250 µm. Addition of phytase to the pig diet 

or supplementing concentrates to the dairy cows does not affect the distribution of total-P in the 

particle-size fractions. 

 

6.2.2. Physical and electrochemical properties 

Particle charge and ionic strength are of outmost importance when considering ammonia 

volatilization and also to the efficient use of flocculants. 

The organic particle has a negative surface charge and the particles will therefore repel each other. 

The negative charge has been shown to contribute significantly to the alkalinity of the slurry with 

0.013 M in a slurry containing 1% DM. Further, it has been shown that in pig slurry the particle 

charge density is -0.18 meq g
-1

 organic solids. Alkalinity and charge density is two interrelated 

ways to express the negative charge of the organic particles. 
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The concentration of ions expressed as ionic strength has in most animal slurry studies been 

shown to be high, i.e. conductivity >10 mS cm
-1

. This will affect the activities of ions and also the 

efficiency of additives to facilitate sedimentation of DM and P. 

An increasing amount of dissolved iron (Fe
3+

) in the slurry will reduce pH, e.g. if the Fe
3+

 

precipitate as crystalline strengite (ironphosphate).  

3 3

4 4( )

n

n SFe H PO FePO nH     
(Eq. 6.1) 

Precipitation of calcite (CaCO3) is mainly controlled by the concentration of calcium (Ca
2+

), 

because carbonate (CO3
2-

) is present in large excess in slurry. Slurry pH is reduced significantly by 

adding Ca
2+

, thereby precipitating CO3
2-

 and producing the crystal calcite.  

Ca
2+

(aq) +HCO
+
(aq) ⇌ Ca3CO3(s)+H+(aq) (Eq. 6.2) 

6.2.3 Separation index 

Different techniques for separating slurry in a dry matter rich and a liquid fraction has been 

developed and is used on farms. Solid-liquid separation may be carried out in simple settling tanks 

where the solids are removed from the bottom of the tank or the settling may be forced using 

centrifuges. Solids may also be removed mechanically by forced filtration using screw presses or 

drainage through fabric belts or screens. Though numerous designs of separators exist, only 

standard type separators will be discussed here. 

When comparing results from different studies it is an advantage to use one separation parameter 

expressing the efficiency of separation (Hjorth el al, 2008a). The separation indexes (Et),  express 

the distribution of the specific compound between the solid and liquid fraction: 
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solid
t

slurry

m x
E x

m x
  (Eq. 6.4) 

where m(x)slurry and m(x)solid is the mass (g) of the compound in consideration in, respectively, the 

slurry being treated by the separator and of the solid fraction being produced. Hence, the values of 

both the liquid and the solid fraction are indicated. The larger the separation index, the larger 

amount of compound x in the solid fraction. There are other definitions of  separation indexes, the 

usefulness of different separation indexes are discussed in Hjorth et al. (2008a). 

 

6.2.4 Sedimentation 

Sedimentation in a thickener is an appealing option for separation due to the low costs and simple 

technology. Most thickeners consist of a container that is cylindrical at the top and has a conical 

shape at the bottom. In batch operation, slurry is added to the top of the thickener (Fig. 6.2) and the 

solids are settling in the bottom of the conical part from where the solids can be removed (Loughrin 

et al., 2006). For the purpose of enhancing settling and also increase transfer of solids settled on the 

upper part of the conical section larger thickeners are equipped with a rake. Thickeners can also be 

operated in continuous mode where slurry is added continuously, while solid phase and liquid phase 

is removed at the same speed as slurry is added. In this case, the slurry has to be added in the 

separating zone (Fig. 6.2).  

The time it takes for the solid to separate from the liquid phase can for dilute slurries be estimated 

from the terminal velocity of the single solid particle. The smallest particles will have the slowest 

terminal velocity and will therefore determine the necessary settling time. For small particles, the 

flow is laminar and the equation for the terminal velocity (νtg) simplifies to (Foust et al., 1980): 
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 ( Eq. 6.5) 
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Where μslurry is the viscosity of the slurry, ρ is the density of solid and liquid, g the acceleration of 

gravity, and dp the diameter of the solid particle, all in SI-units.  

  

 

Figure 6.2. Drawing of thickener used for sedimentation 

The settling velocity increase with the solid density compared to liquid density and particle size, but 

decrease with increasing slurry viscosity. As viscosity and slurry density increase with increasing 

DM the settling velocity decreases with DM content in the slurry leading to longer settling times. 

Because DM, solid density, the viscosity and particle size varies from slurry to slurry the terminal 

velocity can seldom be calculated in advance. 

Table 6.1. Separation indexes at sedimentation, mean of measurements from numerous studies 

collected by Hjorth et al (2008a).  

Technical 

specifications 

Manure type Separation index (%)1 

Sedimentation 

time (hours) 

Origin TS 

(%) 

Dry 

matter 

N,total NH4-

N 

P,total 

Sedimentation Swine 2 57  NA NA 41  

Sedimentation Cattle 2 55 33 28 57 

1: Separation index is the mass of a compound in the solid fraction compared to the mass of a compound in 

the original raw manure.  

2: NA: not available 

At the same time at least in the thickening zone of the thickener, the slurry cannot be assumed to be 

dilute and hindered settling will take place. Therefore the terminal velocity as calculated in equation 

(6.5) alone cannot be used to determine the thickener size. Also, the increased weight of the top 

sediment particles will squeeze water out of the thickening zone causing turbulence that stir up the 

particles; a mechanism that may be higher in batch settling systems compared to technologies where 

the sediment is removed (Foust et al., 1980). Instead the calculations or assessments has to be 
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carried out based on laboratory settling experiments using the Coe-Clevenger method or the 

Talmadge-Fitch method as described in Foust et al. (1980). The following general findings on slurry 

can though be used as a yard stick. 

Increasing the settling time, increases the separation efficiency. In a laboratory study the settling of 

solids in pig slurry was studied for four hours, and the settling was observed to be completed within 

one hour (Ndegwa et al., 2001). Cattle slurry has a higher viscosity than pig slurry at similar DM 

concentration. The settling time will thus be longer, almost 1.5 hour according to Moore et al 

(1975). 

Settling may be assumed to follow an exponential curve, e.g. in a 0.24% DM slurry it has been 

observed that 82-96% of the DM settled after 20 min, was settled already after 10 min (Power and 

Flatow, 2002).  

Plant nutrients are not evenly distributed between particle of different density and size in 

consequence settling of plant nutrients may not be linear related to settling of dry matter as 

indicated by the low P removal observed in the settling study of Powers and Flatow (2002) (Table 

6.1), which may be due to the very short settling time of 20 minutes not giving the P containing 

particles time to settle as efficient as seen in other studies. P settling may thus increase significantly 

over time and increase from ca. 50% settling after 4 h to 75% settling after 48 days (Converse and 

Karthikeyan, 2004). As most K
+
 and 4NH

 is dissolved in the liquid phase (Massè et al., 2007), most 

K
+
 and 4NH

 are recovered in the liquid phase after sedimentation of solids (Masse et al. 2005, 

Table 6.1). Therefore the settling of N-total may not increase at increasing settling time (Converse 

and Karthikeyan, 2004).  

Fermentation and increased buoyancy of the particles due to trapping of bubbles may reduce 

settling, if the process is taking place over long time e.g. in lagoons, therefore it is recommended 

that slurry temperature should be below 16 ºC (Meyer et al., 2007). 

 

Figure 6.3. Drawing of decanter centrifuge  

 

6.2.5 Centrifugation 

Increasing the gravitational force can reduce the necessary settling time to achieve a given 

separation efficiency. In practise, this is accomplished in decanter centrifuges. Here a centrifugal 

force is generated to cause the separation. 

There are vertical and horizontal types of decanter centrifuges. The horizontal decanter centrifuges 

(Fig. 6.3) uses a closed cylinder of continuous turning motion. The centrifugal force separates solids 

and liquids on the wall in an inner layer with high dry matter concentrations and an outer layer 

consisting of a liquid containing a suspension of colloids, organic components and salt. The solid 

and liquid phase is transported to each end of the centrifuge by rotating the entire centrifuge at a 

high speed and by rotating at the same time the conveyor at a speed that differs slightly from the 

speed of the bowl (outer conical shell). The solid particles are conveyed towards the conical end 

and let out at the solids discharge openings, whereas the supernatant flows towards the larger end in 

the cylinder formed by the bowl and the flights of the conveyor. During the transport of the slurry 
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the particles are separated from the liquid and a pure liquid phase is discharged through liquid 

discharge openings in the wide end of the decanter centrifuge. 

For small particles in laminar flow the terminal velocity (νtc) can be calculated as (Foust et al., 

1980): 

  2 2
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 (Eq. 6.6) 

where r is the particles distance from the centrifuge‟s axis of rotation and ω is the angular velocity, 

all in SI-units. The only difference between the terminal velocity in a thickener and a centrifuge is 

the gravitational force. For simple laboratory centrifuges, the centrifuge efficiency and in practise 

for decantering centrifuge performance of the centrifuge can thus be related to the improvement in 

gravitational force, the G-force: 
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 (Eq. 6.7) 

The efficiency of full scale decanter centrifuges though cannot be described as simple as that. Partly 

because the distance the particle travels in radial direction is large, wherefore the value of r and 

therefore the settling velocity varies during the sedimentation and partly since the geometry of 

decanter centrifuges is quit complicated. 

 

Table 6.2. Separation indexes at centrifugation of animal slurries (Hjorth et al, 2008a)  

Manure type Separation index (%)1 

Origin TS 

(%) 

Dry 

matter 

N,total NH4-

N 

P,total 

Swine 5.4 60 25 16 73 

Cattle 6.4 63 32 16 69 

1: Separation index is the mass of a compound in the solid fraction compared to the mass of a 

compound in the original raw manure.  

 

The performance of a decanting centrifuge is often described by their feed handling capacity (Q), 

which can be calculated as (Foust et al., 1980): 
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 (Eq. 6.8) 

where Q is the volumetric feed rate, dpc is the diameter of the smallest particle separated from the 

slurry in the centrifuge and Σ is the sigma factor (m
2
), all in SI units. The sigma factor Σ is a 

property of the specific centrifuge geometry and G-force and can only be calculated in advance for 

simple laboratory centrifuges. For full scale centrifuges Σ has to be found from experiments. As νtg 

is a function of the slurry alone and Σ a function alone of the centrifuge, the sigma factor can be 

used to compare the efficiency of different decanter centrifuges. 

The dewatering volume of a decanter is considered to be the total volume (V) of the liquid zone in 

the cylindrical part of the drum. This volume may change by level regulators and the retention time 

(Rt) in seconds can be calculated as: 


V

Rt
Q

 (Eq. 6.9) 

Where V is the dewatering volume of the decanter bowl (m
3
). From equations (6.8) and (6.9) it is 

obvious that the volumetric feed rate and therefore the retention time depends on the chosen value 
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of dpc (the smallest particle to be separated). Reducing the feed rate and thereby increasing the 

retention time automatically leads to better separation but less economical performance of 

centrifuges. 

Increasing the retention time by reducing the volumetric feed rate has been observed to increase the 

efficiency of the separation of slurry (Møller et al., 2007a). Increasing the dewatering volume 

within the centrifuge increases the retention time (6.9) but reduce the thickening zone (conical 

water free part). Therefore, increasing the dewatering zone will increase the removal of DM from 

the liquid fraction. However, it will also reduce draining of water from the solid fraction (Reimann, 

1989); hence the DM concentration in the dry matter rich fraction will decrease. 

Increasing the angular velocity of the decanter centrifuge will increase DM concentration of the 

solid fraction (equation 6.7). Thus using a velocity as high as 2560 (G-force), the decanter 

centrifuge produced a solid fraction with a DM at 40% (Møller et al., 2007a). However, increasing 

the angular velocity has no effect on the separation of the P, K and N (Møller et al., 2007b). The 

separation efficiency of DM increases at increasing DM content of the slurry (Table 6.2). One could 

have expected the contrary, as seen in the sedimentation studies, because a higher viscosity of the 

slurry may reduce settling velocity of the small particles (Reimann, 1989). It is hypothesised by 

Sneath et al. (1988) that the vigorous stirring of the slurry may enhance attachment of small  

particles to larger particles and thereby improve settling of the small particles. This effect decline at 

dilution of the slurry; it has been observed that in the liquid from separation of a low DM-slurry 

70% of the particles in the liquid were <4 µm, while 50% of the particles were <4 µm in liquid from 

separation of a high DM-slurry. As a consequence of a higher DM content of cattle slurry compared 

to pig slurry, the DM separation index is higher for cattle slurry separation compared to pig slurry 

separation (Table 6.2). For assessment of retention of slurry, it is reasonable to assume that decanter 

centrifuges can retain particles >20-25 µm in the dry matter rich fraction (Reimann, 1989; Sneath et 

al., 1988; Møller et al., 2002). 

Organic nitrogen and dissolved or adsorbed ammonium is related to the DM content of the solid 

fraction, therefore, total N separation is related to dry matter content of the slurry being treated 

(Møller et al., 2002; Møller et al., 2007a). One should bear in mind that the relation between 

separation efficiencies and DM of treated slurry differs between centrifuges (Sneath et al., 1988; 

Møller et al., 2007ab), therefore an algorithm developed in one study cannot easily be transferred. 

In the study of Møller et al. (2007a) no relation between separation of P and DM of treated slurry 

was observed. 

 

 

 

 

 

 

 

Figure 6.4. Filter bed separator. 
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6.2.6 Filtration 

A large number of separation techniques filtering solids from liquid of slurry are on the marked 

(Fig. 6.4). These techniques use screens and filter belts to retain the solid fractions. In simple 

screens and belt separators the liquid is drained from solids by gravity in the separator. In a belt 

separator the filter fabric is first loaded with slurry. As the filter fabric moves forward it is drained 

from water leaving a filter cake. This filter cake is removed when the filter fabric reaches the solid 

fraction-unloading area and the clean filter fabric returns to the loading area.  

The liquid flux through the filter media is determined by the hydraulic resistance of the media and 

the hydraulic resistance of the material deposed on the media (i.e. the filter cake): 
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(Eq. 6.10) 

where J is the flux (kg·m
-2

 ·s
-1

), μliquid is the viscosity of the permeate (Pa s), Rm is the resistance to 

flow from the membrane (m
-1

 ), S is the particle concentration in feed (kg·m
3

 ), A the media area 

(m
2
) and V the filtrate volume (m

3
 ). SRF is the specific resistance of the filter cake (m·kg

-1
), p is the 

effective pressure (Pa) and related to the effective mass of the slurry, i.e. p g h    and h is the 

height of suspension above the filter cake (m) and decreases during the process. 

Hair in pig slurry may cause an immediate build up of a filter cake with low SRF. However, when 

the filter cake is formed small particles often clog the filter pores (Severin and Grethlein, 1996). A 

mix of particles with a content of particles between 1 and 100 µm will produce a cake with high 

SRF, which will reduce the draining of liquid from the filter cake and the effect will be a solid 

fraction with a low DM concentration (Karr and Keinath, 1978). As cattle slurry has a higher 

fraction of larger particles, filter technology is more efficient in separating cattle slurry than pig 

slurry (Table 6.3). Particles can also clog or adhere to the filter media and thereby increasing the 

resistance of the filter cloth (Masse et al., 2005). 

As small particles are caught within the filter-cake or adhere to the media, screens and filters will 

retain not only particles larger than the size of the filter mesh or the screen openings but also 

smaller particles. Therefore one cannot assess filtering efficiency only from particle size 

distribution and plant nutrients in different particle fractions and the size of the screen openings. 

Increasing the retention time of the filter cake on the screen or the filter fabric will increase the 

drainage and hence DM concentration of the solid fraction produced. Retention time is often longer 

in laboratory studies giving an efficient separation of DM and P (Table 6.3) (Vadas, 2006). 

The laboratory studies therefore often leads to better results than pilot or full scale test of a 

separation technology. The best strategy is to determine SRF in the laboratory and use it for design 

of pilot or full scale equipment. 

Table 6.3 Separation indexes at filtration without external pressure (Hjorth el at, 2008a)  

Manure type Separation index (%)1 

Origin TS (%) Dry 

matter 

N,total NH4-

N 

P,total 

Swine 3.6 42 24 23 30 

Cattle 7.0 47 33 -  40 

1: Separation index is the mass of a compound in the solid fraction compared to the mass of a compound in 

the original raw manure.  

Though relatively small amounts of plant nutrients like K, N and P should be retained on the filter 

as most K, N and P is in the liquid fraction and small particles that ought to pass, the filter 

separators may retain large amounts of N, P and K. This is because the filtercake often has a high 

water content (50-80 %-volume is not uncommon) (Meyer et al., 2007, Møller et al., 2000). 
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Figure 6.5. Drawing of screw press 

 

6.2.6  Filtration using screw press 

A more efficient removal of liquid from the filter cake can be accomplished by applying pressure on 

the filter cake. The typical equipment for filtrating when applying pressure is a screw press (press 

auger). In a screw press separator the effluent is transported into a cylindrical screen with a screw 

(Fig. 6.5). The liquid will pass the screen and be collected in a container surrounding the screen. 

The dry matter rich fraction will be pressed against the plate at the end of the axle and thereby more 

liquid is pressed out of the solid fraction. The solid will drop from the opening between the plate 

and the opening of the cylindrical mesh. 

The liquid flux through the media can be determined from Eq. 6.10 by setting p equal to the applied 

pressure. According to the filtration theory SRF is constant during constant pressure filtration, 

however, for complex organic suspension SRF often increases during the process. The increasing 

SRF can be ascribed to a combination of sedimentation, small particles blocking the pores in the 

filter cake as well as a time dependent compression of the filter cake (Christensen and Keiding, 

2007). As the manure filter cake is compressed during pressure filtration the SRF in a screw press is 

several orders of magnitude higher than for a belt separators (Hjorth et al, 2008c). 

Due to the cake compression, the screw press can produce a solid fraction with a high dry matter 

content; often being two fold higher than when filtrating slurry without applying pressure (Møller et 

al., 2000). Increasing the applied pressure will increase the obtained DM content in the solid 

fraction. Although aggregation of particles on the filter may contribute to some degree to the 

retention of small particles in the screw press, this is not a significant process because the applied 

pressure forces small particles through the filter pores and a large fraction of small particles are in 

the liquid fraction after separation (Møller et al., 2002). Thus the filtercake contains little N, P or K. 

In consequence, the plant nutrient separation efficiency of the screw press is low (Table 6.4). 

 

Table 6.4. Separation indexes at filtration with external pressure (Hjorth et al, 2008a) 

Manure type Separation index (%)1 

Origin TS (%) Dry 

matter 

N,total NH4-

N 

P,total 

Swine 5 35 11 - 20 

Cattle 6 37 21 -  16 

1: Separation index is the mass of a compound in the solid fraction compared to the mass of a compound in 

the original raw manure.  
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6.2.7. Additives used to improve separation 

The larger the particles the more efficient the mechanical separator works. A pre-treatment of the 

manure slurry that increase particle size or precipitate normally dissolved plant nutrients is therefore 

beneficial. Particle size can be increased by flocculation and coagulation and precipitation of 

nutrients can all be accomplished by chemical pre-treatment.  

In most suspensions small colloidal particles will not aggregate, because the particles are negatively 

charged and repel each other. By adding either multivariate cations or polymers this electrical 

repulsion can be avoided. In addition, precipitation of P takes place, when multivalent cations are 

added. Large amount of phosphate will precipitate upon addition of multivalent cations to the slurry 

due to formation of e.g. FePO4, Fe5(PO4)2(OH)9 and Ca3(PO4)2. 

At coagulation, the multivalent cations neutralise (or partially neutralise) a particle‟s negative 

surface charge by adsorbing the oppositely charged ions to the particle surface and thereby remove 

the electrostatic barrier that prevents aggregation. An optimum dose though exists and when 

overdosing the adsorbed ions reverses the surface charge, which counteracts aggregation. 

A broad range of multivalent cations to precipitate P and coagulate the slurry have been tested in 

order to asses the efficiency of the additives and which multivalent ions that is providing the best 

slurry separation (Hjorth et al. 2008a). If the multivalent cation added to the slurry is calcium, the 

efficiency order is: CaO > Ca(OH)2 > CaSO4. When iron ions are used the efficiency order is: FeCl3 

> Fe2(SO4)3 > FeSO4, while if the multivalent ion is aluminium, the order of efficiency is: Al2(SO4)3 

> AlCl3. When comparing the most efficient molecule of the three mentioned multivalent ions, the 

efficiency order is: Al2(SO4)3 > FeCl3 > CaO. Downstream processing of the separation products 

should also be considered, when selecting the multivalent ion. E.g. pH decrease is observed upon 

addition of FeCl3 and Al2(SO4)3 , which could be an advantage with respect to NH3 emissions, while 

CaO causes pH to increase, which may be favoured, when a nitrification/denitrification step is to 

follow the separation (Hjorth et al, 2008a). 

To enhance flocculation polymers can be added. Additions of polyelectrolyte polymers to a slurry 

will cause flocculation of both particles and existing flocs that have been produced due to 

coagulation induced by e.g. Fe
3+

 addition to the slurry. The main reaction mechanism is polymer 

bridging where long chain polymers adsorbs onto the surface of more than one particle, causing 

formation of strong aggregates of large flocs. An optimal dose of polymer exists. Too high doses of 

polymers induce the polymers to form loops and tails because of the high conductivity of the 

slurries. As the loop and tail formation leads to deflocculation due to steric hindrance between the 

particles to high doses of polymers leads to deflocculation. The polymer characteristics of 

importance to polymer bridging are molecular weight and the molecular structure as e.g. large 

molecules with long tails relatively easy catches by-passing particles. Charge density is also 

important as this affect e.g. the amount of loops and tails to be formed (Hjorth et al, 2008a). 

Most studies indicate that cationic polymers are superior to anionic and neutral polymers and  

polymers of medium charge density (20-40 mol%) to be more efficient for slurry separation. The 

reason for this is that a polymer of medium charge density has a sufficient amount of charged sites 

to efficiently catch a particle while still having many non-charged sites. Thus one polymer does not 

neutralise a particle completely, thereby leaving charges available on the particle surface for another 

polymer. Linear polymers seem more efficient than branched polymers, as are polymers of large 

molecular weight over smaller molecular weights. 

Multivalent ions and polymer needs to be carefully added to the slurry in order to obtain satisfactory 

aggregation of the particles. If both additives are used then first the multivalent ion is added to the 

slurry, which afterwards is stirred to ensure homogeneous distribution of ions and dry matter. 

Several minutes of stirring are necessary for the charge neutralisation and coagulation to occur. 

Afterwards, polymer is slowly added in small doses during vigorous stirring, followed by slow 
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stirring which is necessary for the polymer bridging and patch flocculation to occur. The shear 

applied e.g. by the impeller, i.e. time and stirring velocity, has a large impact on the formation of 

the aggregates; too low shear causes the aggregates be non-uniform and non-stabile with low 

particle catchments, while too large shear causes the aggregates to be destroyed. After the additions, 

the slurry can be transferred to ordinary solid-liquid separators (Hjorth et al, 2008a). 

Tabel 6.5. Separation indexes, when coagulation and flocculation was applied (Hjorth et al, 2008a) 

Separation technique Coagulant/ 

precipitant 

Manure type Separation index (%)1 

  Origin TS 

(%) 

Dry- 

matter 

N, 

total 

NH4

-N 

P, 

total 

Sedimentation, Centrifugation & 

Filtration  

Swine 68 33 

 

20 

 

76 

 

20 70 

Sedimentation & Filtration  

(+ appl pressure) 

Cattle 72 

 

55 

 

- 81 - 81 

1: Separation index is the mass of a compound in the solid fraction compared to the mass of a 

compound in the original raw manure. 

 

6.2.8. Concluding remarks about slurry separators 

In general, centrifugation is the most efficient technique for separation of DM and P (Tables 6.1-4) 

and filtrations is the less efficient for separating DM, N and P. Partly the separation of 4NH  follow 

the same pattern. 

The poorest separation is with techniques using pressurised filtration. The advantage of pressurised 

filtration, though, is production of a solid fraction with a high DM concentration of the solid 

fraction. Choice of separators will depend on the objective of the separation. The goal may be to 

reduce dry matter content of the slurry to ease the transport of slurry in tubes or channels reducing 

risk of sedimentation or blocking of the tubes and channels, then simple screens or filters may be 

useful. 

This simple separation will also produce a liquid fraction that will contribute to a homogeneous 

spreading of the plant nutrients in the field and a reduced ammonia and odour emission (Rubæk et 

al., 1996). If the cost of separation has to be low and retention time is no problem then 

sedimentation is a cheap technique that will reduce the plant nutrient composition of the slurry most 

efficiently. 

A screw press seems to be a good choice if the objective is to produce a biomass with a high DM 

concentration that is usable for incineration (Table 6.4). The filtration technologies may retain up to 

about one fourth of the N and P in the slurry, and this may be the only necessary nutrient removal 

for achieving harmony between the amount of plant nutrient applied to the field and the plant 

demand on the livestock farm. 

Of the mentioned techniques, the decanter centrifuge is the most efficient in retaining P and at the 

same time producing a dry matter rich fraction low in water. At the same time this technique may 

produce a liquid fraction with an N:P:K ratio corresponding to the N:P:K need of the crop. 

6.3. Manure composting 

Composting of deep litter, farmyard manure, or separated slurry solid fraction, often together with a 

considerable amount of straw, is in more than one way the opposite to storage in slurry tanks. 

Firstly the process must be largely aerobic, and thus a somewhat larger loss of N is inevitable. 

Secondly the aim of composting is to achieve an almost complete metabolism of the manure, prior 

to its addition to soil, in order to stabilize the biological activity and reduce it‟s volume and weight. 
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Thus the composting takes place under more controlled conditions, at temperatures that are often 

high enough to kill of possible manure-borne pests.  

It is generally understood that the population dynamics in composting is different from that of the 

microbial decomposer community in the soil, as the higher levels of the soil food-web have a more 

prominent role compared to that in the soil. Thus casts from earthworms and other higher animals 

are usually a major feature of a mature compost. As the composting typically will progress under 

conditions with high levels of soluble amino-acids or ammonia, the autopolymerization of smaller 

molecules into rather resistant humified macromolecules will be considerable (Fog, 1988).  

Aeration is an important factor for both efficiency of composting (Lau et al, 1992; Lo et al., 1993) 

and environmental emissions (NH3 and N2O). If aeration is insufficient, N2O may be emitted due to 

build-up of anaerobic sites, but if aeration is too high most of the NH3 may be lost. When 

composting is carried out in static piles without forced aeration, the size of the pile will affect the 

NH3 to N2O emission ratio, NH3 emissions may dominate in the initial termophilic composting 

phase, whilst N2O emission take over when compost temperature declines (Fukomoto et al., 2003), 

with as much as 25% of total N loss being due to N2O emission in some cases. Sommer (2001) 

showed that covering the compost pile with a tarpaulin or compacting the pile, reduced overall 

losses due to lower NH3 volatilization, but increased N2O emission. 

For an environmentally sustainable management of the solid manures, it will be essential that these 

emissions are limited as much as possible. An initial fermentation stage may be used to enhance the 

degradation of easily decomposable substances, which may enhance greenhouse gas emissions 

during the composting phase. Furthermore, the fermentation step may also limit the NH3 emission 

and hence eliminate the need for enclosed composting. Many studies have indicated that co-

composting with various bulking agents (e.g. straw, sawdust, woodchips, peat, green waste) can 

improve both the process and the quality of the compost (Lo et al., 1993; Imbeah, 1998, Wang et 

al., 2004). Other additives, like natural zeolite, have also proven to retain some of the ammonium 

otherwise lost through ammonia volatilisation (Venglovskyj et al., 2005). The bulking agents may 

also balance the moisture content and the C/N or C/P ratio of the fibre fraction, the latter being 

unusually low due to the high P content. However, if the compost product is also to be 

commercially marketable for agricultural use, production costs cannot be excessive, and hence 

simple and cheap ways of composting must be sought. 
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7. Bioenergy production 

Biowaste contains a high amount of only partially oxidized organic components. By fully oxidising 

these components the stored energy might be released and put to use either as heat or work. As 

bioenergy is considered one of the solutions to replace fossil fuels that will be exhausted in a 

foreseeable future  (EU-commission, 2000; EU Council 2007) it is obvious to look into the energy 

potential in biowaste. 

Chemical energy stored as bonding energy might be released either directly as heat (combustion) or 

as electrical work (fuel cells). Neither of these options are directly feasible for biowaste. Direct 

combustion is not possible due to the relatively high water content in untreated biowaste and fuel 

cells do at present only work with high purity hydrogen, methane or methanol. It is therefore a 

necessity to pretreat the biowaste (separation, drying etc.). Alternatively biowaste can be used as a 

raw material for the production of suitable fuels in order to release the energy stored in the biowaste 

in a useful form (Methane, ethanol, bio-diesel).  

This chapter give a brief presentation of energy conversion and of engines producing work (power) 

as an introduction to the discussion of the incentives for producing different types of fuel (energy 

carriers) and as a contribution to the understanding of the debate about the policy of sustainable 

energy production. An overview of the most used bio-energy production processes is presented and 

biogas production is given in greater detail. 

 

7.1. Energy conversion 

Energy can either be released as heat or work: 

 (Eq. 7.1) 

WhereΔE is the change in energy stored in the system [kJ·kg
-1

], Q is the heat added to the system 

[kJ·kg
-1

] and W is the work done by the system [kJ·kg
-1

] 

As known from introductory thermodynamics energy released as work can be transformed totally 

into heat while only a fraction of energy released as heat can be transformed into work. Work 

therefore constitutes a convenient basis for evaluating the usefulness or efficiency of an energy 

converting process. From a theoretical basis the highest possible useful work obtained by either a 

combustion process or a fuel cell can be estimated. For the fuel cell in theory 100 % of the chemical 

energy released can be converted into work (electricity) and in practise 70% have been achieved. 

For a combustion process the maximum possible theoretical work obtained can be calculated from 

the Carnot cycle efficiency equation 

 

 

(Eq. 7.2) 

Where TH is the highest temperature where energy can be transported to from the process [K], TL is 

the lowest temperature that surplus energy can be released from the process [K], Carη is the fraction 

of energy released that is transformed into work, the rest being released as heat. 

As an example a deep bedding manure heap will self heat to approximately 70 ºC due to microbial 

activity while the ambient temperature in northern countries will be around 5 to 10 ºC. According to 

equation (7.2) a maximum of only 20% of this heat energy can be converted into work and the 

remaining heat energy will be of no practical value. In it self microbial activity is not useful for the 

conversion of biowaste is to bioenergy. 

A more efficient use of the energy stored in biowaste could be to reform the chemical components 

in the biowaste into useful fuels that can be used to drive traditional power generating engines using 

the fuels heat of combustion. Examples of such engines are internal combustion gas engines such as 
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diesel engines, Otto engines (gasoline engines) and gas turbines, externally heated gas engines 

such as the Stirling engine or vapour engines such as the classical steam engines. 

Internal combustion engines have the advantage that they are fairly light compared to their power 

output and are therefore useful in cars, ships or aeroplanes. Their main drawback is a high quality 

fuel demand, either liquid fuels like diesel, gasoline, ethanol or combustible gasses like methane. At 

the same time the engine specific theoretical and indeed the practical work efficiency is far below 

the maximum theoretical work efficiency. Externally heated engines like the steam engine and the 

Stirling engine are not sensitive to what fuel is used to generate the heat. Power plants might be run 

on coal, any fossil fuel or indeed any combustible organic waste available. At the same time their 

efficiency can at least in theory reach the Carnot Cycle efficiency. Their main drawback is that they 

need a separate combustion chamber to generate the heat making them heavier than internal 

combustion engines and therefore less attractive as automobile and ship engines or indeed aeroplane 

engines but ideal for power plants. The choice of fuel to produce from biowaste therefore depends 

on the choice of power engine and so indirectly on the purpose of the engine.  

Useful fuel types that might be produced from biowaste are hydrogen, methane (biogas), 

bioethanol, biodiesel (biooil) and biochar. Their maximum adiabatic combustion temperatures, 

Carnot efficiency and practical use as fuels are shown in table 7.1. 

Table 7.1. Maximum adiabatic flame temperatures for various biofuels, their Carnot cycle work 

potential, specific cycle work potential and actual work efficiency based on an ambient temperature 

of 25 ºC. 

Fuel Maximum 

adiabatic 

combustion 

temperature 

[ºC] 

Maximum 

Carnot cycle 

efficiency  

[%] 

Typical use Theoretical 

maximum 

efficiency of 

engine 

Typical work  

efficiency of 

engine 

Hydrogen 

2307 88 

As fuel for fuell cells. 

Therefore a theoretical 

energy to work efficiency of 

100% is possible 

100% 30-70% 

Methane 

(Biogas) 

2027 87 

As fuel for  

Gas turbines 

Power stations 

Stirling engines. 

 

40-60% 

40-42% 

87% 

 

30-37% 

35-38% 

15-30% 

Biooil 2170 88 As fuel in diesel engines 60-63% 45% 

Bioethanol 
2098 87 

As mixed blend fuel for Otto 

engines 
50-57% 37% 

Biochar 

2200 88 

As fuel for  

Power stations 

Stirling engines 

 

40-42% 

88% 

 

35%-38% 

15-30% 

 

7.2. Animal manure as an energy source 

Biofuel production using animal slurry will not only contribute to a reduction of the energy 

consumption on the farms, biofuel production such as biogas treatment of slurry is also claimed to 

have several beneficial side effect in addition to production of energy.  

Less odour (Masse et al. 1997) 

Cleaner sanitation, less diseases (Albihn and Vinneås 2007) 



 45 

Reduced indoor air pollution in kitchen (Anonym 2004) 

BOD5 reduced (Masse et al. 1997) 

Less use of chemical fertilizer and pesticides 

Green house gas reduction - CO2-neutral energy source (Møller et al. 2004) 

General reviews on biofuels have recently been published by Demirbas (2007, 2008). Therefore the 

following sections of this chapter will only give a short description of current state of production 

methods for biochar, biooil, bioethanol and biogas in as much as these fuels are considerede 

relevant for production from animal related biowaste. As will become clear from these sections 

production of biogas is a less energy consuming process than either biochar, bioethanol or biodiesel 

production when using a waste-biomass with a high water content such as a manure slurry. It is also 

the only process already used in full scale biowaste treatment. The main emphasis will therefore be 

on biogas production. 

The benefit related to use of biomass can be calculated using very different assumption that is 

related to the objective of production of the energy source. Thus one may calculate the benefits by 

comparing the use of fossil energy to produce the bio-fuel and relate this to the energy content of 

the bio-fuel. Alternatively an LCA may be calculated assessing the fossil energy use to produce bio-

fuel and relate this to the energy consumed by the substituted fossil fuel. The latter would be a more 

correct assessment of the benefits of producing bio-ethanol (Wenzel 2006). 

kg CO
2
 eqv.

0.0 0.1 0.2 0.3 0.4 0.5

Car-Petrol, biomas P/H

Car-bioethanol, fossil  P/H

Car-petrol, fossil P/H

 

Figure 7.1. The amount of biomass energy as input to facilitate 1 mile transport with a traditional 

car, i.e. relative efficiency of biomass for reducing GHG emission when used for transport, heat (H) 

and power (P) production. Standard or reference scenario is fossil fuels used for transport, heat and 

power generation (Wenzel, 2006). 

 

Henrik Wenzel (2006) has, however, argued that one should take a full evaluation of advantages 

and disadvantages into account when deciding on bio-energy issues, if the limited biomass resource 

is used for energy production. It is emphasised that the biomass resource is indeed limited. If the 

objective is to reduce GHG emission as a consequence of biofuel production or incineration of the 

biomass then beyond doubt the incineration is the most efficient mitigation option (Fig. 7.1).  

It seems that in general this assessment is accepted, i.e. biomass used for combined heat and power 

production is giving the largest effect on environment. Therefore, there is a need for discussing if it 

is a valid argument that producing bioethanol, biodiesel or biooil are a sustainable options, the 

rationale being that in the transport sector at least in the transition phase from internal combustion 

engines to when sufficiently powerful electrical powered engine systems become available biofuels 

will provide reliable supplies and the production will provide jobs (Nielsen, 2006). 
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7.3. Incineration 

For biowaste with a dry matter percentage higher than 40% it has been assessed that direct 

incinerating biomasses and using the heat in cogeneration power plants producing electricity and 

using the surplus heat either as domestic heating (in cold climates) or for producing potable water 

from seawater (distillation, in hot arid coastal areas) will produce more useful energy than 

fermentation of the biomasses for liquid fuels or biogas. Originally incineration of biomass caused 

problems due to the corrosive nature of the combustion gases but these problems have been solved 

and incineration of organic biomasses, primarily straw, is today a well proven technology used in 

hundreds of small power plants.  

 

7.4 Pyrolysis: Biochar, biooils and pyrolysis gases 

Biowaste with a high dry matter content can if dried further be transformed into char, liquid 

hydrocarbons (bio-oils), volatile hydrocarbons (methane, ethane etc.) and carbonoxides. This is 

done heating the biowaste in the absences of oxygen to between 250 and 500 ºC. The process is 

termed pyrolysis. The product composition depends on the process temperature and the biowaste 

composition. At low temperature biochar is the primary product while the primary products at 

higher temperatures are biooils and volatiles (Karaosmanoglu et al, 1999;Kim and Parker, 2007; 

Demirbas et al, 2005). The pyrolysis‟ products have different uses. Biochar can be used for direct 

incineration in power plants for energy production or for domestic heating in rural areas where 

central heating might not be available. A more profitable use though would be as activated carbon 

used primarily to remove remnants of odorous or harmful compounds from waste water or air. The 

bio-oils can after further refining (distillation) be used as traditional diesel or gasoline while the 

volatile hydrocarbons can be used either as syngas in the chemical industry or as fuel for power 

plants or gas turbines. Though pyrolysis thus produce high value products from biowaste the 

process has two main drawbacks: Though net energy producing (useful energy) it is energy 

consuming and it demands a biowaste with high drymatter content. This is probably why the 

process in biowaste connection at the moment is mainly used to produce activated carbon from nut 

shells. Karaosmanoglu et al (1999) has though successfully done pyrolysis on rapeseed straw and 

Kim and Parker (2007) has done pyrolysis on centrifuged and dried sewage sludge in the laboratory 

with good results. A future use for pyrolysis might thus be for treatment of deep bedding (rich in 

straw) and as treatment of residual sludge from biodigesters. 

 

7.5. Fermentative and chemical conversion: Bioethanol and Biodiesel 

An alternative to producing liquid fuels from pyrolysis from biowaste could be to convert some of 

the long chain organic molecules available in the biowaste into liquid fuels. Most animal related 

biowaste contain hemicellulose and cellulose (straw) and long chain fatty acids (fats, tallow etc). 

The celluloses can be degraded to glucose which then can be fermented to ethanol by yeast (i.e. 

saccharomyces cerevisiae) which can be used as a fuel additive to gasoline. Today‟s car engines can 

run on a 5% ethanol- gasoline mixture without any modifications and in modified versions on 85% 

ethanol-gasoline mixtures.  Diesel engines can be modified to run on liquid fats but more useful can 

run without modification on long chain fatty acid methyl or ethyl esters. In order to produce 

biodiesel from animal biowaste though the fat has to isolated from the waste. As the fat content in 

manure is low this process is not economically competitive with either pyrolysis or biogas 

production. As deep bedding contains a high amount of straw production of bioethanol from deep 

bedding though is an option.  
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Damgaard (2006) has in a number of laboratory experiments shown that it is possible to convert 

cellulose from deep bedding into ethanol with an equal yield as to what can be achieved with wheat 

or rapeseed straw. In her experiments Damgaard first milled the deep bedding down to 1 mm 

particles. This finely ground material was then heated with 10% water in a closed container to 200 

ºC for six minutes in order to destroy the lignin structure. During this heating process the 

hemicelluloses might break down to pentoses and furfurals while some of the lignin form aromatic 

acids that can inhibit the yeast during the final fermentation.  The powdery product from the heat 

treatment was then mixed with water to a 10% DM solution and added a mixture of endo- and 

exocellulases and β-glucosidase in order to brake-up the cellulose structure. At temperatures 

between 35 and 50 ºC the cellulases break down the cellulose to cellobiose (Eq. 7.3) while the β-

glucosidase in turn hydrolyse the cellobiose to glucose ( Eq. 7.4): 

   5 10 5 2 5 10 5 12 22 112
 n n

C H O H O C H O C H O  (Eq 7.3) 

12 22 11 2 6 12 62 C H O H O C H O  (Eq 7.4) 

After the cellulose had been hydrolyzed to glucose the solution was flushed with nitrogen and 

baker‟s yeast (saccharomyces cerevisiae) was added. Under anaerobic conditions yeast will produce 

ethanol from glucose at a yield of around 0.51 g ethanol per gram of glucose (Eq. 7.5) the 

remaining fraction of the sugar is used to fuel the metabolism of the microorganism. 

6 12 6 3 2 22 2 C H O CH CH OH CO  (Eq 7.5) 

Though the production of  bioethanol from deep bedding only have been tried out in laboratory 

scale the process procedures are identical to those employed at the Iogen demonstration plant in 

Ottawa, Canada (J. Talan in Kamm et al, 2006), the INBICON demonstration plant near 

Kalundborg (INBICON, 2008), BioEthanol plant in Osaka or the Verenium demonstration plant 

under construction at Jennings, USA (Chementator, 2008). 

In order for the bioethanol to be useful as fuel it has to be separated from the fermentation broth. At 

the moment the broth produced from cellulose fermentation as a maxium contains around 5 % 

ethanol and when using deep bedding only 1% ethanol has been achieved. The liquid fraction in the 

broth contains most of the ethanol and is therefore send to a traditional distillation column where it 

is purified to its azeotropic composition of 96% ethanol in water. The remaining water is then 

removed either by pervaporation or azeotropic distillation to the final bioethanol of over 99,99% 

purity.   

The pentose formed from the hemicellulose cannot be fermented by bakers yeast. As the production 

of ethanol from pentose would increase the ethanol yield with about 20% much effort has been put 

into finding microorganisms that will either ferment pentoses or preferably both pentoses and 

hexoses. At present at least two processes, the MAXIFUEL(Nielsen 2006)), and the Verenium 

demonstation plant (Chementator, 2008) claims to have achieved this, though the commercial break 

through has yet to be proven. At present the DM residue from the fermentation broth and the 

residue from the distillation process contains lignin, pentoses, yeast and if deep bedding is used as a 

feed hydrocarbons and ammonia from the manure. This residue can be concentrated by 

centrifugation and send to an incinerater as done in the Verenium plant or used for pyrolysis. 

Alternatively the residue can be send to a digester for production of biogas or used to feed livestock.  

The main challenges in these technologies are to develop more efficient technologies for opening 

lignocelluloses, efficient use of both hexoses and pentoses for bioethanol production, finding yeast 

or other microorganism strains that can produce a product with a higher ethanol concentration (10-

12 %) reducing the costs in the ethanol purification step and further develop the use of the 

nonfermentable hydrocarbon residue from the process. 
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7.6. Biogas 

The biogas production process is an anaerobic microbial fermentation of organic matter, which by 

microorganism is transformed to methane (CH4) and carbon dioxide (CO2). The organic matter feed 

to the biogas digester is most variable, i.e. animal slurries, crop, crop residues, waste from food and 

feed processing etc. Often animal slurry is used for biogas production but easily degradable waste 

from food processing is added to the slurry to give a sustainable energy production. The addition is 

needed because animal slurry has low organic matter content and much of the organic matter in 

slurry is slowly degradable organic matter. 

 

 

 

 

 

 

 

 

 

 

Figure 7.2. Outline of a very simple biogas plant treating pig slurry. 

Figure 7.2 depicts a biogas plant using slurry from pig production. The slurry is removed from the 

slurry channels (storage) in the animal house, pumped to the reactor (digester) through a heat 

exchanger, which in this design works through mixing a fraction of heated slurry from the reactor. 

Stirring of slurry in the biogas reactor is most important to enhance the process and avoid 

sedimentation. The digester is an insulated tank digester, which is heated with hot water. A 

headspace in the digester collects the produced gas which is transported through tubes to a unit 

composed of desulphurisation unit, gas engine and power-generator. The hot water from electricity 

generation is used to heat the effluent in the digester. The digested slurry is transported and spread 

at cropped fields. 

 

7.6.1. Biogas process 

The microbial activity in the process can be divided into three stages (Fig. 7.3). First the biomass is 

broken down through hydrolyses of the organic components. The products of the hydrolysis is 

alcohols, long chain fatty acids (LCFA), amino acids, and short chain volatile fatty acids (VFA), 

carbohydrate and amino acids. In the acid formation stage these products are then the substrate in 

the production of hydrogen (H2), carbondioxide (CO2) and acetic acid (CH3COOH). In the second 

stage –methanogenesis-  methane is evolved from the volatile fatty acids and H2+CO2 by 

methanogenic bacteria. About 70% of the methane is produced during fermentation of the VFA (Eq. 

7.6) and 30% through the H2+CO2 pathway (Eq. 7.7; Batstone et al. 2002). 

 

3 4 2CH COOH CH CO   (Eq. 7.6) 

2 2 4 22H CO CH H O   (Eq. 7.7) 
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Figure 7.3. The fermentation processes producing methane in a biogas digester. The three stages 

are 1) hydrolysis, 2) Acid formation subdivided in acidogenesis and acetogenesis and 3) 

methanonogenesis (Batstone et al. 2002). 

 

The rate and efficiency of the fermentation process is very temperature dependent. The rate is 

increasing exponentially with temperature (Henze 1990). It is assumed that the fermentation 

producing CH4 is carried out by microorganisms that is adapted to three temperature intervals 

psychrophilic (<20
o
C), mesophilic (20-40

o
C, optimum 35

 o
C) and thermophilic (>40

 o
C, optimum 

ca. 55
 o
C). In each temperature interval the methane production rate (first order) increases 

exponential at increasing temperature increasing to a max value. At temperature higher than max 

the microorganisms decay and the CH4 production declines.  

The volume of biogas produced from pig slurry will vary according to the concentration of easily 

digestible organic components. Digestible organic components may be estimated as volatile solids, 

BOD5 or COD. The production of CH4 will vary in relation to the parameters VS, BOD and COD 

because metabolism of different organic components will give different volume of biogas with 

different concentrations of CH4 and CO2 (Eqs. 7.8 and 7.9; Table 7.2) . 

Symon og Buswell (1933) gave the following two general equations for calculating the maximum 

amount of CH4 and CO2 that can be produced in an anaerobic fermentation process of organic 

material.  
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When knowing the composition of VS in animal manure one can calculate the amount of CH4 that 

theoretical can be produced when digesting the slurry. This theoretical maximum CH4 production is 

termed CH4,potential It is seen that lipids have a high C:O ratio compared to carbohydrates, therefore 

lipid fermentation produce a biogas with a much higher methane concentration than carbohydrate 

fermentation.   

 

Table 7.2. Organic components making up VS in slurry and the specific biogas production yield of 

the slurries (after Møller et al., 2004). 

 VSlipid VSprotein VSD,carbohydrate VSND,carbohydr

ate 

VSlignin VSVFA Bo 

 C57H104O6 C5H7O2N C6H10O5 C6H10O5 C6H10O5 C2H4O2  

 % VS L CH4 kg-1 VS 

Pig fatteners 14 27 27.1 15.4 5.8 8.5 356 (±28, n=7) 

Dairy cows 7.7 16.8 41.5 16.6 13.5 4 148(±41, n=7) 

 

The dry matter contains lignified organic components which are slowly degradable thus a fraction 

of the organic matter may never be transformed to biogas in a biogas digester managed at the 

economically optimum (Tong et al. 1990). Therefore, the specific biogas production yield Bo (l gas 

per kg VS) is determined by anaerobic batch incubation of the biomass. The accumulated gas 

volume production is determined during incubations of the 1:1 biomass and inoculum (Adapted to 

35
o
C) for at least 60 days (Danish Standard 1998). You may also see recommendation for 

continuing the measurement until there is no further gas production for example for 90 days. 

  

7.6.2. Factors affecting the biogas process  

High concentrations of LCFA and VFA will reduce the activity of the microorganisms involved in 

biogas production. LCFA will adsorb on the surface of the microorganism and reduce uptake of 

nutrients (Batstone 2002). VFA are toxic at high concentrations and thereby reduce the activity of 

the micro organisms. In practise the concentration of propionic acid (CH3CH3COOH) is used to 

identify the stability of the process (Angelidaki and Ahring, 1992) 

Ammonium concentrations over about 1500 mg N/litre are not desirable due to the inhibitory nature 

of ammonia to the methanogenic bacteria (Zhang et al. 2000), but from practise it has been shown 

that biogas reactors performs well on pig slurry at higher ammonia concentration than this limit. It 

is the uncharged ammonia (NH3) that inhibits the methanogenesis, which in turn cause an increase 

in VFA. As mentioned above the VFAs are toxic and affects growth of the micro-organisms. 

Problems with ammonia may increase with changes in temperature and pH, because the equilibrium 

between ammonia and ammonium changes towards ammonia at increasing temperatures and pH 

(See section about NH3 emission). 

Hydrogen sulphide (H2S) is also inhibitory to the biogas process. It is the un-dissociated and 

uncharged component that can affect the micro-organisms growth and activity. Therefore, as for 

ammonia the inhibition of H2S is affected by pH and temperature of the residue being treated. 

There are upper and lower limits for optimal pH conditions for the biogas production. This is partly 

due to the effect of hydrogen sulphide and ammonia and to combinations of effect of environmental 

conditions on growth and activity of micro-organisms. Thus at pH between 6 and 8 are optimal for 

the biogas production (Ahring et al. 2000). 
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The concentration of hydrogen (H2) will also affect the degradation of acids (Eq. 7.10). Thus at 

H2 concentrations higher than 10
-3

-10
-5 

atmosphere in the slurry the oxidation of the acids with more 

than 3 C atoms to acetic acid will be very slow. 

- - + -

3 2 2 3 2 3CH CH COO + 3H O CH COO + 3H + H + HCO  (Eq. 7.10) 

 

The feeding procedure of effluent to the digester is important, if an excess of degradable nutrients is 

feed into the digester, the hydrolysis and acid formation processes will produce more products than 

the second step can utilise and substrate will be over-acidified. The effect of this will be an excess 

of organic acids in the substrate. Thus when starting the fermentation process, there should be no 

steep increase in the VFA concentration and in general the concentration of organic acids should be 

low. Variation in temperature will have a similar effect.  

A high content of antibiotics or trace metals in the effluent will stop the process.  

 

7.6.3. Biogas digesters 

There are many designs for digesters used in biogas production. Below is given a description of 

some of the most used designs. 

Covered slurry stores or lagoons are a low-cost biogas digester with a simple design. They consist 

of a cheap cover over the slurry store, which is not heated and very often not mixed. It is 

recommended that the slurry has been separated in a simple separators before the effluent are feed 

to the digester (Burton 1997). These systems run at a low temperature which will be at about 30
o
C 

in the tropics.  

Continuous Stirred tank reactors (CSTR) are a more complex and expensive digester to construct, 

in these digesters the feeding of effluent and temperature are controlled within a narrow range. The 

effluent is mixed for the purpose of keeping a homogeneous temperature in the substrate and avoid 

stratification of degradable carbon. The retention time in a mesophilic digester (Ca. 37
o
C) is about 

20-25 days. In a thermophilic reactor the effluent has to be heated to a temperature at about 50-

55
o
C. The process is fast and retention time of the effluent short, i.e. about 10-15 days. Pig slurry 

has a high content of ammonium and increasing the temperature will transfer ammonium to 

ammonia which is lethal to the process, therefore, this process may not be the most efficient for 

biogas production on pig farms.  

Anaerobic sequence batch reactor is a widely used digester. The reactor operates in a cyclic batch 

mode with four distinct phases per cycles. The four phases are feed, react, settle and decant. During 

the feed and reaction phases the effluent are mixed to ensure a good biomass-substrate contact. In 

this system the solids has a longer retention time than the liquid phase. The solid fraction is less 

digestible than the dissolved organic, thus the feeding technique ensures a high degree of digestion 

of the solid and the liquid phase without demanding a high reactor volume.  

Reactor with immobilized microorganisms are e.g. anaerobic filter, fixed film reactor and fluidized 

bed reactor all use inert media packed or fixed in the reactor as growth attachment of bacterial cells. 

These reactors facilitate short retention time and small reactor volume. The materials for making the 

filter or film are additional cost and are susceptible to clogging problems associated with the 

suspended solids in the wastewater, and are therefore not very suitable for anaerobic treatment of 

pig effluent. The reactors are described in the following article (Hill and Bolte, 1988). 

Upflow anaerobic sludge blanket reactor (UASB) is a very efficient digester for fermenting waste 

with no or little suspended solids. The reactor contains no packing medium, instead, the methane 

forming micro organisms are concentrated on a dense blanket of particles which covers the lower 

part of the reactor. The effluent is pumped into the bottom of the reactor and biogas is produced, 
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while liquid flows up through the sludge blanket. The treated effluent is pumped out from the top 

of the reactor. The reactor facilitates a short hydraulic retention time and thus the reactor volume 

can be small in relation to the volume of effluent treated. But the continuous one directional up flow 

of effluent may potential cause problems with solids build-up and handling in the reactor when 

treating effluents containing large amounts of suspended solids, such as animals effluent. 

Furthermore the UASB technology is very sensitive to variations in the chemical and physical 

composition of the slurry and also changes in temperature. Thus, the technique has great demands 

to the people operating the process. For these reasons and because the USB digester is costly, this 

digester cannot be recommended for biogas production on a farm. 

 

7.6.4. Dimensioning digesters and biogas production rate 

The optimal dimensions of the digesters has to be modelled to ensure an economical and energy 

sustainable biogas production. The digesters has to be dimensioned and designed in relation to the 

biowaste or organic residues avail to feed the digesters, the units using the biogas for energy 

production, climate, competence of the technicians managing the digester etc.  

Most important for construction cost is assessment of the correct retention time of the slurry 

(Definition see table ), because the volume of the biogas reactor is related to retention time. 

Retention time is related to temperature i.e. heating mixing, control systems etc.  

The biogas productivity as a function of temperature can be calculated from the equation below 

which is a modified Contois model (after Chen og Hashimoto (1978) 

0 0 1
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 and 20
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C< T < 60

o
C. 

(Eq. 7.11)  

The variables and parameters are described in table 7.3.  

From knowing the amount of residues available and the specific gas yield one may size and design 

the reactor, which also include deciding the temperature at which the process shall run.  

Heat losses from the digester and heating system can be estimated from first order approximation 

as: 
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(Eq. 7.13) 

kt is the overall heat transfer coefficient (W/grad/m), ks is the heat transfer coefficient for the 

insulation and kb is the heat transfer coefficient of the digester wall. Td and Ta is the temperature 

inside the digester and the ambience respectively. 

Given a digester temperature of 30 °C and a dimensioning ambient temperature in the soil of 0 °C, 

and declared heat transfer coefficient for the building materials: Bricks and compacted straw. The 

heat loss for the digester can be estimated to be less than 100W for a straw insulation thickness of 

200 mm. 
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Table 7.3. Definintion of retention times, parameters and variables used to assess biogas 

production yield.  

HRT 

or θ 

Hydraulic retention time The time (Days) the effluent in 

average is treated in the biogas 

digester 
V

HRT
Q

  

V (m3) is volume of the digester, and Q 

(m3 day-1) the effluent flow to the 

digester 

SRT Solid retention time The time (Days) effluent solids 

are retained in the digester, 

ds

w w

V C
SRT

Q C





, 

Cd  and Cw (Kg m-1) is the solid 

concentration in the digester and in the 

effluent pumped into the digester, 

respectively.  

γ Is the specific gas yield  Nm3 CH4/m
3 effluent added to the 

reactor/day 

B0 is the ultimate or specific 

methane yield, measured 

with batch fermentation at 

more than 60days and at 

35oC. 

 Nm3 CH4/kg VS 

µ maximal specific growth rate 

of the micro organisms,  µm a 

function of temperature and 

residues feed to the reactor  

µm = 0.013.T – 0.129  (T, is 

the temperature °C) 

days-1 

K is a kinetic parameter 

depending of the rate of feed, 

feed composition and 

bacterial consortium, 

K=0.6+0.0206e(0.051*S
0

) 

 

No dimension 

S0 Concentration of organic 

components in feed to the 

reactor  

 kgVS/m3 feed 

Nm3 The volume CH4 produced, 

calculated at 0oC (273oK)  

Normal cubic meter of CH4 m3 
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8. Land application and utilisation in agriculture 

8.1. Fundamental relations between mineral nutrition and yield response of crops 

Application of readily available plant nutrients causes a direct effect on plant growth by increasing 

the nutrient uptake by the plants. This leads to enhanced assimilation of carbon dioxide resulting in 

a more rapid plant growth. The application of nutrients affects both the size and the chemical 

composition of the plant. In other words, the use of fertilizers or manures has consequences for both 

the quality and quantity of the harvested plant material. 

There are also several indirect effects on various soil properties due to application of plant 

nutrients. Fertilizers and manure modify physical parameters (e.g. structure and porosity due to 

influences on organic matter level and decomposition), chemical parameters (e.g. pH, salinity and 

content of toxic elements) and biological parameters (e.g. composition and activity of the soil 

microflora and microfauna). Also several plant parameters are modified like, e.g., drought 

resistance and resistance towards plant diseases and pests. Among these parameters there may be a 

lot of positive or negative interactions. Furthermore, the effects of applied plant nutrients depend on 

climatic conditions, also often interacting with the physical, chemical and biological properties.  

If some of the applied plant nutrients are lost from the fertilized area due to volatilization, leaching 

or erosion, the effects of applied plant nutrients are also modified. The same is the case if nutrients 

are fixed in the soil due to chemical reactions with soil constituents or between some of the applied 

elements. Fixation of plant available nutrients will necessitate application of larger quantities of 

nutrients than are removed in harvested products.  

Exact prediction of plant growth and yield at a given level of applied nutrients is one of the ultimate 

goals in plant production in order to increase resource efficiency and minimise negative 

environmental impacts. However, this is a very difficult task as is evident from the wide array of 

parameters affected by nutrient application and the complex interactions between these parameters. 

 

8.1.1. Relationship between nutrient application and nutrient uptake by plants 

The amount of a nutrient absorbed by a crop can be estimated by harvesting a number of plots at an 

experimental site. The plant material is dried, weighed and ground and subsequently analysed for 

it‟s concentration of the given nutrient. The results obtained are used to estimate the mean dry 

matter yield (Y; t DM ha
-1

), the mean concentration (X) of the nutrient in the dry matter (e.g. kg 

nutrient t
-1

 DM) and their standard deviations. The amount (Q) of the nutrient contained within the 

crop (kg nutrient ha
-1

) is calculated by the equation:  

 Q =  XY   

The response of nutrient accumulation (Q) to increasing nutrient application (g) can be expressed 

as:  

 
dg

dY
X + 

dg

dX
 Y= 

dg

d(XY)
 = 

dg

dQ  

Equations 8.1 and 8.2 show that Q is a function of both the amount of dry matter produced and the 

nutrient concentration within the plant dry matter. 

The relationship between the applied amount of the nutrient under consideration and the quantity of 

that nutrient taken up is shown schematically in Fig. 8.1. The Figure shows that the coefficient of 

uptake (dQ/dg) is decreasing with increasing g. However, in a broad interval nutrient uptake is 

directly proportional to nutrient application (linear part of the curve in Fig. 8.1), implying that 

dQ/dg is constant (constant slope). In this interval, Q is given as: 

 Q =  + g  
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where  is a factor describing the amount of nutrient absorbed from other sources than the 

applied fertilizer,  is the so-called uptake coefficient and g is the amount of applied nutrient. 

 

 

Figure 8.1 Quantity, Q, of nutrient 

accumulated in a crop in relation to 

the applied amount, g, of the 

nutrient, g.  

 

The size of the uptake coefficient for various plant nutrients depends on the following conditions: 

- The amount of nutrient applied. Application of either a small or a large amount of a given 

nutrient would in both cases lead to a low uptake coefficient; however in the former case the 

uptake coefficient would increase with the level of nutrient application, while in the latter it 

would decrease.  

- The composition and physico-chemical properties of the applied fertilizer. The amount of 

phosphorous taken up from water soluble phosphorous compounds applied to neutral soils is, at 

least during the first year after the application, larger than that recovered from water in-soluble 

P forms. For water in-soluble P compounds, the uptake coefficient is larger for powdered 

fertilizers compared to granulated. 

- Application time. If PK fertilizers are applied in the autumn, conversion of some of the P to 

slowly-available compounds in the soil may, together with leaching of K, result in low uptake 

coefficients of the two nutrients in spring sown crops.  

- Method of application. Inadequate application techniques may cause an uneven distribution of 

the applied nutrients, reducing uptake coefficients by increasing nutrient leaching or crop 

lodging. Placement of nutrients at a given distance from the seed may result in higher P and K 

uptake coefficients than broad-spreading.  

- Soil type and soil pH. E.g. manganese uptake by plants are higher under low pH conditions 

compared to high pH conditions. 

- Plant species. An extensive root system (high root density) and/or a long growing season result 

in a relatively high P use-efficiency. 

- Plant growth stage. The uptake coefficient increases during the first part of the growing period. 

Maximum uptake often occurs well before maturity followed by a declining uptake coefficient 

during generative growth stages. Losses of previously absorbed nutrients may be caused by leaf 

drop, leaching from the leaves or emission of gaseous ammonia directly from the plant leaves. 

Furthermore perennial plant species are able to re-direct nutrients from the shoot to below 

ground tissues where they are stored, leading to an apparent loss from the shoot. 

- Interaction between nutrients. The uptake of, e.g., P and K by plants depend on their nitrogen 

status. Accordingly, the uptake coefficients of applied P and K depend on the rate of N 

application and mineralization. 

Q 

g 
g m 

Q m 

g 0 

} 
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In conclusion, the uptake coefficient of applied plant nutrients depends on all the factors involved 

in modifying their soil availability, their uptake by the plants, and the response of the plants to 

increased nutrient uptake. A general guideline for the magnitude of uptake coefficients in 

agricultural crops is: 0.6-0.7 for nitrogen, 0.7-0.8 for potassium, 0.1-0.2 for phosphorous and 0.001-

0.005 for the micro-nutrients. In horticultural crops, uptake coefficients are generally somewhat 

lower due to application of larger quantities of nutrients and a lower capacity for nutrient uptake (a 

shorter and more shallow root system). 

 

8.1.2. Crop yield in relation to nutrient application  

In order to develop a sustainable fertilizer application strategy it is essential to be able to quantify 

the relation between biomass production and nutrient application. The theoretical basis for a such 

quantification is:  

- Justus von Liebig’s ‘law of the minimum’. The scientist Liebig suggested in 1840 that an 

improvement of growth conditions by alteration of one growth factor will be without effect if 

another growth factor is limiting. In other words, crop yield is controlled by the nutrient which 

is available in the relatively smallest amount. The law of the minimum further states that crop 

yields increase proportionally with the supply of the yield limiting growth factor until another 

factor becomes limiting. 

- Mitscherlich’s relationship of diminishing returns. The highest yield increment result from the 

first unit of the applied limiting growth factor and the yield increments become smaller and 

smaller with successive applications (diminishing response curve).  

The consequences of Liebig‟s „law of the minimum‟ is shown in Figure 8.2, where the dotted line 

indicates the potential yield under the given climatic conditions. While the intensity of growth 

factor A in Fig. 5.4 is adequate, growth factors B and G have a higher intensity than necessary and 

C, D, E and F are below the level required for optimum yield. The most deficient growth factor is C 

and according to the „law of the minimum‟ this factor is then controlling plant growth. Accordingly, 

alleviating the deficient growth factors D, E and F would still not result in a yield increase, only 

increased levels of factor C would have an effect. In other words, C is the minimum factor.  

 

 

 

 

 

 

 

Figure 8.2 Illustration of Liebigs Law of Minimum in relation to 

the intensity of different plant nutrients (growth factors). 

A fundamental problem in Liebig‟s law of the minimum is that it is only strictly valid at extreme 

deficiencies of a specific nutrient. In practice, a positive yield response is frequently obtained even 

when a growth factor other than the most deficient one is alleviated. As an example, Figure 5.9 

shows that both nitrogen and potassium applications improved the growth of barley in water culture 
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when the nitrogen supply was low. Anyhow, the largest yield increments will always be obtained 

by alleviation of the minimum factor and it is still very important in crop production to know which 

growth factor is limiting in a given scenario of growth conditions. The predictions by the law of the 

minimum also seem to hold true in many nitrogen fertilizer experiments, where there is a straight 

linear response between yield and nitrogen application until a certain threshold value is reached 

above which no further response occurs. Such a response curve consisting of straight lines only 

appears when yield data are analyzed and plotted individually for each experimental site without 

being averaged over sites. These reasons for this are further discussed in the following sections. 

 

 

Figure 8.3 Convex response curve showing diminishing 

yield increments following increasing applications of a 

single nutrient. 

 

Mitscherlich studied this relationship in numerous pot and field experiments and concluded that the 

yield increase brought about by a „unit growth factor‟ was proportional to the quantity of yield still 

required to attain maximum yield level (Figure 8.3). The relation between yield and rate of nutrient 

application thereby becomes convex with the maximum yield being approached asymptotically.  

 

8.1.3. Yield response curves 

The relationship between yield (Y) and rate of nutrient application (g) has been an issue of 

discussion for many years. The debate reflects the fact that recommendations of economically 

optimum fertilizer rates are derived from yield response curves and that using one type of response 

curve instead of another can result in widely different recommendations. Is the relationship 

sigmoidal, convex or even a straight line (Figure 8.4)? Observations of all such curve types have 

been made in both field and glass-house experiments. 

The extra yield obtained by nutrient application, can be calculated as y = Y - Yo, where Y is the yield 

obtained by application of a certain amount of the nutrient in question and Y0 the yield sustained by 

the amount of the nutrient originating from other sources (primarily soil, but also by atmospheric 

deposition). Other nutrients are assumed to be present in an amount not limiting growth.  
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Figure 8.4 Different forms of yield response curves achieved by increasing the application of a 

single nutrient (a) Sigmoidal, (b) convex or (c) straight lines. 

The response curve describing an ascending linear yield response to increasing nutrient application 

until a certain threshold value above which no further response occurs (Figure 8.4 (c)) seems to be 

very different from the graphs shown in Figs 8.4 (a) and (b). However, based on results from a lot 

of different field experiments including different nutrients and crops it has been demonstrated that 

yield increments on a single field basis often were much better described by two straight lines than 

by curves. However, when averaging over many field sites a convex curve shape appeared. The 

reason for this is that the slope of the ascending straight line differs between sites as does the 

optimum nutrient application rate (interception between ascending line and horizontal line). 

Differential yield responses at different sites are due to the fact that the combination of other growth 

factors varies from site to site. Subsequent averaging of such variations will inevitable result in a 

convex response curve.  

Figure 8.5 shows typical yield curves for macro- and micro-nutrients expressed in equivalent units 

of application. The quantities of macro-nutrients absorbed by crops is much greater than that of 

micro-nutrients resulting in a relatively slower decreasing yield response of the former compared to 

the latter. The yield response (dy/dg) of micro-nutrients therefore reaches zero or even attains 

negative values at relative low application rates where the crop still responds to application of 

macro-nutrients.  

 

 

 

Figure 8.5 Yield response curves based upon 

increased application of nitrogen, potassium 

and micro-nutrients. 

 

Yield depression due to application of excessive amounts of nutrients can have several reasons. 

Direct phytotoxicity is normally only seen for some micro-nutrients. Enhanced tissue N status 

following high N dressings may result in altered biosynthesis of phytohormones leading to lodging 

and delayed generative growth. Plants with a high tissue N status are also much more susceptible to 

attacks by leaf pathogens and pests. In the case of K, excess supply can depress the uptake of other 

cations, in particular Mg, thereby reducing yields by causing Mg deficiency. Application of high 

rates of water soluble mineral fertilizer immediately before or at the time of sowing may result in 

high concentrations of ions in the soil solution thereby damaging seed germination.  
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8.1.4. Maximum Economic Yield 

Maximum economic yield is somewhat lower than the maximum yield and is the point at which the 

last increment of an input pays for itself (goptimum, dotted tangent lines in Fig. 5.6). Maximum 

economic yields vary among soils, cropping + manuring history and management levels. To 

maximize profits higher yields are essential; however, achieving the highest yield will not result in 

the greatest return per unit of investment. 

 

 

Figure 5.8 Diagram representing 

fertilizer economics associated with 

average management and improved 

management. The fertilizer rate for 

maximum yield occurs where the 

slope of the response curve is equal 

to 0 or is parallel with the x-axis. The 

fertilizer rate for maximum profit 

occurs where the slope of the 

response curve is parallel to the 

fertilizer cost line. (Havlin et al., 

2005). 

 

 

In principle, as nutrient rate increases, the return per input spent decreases as a result of reduced 

response for each successive incremental input (law of diminishing returns). However, as discussed 

in the previous section, the yield response curve may have many different shapes. 

Practices that increase yield per unit of land lower the cost of producing a unit of crop, since it costs 

just as much to prepare the land, plant, and cultivate a low-yielding crop as it does a high-yielding 

crop. Yield improving inputs raise total production costs per ha, but decreases costs per yield unit 

and increases net profit. Land, buildings, machinery, labor, and seed will be essentially the same, 

whether production is high or low. These fixed costs occur regardless of yield level. Variable costs 

are those that vary with yield and include fertilizers, pesticides, harvesting, handling, and so on. 

Key factors in obtaining the most efficient use of inputs are weather and the management skill of 

the farmer.  

With superior management, higher nutrient rates are generally economically profitable (Figure 8.5). 

As a grower aims for increased yields, much of the initial increase will come from improved 

management practices, not just additional nutrients. Many of these practices include: 

- Timeliness. Timeliness is important in planting, tillage, nutrient application timing, equipment 

adjustment, pest control, observations, and harvesting. 

- Date of planting. Delaying crop planting beyond the optimum date reduces yield.. 

- Pest control. Identifying pest problems early will allow application of effective controls. 
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- Variety selection. Large differences in productivity, disease resistance, quality, and 

responsiveness to inputs exist among varieties and hybrids. Proper variety or hybrid selection 

can substantially affect yield and profitability.  

- Plant population and spacing. Planting the appropriate population for the productive capacity of 

the crop, soil, and environment is critical, e.g. row spacing may be critical to the yield.  

- Rotation. Rotating crops is a valuable practice that can increase crop yields and profit. Rotation 

may not only reduce weed, disease, and insect problems but also improve soil structure.  

- Tillage. Reduced tillage in many environments increases water availability and yield 

 

8.2. Nitrogen fertilization and crop N use efficiency 

The major purpose of N fertilization is to increase plant dry matter production and, hence, the yield 

of the harvested parts of the crop. Secondary purposes can be improvements in crop quality, e.g. 

enhancement of protein content, or to ensure stability of yields. Nitrogen is in most cases without 

doubt the plant nutrient which has the largest influence on crop dry matter production. Therefore, a 

vast amount of research effort has been spent on developing optimum strategies for N fertilizer use 

for various crops, climates and soil types over the last several decades.  

Except for cropping systems with a significant proportion of dinitrogen fixing crops, most 

productive cropping systems rely heavily on external nitrogen (N) inputs from inorganic or organic 

fertilizers. These N inputs represent resources which should be utilized efficiently, both from an 

economical and an environmental viewpoint. 

In the current century an enormous increase in agricultural productivity has occurred, especially 

after the Second World War. The major reason is the expanded use of energy which especially 

relates to the increased application of fertilizers. The manufacture of nitrogen fertilizers requires an 

extensive use of energy, about 80 MJ kg
-1

, where phosphorous (P) and potassium (K) fertilisers 

only requires about 14 and 9 MJ kg
-1

 respectively.  

 

8.2.1. Sources of plant N uptake 

Plants take up N from the soil mineral pool in the form of either ammonium or nitrate. The sources 

of crop N uptake can thus be (see Figure 8.9): 

- mineralization of soil organic N, including both more recently added organic N and 

immobilized residual fertilizer N from previous fertilizer applications 

- N deposited from the atmosphere either as dry or wet deposition. 

- fertilizer N and other direct sources of inorganic N, e.g. animal manure applied to the present 

crop 

 

 

Figure 8.9 The principal 

components of the N cycle in 

the soil-plant-atmosphere 

system 
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The balance between these sources depends on the soil type (soils high in organic matter having 

higher N mineralization potential), crop type (differences in fertilizer N application rates), farm type 

(with or without livestock, intensity of manure application) and location (arable land in 

industrialised areas receiving much higher inputs of N through atmospheric deposition than in more 

remote areas). Usually the two former sources are treated in common and termed non-fertilizer 

input.  

Net nitrogen mineralization (the difference between gross-mineralization and -immobilization) 

varies largely depending on total soil organic matter content, recent applications of organic N, soil 

structure, climate and tillage, but for agricultural soils in temperate climate, net nitrogen 

mineralization rates in the growing season usually varies between less than 0.1 kg N ha
-1

 day
-1

 and 

up to 1 or even 2 kg N ha
-1

 day
-1

, especially in organic soils or perennial pastures that have been 

plowed under (Jarvis et al., 1996) This means that soil N supply for a crop can be quite substantial, 

providing that the soil is rich in labile organic N.  

After certain crops, especially vegetables, with a high N fertilizer N input, a relative shallow or 

sparse root system and eventually a short growing season, substantial amounts of residual fertilizer 

N from the previous crop may also be available for uptake of the following crop (Thorup-

Kristensen, 1994). However, in a humid climate, the risk of losses are substantial due especially to 

leaching.  

 

8.2.2. Crop nitrogen uptake efficiency  

As described in the previous section, sources of plant N uptake may be multiple and to some extent 

not influenced by management at the local or field scale. With the increased use of fertilizer N in 

crop production in most developed and some developing countries (see Figure 8.9), the efficiency 

with which this fertilizer N is used by the crop for dry matter production, is of major concern both 

from an economic and an environmental viewpoint.  

N use efficiency may be defined either as agronomic efficiency i.e. the amount of harvestable 

product (e.g. grain) gained per kg of fertilizer N applied, or as fertilizer N uptake efficiency, i.e. the 

amount of N absorbed (most often only N in aboveground plant parts) per kg fertilizer N applied.  

Table 8.1 also lists a range of factors which influence the N uptake efficiency of arable crops. Some 

of these affect crop uptake efficiency for both soil and fertilizer derived N, whereas some are 

related only to fertilizer N, and thus directly influenced by management strategies. 
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Table 8.1 Factors that affect crop N uptake efficiency modified from Stevenson, 1982) 

Factor Related variables 

Availability of soil organic N and 

of inorganic N in the root zone 

Soil aeration and temperature; amount and type of 

organic N in root zone; previous crop, wastes and 

residues; leaching and/or denitrification; previous N 

fertilization 

Rate of accumulation of N by 

plants 

Weather; soil and management factors; genetics 

Rooting depth and density Genetics; weather; soil properties; fertilizer placement 

Final yield of N in crop Genetics; weather; management, including crop 

protection; availability of other nutrients 

Fertilizer formulation and timing Type and timing of application; slow-release or inhibitor 

characteristics 

Availability of fertilizer N:  

 Immobilization NH4
+
-fixing clay minerals, C:N-ratio of crop residues 

 NH3-volatilization Inadequate application of anhydrous NH3, (NH4)2SO4, 

urea or UAN-solutions (surface application/dry soil/too 

high rate) 

 Denitrification Soil aeration; temperature; pH; availability of organic C, 

presence of NO3
-
 

 Leaching of NO3
-
 Soil water balance; plant uptake 

 Competition Weeds; immobilization 

 Application in the autumn Winter excess precipitation; crop type; rooting depth 

 

Figure 8.10 illustrates a typical set of experimental data on N uptake efficiency of spring barley 

(Nielsen et al., 1988). In this case the experiments have been conducted with the use of isotopically 

labelled fertilizer nitrogen, so data can be calculated both using the difference method and from the 

isotopic labelling. However, as can be seen from the three top figures, no great change occurs in the 

contribution of soil N to the N uptake with increasing fertilization rate, so in this case the 

assumption of the difference method would have been valid.  

The preceding crop in 1981 was white clover and, hence, the contribution of soil N to crop N uptake 

declined dramatically over the three year experimental period, from 107 kg N ha
-1

 in the first year to 

40 kg N ha
-1

 in the third year. N uptake efficiencies (bottom figure in Figure 6-11) varied between 

43% and 67%, and showed a slightly decreasing trend with increasing N fertilization rate.  

These N uptake efficiencies are typical for cereals grown in the temperate region; e.g. Smith et al. 

(1988) found N uptake efficiencies for winter barley in a number of experiments in great Britain to 

vary between 56% and as high as 80%, and Pilbeam (1996) found N uptake efficiencies for winter 

wheat in a number of experiments in humid temperate climates to vary between 47% and 63% at N 

application rates between 20 and 240 kg N ha
-1

. Similar values between 51% and 68% for winter 

wheat at N application rates between 48 and 192 kg N ha
-1

 were found by Powlson et al. (1986b) in 

the long-term continuous Broadbalk Wheat Experiment in Great Britain.  
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Figure 8.10 Spring barley N uptake derived from fertilizer N and soil N, respectively, and fertilizer 

N uptake efficiency as affected by fertilizer N application rate in three consecutive years (same site 

all years). From Nielsen et al. (1988). 

 

For other types of crops, N uptake efficiencies may be both higher or lower. Sugar beets, as an 

example, have a long growing season and are known to be capable of very large N uptake, and 

hence Dilz (1988) compiled results from a large number of experiments yielding an average N 

uptake efficiency of 77%. Potatoes on the other hand, have much less capacity for uptake of N, in 

spite of a usually long growing season and Dilz (1988) cites results ranging from 20% to 70%, with 

an average of 51%, somewhat below that usually found for winter wheat or sugar beet. Similarly, 

oilseed rape usually has N uptake efficiencies not exceeding 50% (Schjoerring et al., 1995; Jensen 

et al., 1997). Perennial crops, as for example pastures, usually show relatively high N uptake 

efficiencies, due to the more extensive root development and long growing seasons. N uptake 

efficiencies for a large number of grassland experiments were found to be on average 67% (Dilz, 

1988). Even higher efficiencies, ranging from 67% to 94%, were found by Stevens (1988), for 

ryegrass. 

 

8.3. Crop utilization of applied manures 

8.3.1. Turnover of added organic matter and effect on nutrient availability  

The primary source of soil organic matter is plant residues and other added organic materials. For 

those plant nutrients which are to any extent bound in soil organic matter, biological assimilation 

and mineralization by soil microorganisms play a major role in regulating their concentration in the 

soil solution. The addition of any sort of organic material, whether plant root exudates, dead roots, 

plant litter or animal and human waste materials, may therefore significant alter the turnover of 
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these nutrient in soil, and hence their availability for plant uptake and risk of losses to the 

environment (see Figure 8.11).  

This is clearly the case for nitrogen, but also for sulphur, and to some extent for phosphorous, 

whereas for potassium biological activity does not have any direct effect. Indirect effects could be 

that the increased biological activity brought about by the addition of the organic material may 

affect other parameters influencing the availability of the nutrient, e.g. by altering the redox-

potential, pH, aeration or amounts of organic chelates (e.g. affecting micronutrient solubility) in the 

soil solution. 

 

 

Figure 8.11 Turnover of 

organically bound N in soil is 

affected by inputs of organic 

matter, decay and competition 

between plant and microbial 

uptake as well as water 

percolation. 

 

The dominant processes in the nitrogen turnover through the soil-plant-atmosphere system are 

illustrated in Figure 8.9 in the preceding section. The soil organic matter acts as a huge source and 

sink for nutrients via mineralization and immobilization by the soil microbial biomass, which itself 

only constitutes a few percent of the total C and N in soil. Once the substrate has become 

solubilized (i.e. by the action of extracellular enzymes) it may enter into the decomposer system. 

Depending on the properties of the material and the soil conditions, it may directly give rise to 

either net immobilization or mineralization. When the microorganisms proliferate, this will sooner 

or later activate their predators, and following predation a release of some microbially bound 

nutrients will occur. The nitrogen thus released from the microbial biomass in the form of 

ammonium may be nitrified, utilized for plant growth, lost by leaching, or lost in gaseous form due 

to denitrification or volatilisation, as described in more detail in the chapter on nitrogen. 

It is important to understand that the two opposing processes in soil, mineralization of organically 

bound nutrients to inorganic forms, and immobilization of inorganic to organic forms through 

assimilation by microorganisms, take place concurrently and continuously, that is, also when no 

fresh inputs of organic matter to the soil has occurred. However, the rates of these two processes are 

usually affected quite differently by the input of organic matter to soil and hence the result of 

mineralization-immobilization turnover, the net difference between the two processes, may affect 

the soil nutrient status dramatically. 

 

8.3.2. Animal manures as fertilizers 

The turnover of fodder in the livestock provides energy and building-bricks for growth and 

maintenance of the animals and results in the production of meat, milk and other goods, but also 

leads to the production of faeces and urine. Thus, animal manures are initially produced in the form 

of urine and dung, and may be stored as such. Faeces is a mixture of undigested feed and microbes 

and microbial residues from the digestive system. For each animal type, the balance between the 
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microbial fraction (including microbial residues) and undigested feed is to a large extent a 

function of the digestibility of the feed, and this in turn has considerable implications for the 

manurial value of the faeces. This is illustrated in Figure 8.12, where the relationships between 

some important quality characteristics and properties of animal feed and manure are outlined. 

 

Figure 8.12 Schematic 

illustration of the 

interrelationship between 

fodder quality (Q1), its 

turnover in the livestock and 

the resulting urine and faeces 

quality (Q2), its turnover 

during storage and the 

resulting manure quality (Q3) 

and finally its effect on 

fertilizing value (Q4) of the 

manure.  

 

 

As an example it has been found that with increasing feed digestibility (mainly ruminants) the 

organic N content of the produced manure increased and this in turn correlated significantly with 

the proportion of organic N being mineralized both over a 26 day anaerobic storage period as slurry 

and when added to soil, showing a faster net N mineralization with immobilization occurring to a 

lesser degree (Kyvsgaard Kristensen, 1996). 

An effective use of nutrients in manures requires minimal losses to the environment. 

Synchronisation between the availability of the nutrients and the nutrient demand by the crop 

(Figure 8.13) not only reduces the risks of nutrient loss, but also that of luxury uptake, that may 

have adverse effects on the crop, e.g. increased susceptibility to pests, lodging of the standing crop, 

decreases in nutritional value and, decrease in quality in general. The ideal situation of 

synchronisation between nutrient availability and plant uptake, will probably never be achieved 

under field conditions, but it is sometimes approximated, by a split application of fertilizer (Fig 

8.13, center). Furthermore, the organic N in manures may be considered as a kind of 'slow release' 

fertilizer, which may aid in providing more complete synchronism (Fig 8.13, right).  
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Figure 8.13 The concept of synchronism in nutrient supply and demand. Bars symbolise the 

nutrient supply (e.g. fertilizer input or mineralization) and lines symbolise the nutrient demand by 

the crop. 

The differences in the biological availability of C and N in various manures are outlined in Figure 

8.14. Whereas both C and N in slurry is mostly available, the opposite is the case in compost, since 

it has already been metabolised by a diverse foodweb. Farmyard manure (FYM) is intermediary. 

The N in urine is almost only found in inorganic form, after storage for a few weeks, and can be 

considered to be as available as inorganic fertilizer N. 

 

 

Figure 8.14 Conceptualisation of C and N 

fractions (relative to total C or N excreted from 

the animal) of various manure types, after an 

ideal storage and processing (minimised losses) 

in a urine tank, slurry tank, farmyard manure 

(FYM) heap or after composting. 

 

If the manure is not fully metabolised prior to the application to the soil, the organic N will be avai-

lable, with a biological half-life of ca. 2 years (ca 30% of remaining organic N being mineralized 

each year). Immediately as the manure is applied to the soil, the microbial decomposition of the 

manure is continued in the special soil environment. If at all present, urea will be hydrolysed 

quickly to ammonia by the extracellular urea enzyme that is ever-present in the dead organic matter. 

Ammonia is highly soluble in water and is to a high degree retained when the manure is 

incorporated into a moist soil. Depending on soil pH, ammonia will mostly exist as ammonium 

(pKa 9.3) and may then take part in many reactions of which the most important are: a) uptake into 

growing plants, b) uptake into active metabolising bacteria or fungi (termed immobilization), c) 

oxidation by chemo-autotrophic bacteria (nitrification) to provide energy for cellular processes 

(NH4
+
  NO2

-
, Nitrosomonas; NO2

-
  NO3

-
, Nitrobacter), d) fixation into soil minerals (minimal 

in non-clayey soils), or e) incorporation into 'de novo' synthesised molecules by autopolymerization 

(extent unknown). Each of these processes may affect a considerable amount of the added N, 

depending on the actual conditions in the soil, when the manure is added.  
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8.3.3. Initial N mineralization-immobilization turnover  

Nearly irrespective of the C-to-Norg ratio of fresh or stored manures, net immobilization of soil 

inorganic N occurs temporarily after the incorporation of the manure into the soil (Kirchmann and 

Lundvall, 1993; Paul and Beauchamp, 1994) and reaches a maximum within ca. 1 week (Sørensen 

and Jensen, 1995). This net immobilization conceals the fact that both gross mineralization and 

gross immobilization rates increase drastically due to the manure incorporation, and that gross 

immobilization only exceeds gross mineralization for a relatively short period. The degree and 

duration of the immobilization varies with the amount of easily degradable substances, but is 

typically in the order of 20-30% of the initial manure ammonium content.  

(a) (b)

y = 0.058x - 16.68

R
2
 = 0.97

0

50

100

150

200

0 1000 2000 3000 4000

VFA (µg g
-1

 soil)

Im
m

o
b

il
iz

e
d

 N
 (

µ
g

 g
-1

 s
o

il
)

0

100

200

300

400

500

600

700

800

0 5 10 15 20 25 30

Time (days)

T
o

ta
l 

in
o

rg
a

n
ic

 N
 (

µ
g

 N
 g

-1
 s

o
il

)

Anaerobic pig slurry
Anaerobically digested pig slurry
Fresh pig slurry
Anaerobic cattle slurry
Soil (no amendment)

70

 

Fig 8.15 Relationsship between N immobilization and initial volatile fatty acid (VFA) content of 

the manure. (a) Time course of soil inorganic N contents (NH4-N + NO3-N) after application of 

various animal slurries (2.5 g slurry kg
-1

 soil) and (b) correlation between N immobilization and 

initial VFA content in the slurries. Incubation of soil and slurry (2.5 g slurry kg
-1

 soil) were carried 

out at 25°C (Kirchmann and Lundvall, 1993)  

An illustration of this mineralization-immobilization turnover (MIT) found can be seen in Figure 

8.15. For four different manures with C-to-Norg ranging between 11 and 21, Kirchmann and 

Lundvall (1993) found a close  relationship between the content of VFA and the maximum 

immobilization of soil inorganic N. However, urine does not seem to induce temporary N 

immobilization to nearly the same degree when applied to soil (Sørensen, 1996), due to its low 

content of organic matter.  

It has also been shown that the degree of N immobilization after slurry or urine incorporation 

increases with soil clay content (Sørensen and Jensen, 1996) and with the degree of mixing with the 

soil, with higher crop recoveries of injected slurry N (Sørensen and Jensen, 1995). This implies that 

although losses through ammonia volatilization and denitrification may be avoided through 

thorough incorporation into the soil, crop utilisation of the manure N may be hampered in loamy 

and clayey soils. 

From Figure 8.15 it can also be seen that a large remineralization of immobilized N occurs over the 

following ca. 2 weeks. Even if remineralization does occur to a great extent, this temporary 

immobilization and delayed release of mineral N may well cause substantial failure in the 

synchronisation between crop N demand and soil N supply capability, if the manure has been 

applied right before sowing or in late spring to the growing crop. This is a major problem for a high 

N use efficiency when using manures as a source of N for crops. 

After the initial period of N immobilization-mineralization described in the previous section, most 

of the inorganic N in the manure will now be either taken up the crop, immobilized in the soil or 
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lost in gaseous form. The organic N of the manure continues its turnover, albeit at a slower rate 

than initially, as the remaining organic N becomes more and more recalcitrant. 

 

8.3.4. First year manure N utilisation under field conditions 

In agronomic practise, the term N Mineral Fertilizer Equivalent (MFE) value may be used to 

describe how many kg of mineral N-fertilizer that 100 kg of total manure N may replace during the 

first year after application, under a given set of conditions (e.g. time of application, crop type, 

normal climate). If for example the MFE value is 40, then 250 kg of manurial N is required to 

replace 100 kg of mineral fertilizer N. The residual 150 kg N is either lost or enters the soil N pools, 

where it may subsequently become plant available or be lost through leaching or denitrification.  

The MFE value of an animal manure or slurry depends on a number of factors, the most important 

being the fraction of inorganic manure N (ammonium). The effect of the ammonium fraction will 

depend both on the possible ammonia loss but also on immobilization or leaching loss of nitrified 

ammonium in the case of autumn application. The effect of the organic fraction on the other hand, 

will depend both on the mineralization pattern (as affected by decomposability, moisture and 

temperature) but also on the growing season of the crop.  

Some generalisations may be made about the MFE value of various animal-manures:  

- As the MFE value reflects the amount of mineral N fertilizer that may be replaced by manurial 

total-N, and thus disregards the residual effects in subsequent years, the content of mineral N in 

the manure is the most important single factor for the determination of the MFE value. 

- The time of application and thus the coincidence of nutrient availability with nutrient demand is 

also clearly reflected. Thus very low MFE values are generally found if the manure is applied in 

the autumn. Solid manure is somewhat less sensitive to the time of application, since it has a 

comparatively low inorganic N content but an equally larger fraction of organic N.  

- The crop is also of some importance. Notably beets and maize, which have a long growth 

period, with nutrient uptake right up until harvesting, may utilise the total N almost as well as 

mineral fertilizer N in cattle manure, if the manure is applied directly into the soil. 

- The method for application is also important. Thus broadcasting generally leads to the least 

efficient use of nutrients, because of increased losses of NH3 and uneven distribution of the 

manure. Injection of the manure gives a high utilisation because of low losses, whereas 

placement on the ground with a system by which the slurry or urine is pumped through trailing 

hoses, gives a rather even distribution. A combination of this technique with a direct injection in 

the soil, may be expected to give the highest utilisation of the manures. 

An experimental estimation of MFE value may be carried out by many different methods, one being 

the method of 
15

N labelling the manure as already described in the following section. However, as 

this method is very costly, it has only been applied on a limited number of sites and with a limited 

number of manures under non-practical conditions, and the results may thus be considered as 

estimates of the potentially obtainable MFE values under idealised conditions. To estimate actual 

MFE values for actual, current practises or for improved practices in farming systems, a simpler 

method is usually adopted. Here a traditional fertilizer N response experiment with the crop in 

question is supplemented with plots to which animal manure is added. From these data, the MFE 

value of that certain soil type, manure, application level and strategy may be estimated, but various 

methods for calculation of the MFE value exist (Petersen, 1996), producing different results and 

with different inherent problems as illustrated in Figure 8.16. 
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(a) N-values based on grain yield (b) N-values based on grain N content
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Figure 8.16 Illustration of the principles and problems of MFE value (N-value) determination, 

based on either (a) grain yield data or (b) grain N content data. Idealised data (modified from 

Ohlson, 1997) for winterwheat given either various levels (0-240 kg N/ha, full line with symbols) of 

fertilizer in spring or pig slurry at 3 levels from 100-300 kg total N in spring. Grain N% : 1.2-1.8% 

N in fertilised plots, 1.1-1.4% N in pig slurry plots. 

As farmers usually are paid for the grain yield, the most logical basis for determining the MFE 

value would be the yield response curve, as illustrated in Figure 8.16 (a). For quantities of animal 

manure added much smaller than that producing the maximum yield (e.g. 100 kg total slurry N) this 

approach may be unproblematic, but if larger amounts, producing yields close to, or even in some 

cases above the maximum yield of the fertilizer response curve, derivation of a meaningful MFE 

value becomes problematic, see Figure 8.16 (a). In the example with 200 kg total slurry N two 

alternative MFE values can be derived and furthermore, as the slope of the response curve is very 

low near its maximum, the estimate of MFE value is subject to great error. With 300 kg total slurry 

N a yield above the N response curve is produced, and hence an indeterminate MFE value > 100% 

may be derived. The latter case may be explained by the slurry having non-nitrogen effects, e.g. by 

improving soil structure, root growth, water retention etc. or by providing the other nutrients (P, K) 

in a more efficient way than the fertilizer P and K in the minerally fertilized plots. 

Due to these problems, the response curve of plant or grain N uptake in the same experiment is 

often used as an alternative basis for estimation of MFE values, because the N uptake is much more 

linear over a wide range of the N application rates, see Figure 8.16 (b). Because the growth and 

yield formation of an animal manure fertilized crop is often somewhat different from the same 

fertilized crop, lower grain %N in slurry amended compared to fertilized cereals is often observed, 

and thus MFE values estimated from the N uptake curve are often slightly lower than those 

estimated from the yield response curve.  
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Table 8.2 Compilation of average MFE values (fertilizer N equivalent of a 100 kg total N in 

slurry) obtained in practical field experiments with various animal slurries, depending on crop, 

application technique and time. Each value is the average of between 5 and 155 seperate 

experiments carried out in the period 1989-2001. Figures i brackets indicate coefficient of variation 

(%). Modified from Knudsen (1996, 2002). 

 Animal slurry MFE value  

fertilizer N equivalent of 100 kg total N in slurry 

(CV%) 

Crop               _    April     ___                      May             _        June        

   Slurry type Inject Trail-

shear 

Splash 

plate 

Trail-

hose 

Inject Trail-

shear 

Splash 

plate 

Trail-

hose 

Splash 

plate 

Trail-

hose 

Vinter wheat     (19%)      

  Pig slurry 69  55 64 79 45 65 62 27 42 

 (26%)  (46%) (34%) (19%) (59%) (30%) (35%) (61%) (54%) 

  Cattle slurry 57   40  33 35 43   

 (42%)   (64%)  (53%) (57%) (58%)   

  Processeda slurry 76 60 53 68 89 53 48 65   

 (28%) (48%) (25%) (31%) (13%) (59%) (28%) (35%)   

Spring barley           

  Pig slurry   73b 52b   49 35   

   (48%) (28%)   (96%) (129%)   

  Cattle slurry 72  54b 52b    47   

 (25%)  (44%) (30%)    (39%)   

  Processed slurry 69  54b 63b   34 61   

 (35%)  (42%) (50%)   (85%) (42%)   

Winter oil rape           

  Pig slurry   61 75       

   (67%) (37%)       

Grass (silage)           

  Cattle slurry     59    38 41 

     (54%)    (83%) (59%) 
a: Slurry which has been used in a biogas plant for methane gas production.  
b Incorporated by tillage immediately after application. 

 

In Denmark a large number of field experiments on farmers fields (>500) have been carried out by 

the advisory service from the late 1980ies and until now, with the sole purpose of estimating slurry 

and manure MFE values (e.g. Knudsen, 1996; 2002). In these experiments the basis for estimating 

MFE values have been the grain N uptake curve and some compiled average results can be seen in 

Table 8.2. It may be noted that the estimated average MFE values for a certain crop, slurry type, 

application technique and time, is associated with a rather large CV ranging from 17% to 129%, in 

spite of a large number of experiments behind each value (4-92 exp.).  

However, of the experiments with spring application of slurry to winter wheat in the year 1989-

1996 (73 exp.), 36% had grain yields exceeding the fertilizer N response curve (Ohlsson, 1997), 

implying MFE values above 100% if based on grain yield. At the same time, the majority of the 

experiments had grain N uptake values for the slurry fertilized plots within the grain N uptake 

response curve, implying MFE values less than 100% if based on grain N uptake.  

In conclusion, the implication of these observations are, that experimentally determined MFE 

values should always be considered critically, as the individual conditions of each application of 

slurry or manure may markedly influence the actual true MFE value. 
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8.3.5. Long-term manure N turnover and residual N value  

Although manures do not yield a N value equivalent to fertilizer N, a major fraction of the manure 

N not taken up by the crop remains in the soil and may thus contribute to the N supply of 

subsequent crops. This residual soil manure N may partly be original manure organic N and partly 

inorganic manure N immobilised in the soil through MIT as described above.  

An approach to quantify the residual effect of animal manures may be to apply manure to cropped 

plots over a substantial number of years to obtain some semi-steady state conditions between input 

and output, followed by cropping of the same plots for a number of years without addition of 

manure or fertilizer. Such experiments often show that the residual effect of decreases in the order 

solid manure > slurry > mineral fertilizer.  

Another approach is to label the applied manure with the stable isotope 
15

N, and then study the 

second year uptake of this labeled N. In table 8.3 a summary of such experiments is shown, where 

different manure fractions were originally labeled with 
15

N. Surprisingly, the fraction of 
15

N taken 

up in the crops this second year is only slightly higher from the faeces in FYM than from the 

parallel plots fertilized with 
15

N labelled fertilizer the first year; for faeces in slurry or for urine, no 

difference to minerally fertilized plots could be observed. The residual fertilizer N value in the 

second year is due to the fact that the 20-50% of the fertilizer N not taken up by the crop the first 

year will be incorporated into the soil organic N through the continuous MIT in soil, and this 

immobilized N may naturally be mineralized the following year, irrespective of its origin. This 

means that once the initial turnover of manure N is over in the first year, the residual N value after 

manures may not be larger than after fertilizer, when calculated as a fraction of applied N. 

However, as the total N application with manures is usually somewhat larger than with fertilizer, 

the absolute residual value (kg N ha
-1

) will still be larger after manures than after fertilizers. This 

second year effect may for ruminant slurry be equal to ca. 2-5% of total N applied. For manures 

from monogastric animals, not many data on long-term residual value are available, but the residual 

effect would not be expected to be larger than for ruminant manure, as the organic N content of 

monogastric manure is lower than for ruminants. 

 

Table 8.3 Second year uptake of 
15

N in spring barley or italian ryegrass, from 
15

N labelled ruminant 

faeces or urine, as compared to uptake from 
15

N labelled fertilizer in the same experiments. 

Manures were applied in the spring with optimal techniques, prior to sowing. 

Manure component 

labelled with 15N 

Soil type Fraction of 15N taken up 

by the 2nd year crop from 

labelled manure             labelled fertilizer 

(in % of applied 1st year) 

Ref.* 

Faeces in slurry Loam 3% 3% (1) 

 Sand 4% 3% (1) 

Faeces in FYM Loam 6% 4% (2) 

 Sand 6% 4% (2) 

Urine in slurry Loam 3% 3% (1) 

 Sand 3% 3% (1) 

*: Data compiled from (1): Thomsen et al. (1997) and (2): Sørensen et al. (1994) 

8.3.6. Nutritional value of P, K, S and micronutrients in manures 

The nutritional value of phosphate, potassium and micronutrients in manure is generally 

comparable or superior to that of mineral fertilizers, applied at a similar time. This should be taken 

with some caution, as the immediate availability may be somewhat lower (e.g. of phosphate and 
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micronutrients), and thus if the crop has obvious deficiency symptoms mineral fertilizers may be 

more adequate. On the other hand, it is mostly beneficial if the fertilizer is of a more slowly 

releasing type, with regard to reactive nutrients, that will tend to become less available once they 

have started to react with the soil matrix. Manure availability of S is rather low, compared to P and 

K. Eriksen et al. (1995) has shown that slurry S availability for oilseed rape (a S demanding crop) is 

only ca. 5% of that of inorganic fertilizer S. The reasons for this may be turnover of S compounds 

in the slurry during storage (conversion of sulphate to organically bound S), however, the 

mechanisms are not completely understood. 

Phosphorus is mainly found in inorganic forms (80-90%) that will become soluble in Danish soils, 

which are mostly neutral or acidic in reaction. It has been estimated that for each hectare of Danish 

farmland that is supplied with P and K in animal manures, the costs of mineral fertilizer may be 

reduced by 400 DKK (50€). Thus an ideal way of spreading manure would be to use it as P and K 

fertilizer, and then supplement the rest of the N demand with mineral fertilizer. This strategy of 

supplementing moderate amounts of animal manures with mineral fertilizer N is especially 

adequate, as the amounts of P and K in manures are usually too high if the manure is used as the 

sole source of N fertilizer. Although P to some extent will be retained by the soil (see below), an 

overdose of K may lead to nutrient imbalances, and the K may be lost later on by leaching. 

As mentioned earlier intensive animal production in many areas of Europe produce an amount of P 

in manures in excess of the plant demand. In Denmark it has been estimated that the national 

average P balance is 6-10 kg P ha
-1

 year
-1

 in excess, but that in areas with intensive animal 

production, the P balance may be up to 28, 36 and 49 kg P ha
-1

 year
-1

 in excess for dairy, pig and 

poultry production, respectively (Knudsen, 1998). This may have serious consequences for long-

term P losses from the soil, as has been shown by Heckrath et al. (1995) for the Rothamsted long-

term experimental site in the UK. With application of nil or 35 and 40 kg P ha
-1

 year
-1

 in fertilizer or 

farmyard manure, respectively, for 150 years, bicarbonate extractable P levels between 7 and 90 mg 

P kg
-1

 soil have been created and at a critical level of 60 mg P kg
-1

, both total and dissolved reactive 

P concentrations in drainage water were found to increase sharply. 

 

8.4. Nutrient losses from applied manure 

8.4.1. Ammonia losses after application of manures to soil 

Losses of NH3-N by volatilization after application of manures will be described in Chapter 9. 

 

8.4.2. Denitrification losses after application of manures to soil 

Denitrification is a form of anaerobic bacterial respiration by which nitrate is reduced sequentially 

via nitrite through nitric oxide and nitrous oxide to dinitrogen (see section 4.2.2). Biological 

denitrification of NO3
-
 constitutes one of the major pathways of soil and fertilizer nitrogen loss as 

gaseous products and plays an important role in the global N cycle. Denitrification in soil will occur 

most rapidly when it is warm, wet and well supplied with easily decomposable organic matter, see 

Figure 8.17 for the relationship and relative importance of the different factors. 

As denitrification only occurs under anaerobic conditions, the major regulating factor is of course 

oxygen which in term is mainly affected by soil water content and respiration by micro-organisms, 

consuming oxygen. A general relationship between soil water status (expressed as water-filled pore 

space or relative saturation) and both aerobic and anaerobic micro-biological activity has been 

established for various soil types by Linn and Doran (1984), Figure 8.18. Denitrification can also be 

altered by other changes in air-filled pore space than that caused by changes in soil water content, 

e.g. soil compaction by farm machinery has been shown to increase the risk of denitrification N 

losses significantly. 
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Figure 8.17 Schematic diagram showing the 

relationships among the factors regulating 

denitrification in soil (Tiedje, 1988). 

Temperature is not included as it has more or 

less the same effect as on other biological 

processes 

 

 

 

Figure 8.18 General relationship between soil 

water-filled pore space (relative saturation) and 

the microbial processes of respiration 

(*:including ammonification), nitrification and 

denitrification  in soils with available carbon 

sources. 

 

 

It is characteristic that the generally aerobic mineralization processes producing nitrate have optima 

at a water status where denitrification hardly occurs. Since nitrification virtually stops at high water 

contents, one could expect that denitrification would more or less cease once the nitrate substrate is 

depleted. However, even if the soil in general is not anaerobic, micro-sites in the soil, e.g. inside 

aggregates or near decomposing organic material (hot spots), may well exist where the oxygen 

potential is much lower than in the soil in general, and where conditions for denitrification are 

favourable. Hence a sort of spatially separated, but coupled nitrification-denitrification can occur, 

something which has been found to be especially pronounced in more finely textured soils (Nieder 

et al., 1989) and after application of animal manures as these often form „hot spots‟ in the soil due 

to their content of easily decomposable organic matter (Petersen et al., 1991). Similar findings have 

been made with clover residues (Breland, 1994). 

Denitrification losses of manure N are not expected to occur immediately after application of 

anaerobically stored animal manure, since its content of inorganic N is present only as ammonium, 

which first has to be nitrified to nitrate, an exclusively aerobe proces. Furthermore, as 

denitrification is an exclusively anaerobe process, oxygen partial pressure must be very low. This 

may occur either due to a high water content above field capacity, the fraction of water filled pore 

space being above 80% before significant denitrification activity takes place (Linn and Doran, 

1984), or due to high oxygen consumption by biological activity, as for instance in a lump of 

manure, often termed a „hot-spot‟. On the surface of such manure „hot-spots‟ sufficient oxygen 
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pressure is present to allow rapid nitrification of ammonium to nitrate, which in turn may diffuse 

back into the „hot-spot‟ (strong gradient) where low oxygen pressure and high C substrate 

availability are present (Petersen et al., 1996), creating ideal conditions for denitrification. It has 

been shown that the slurry content of water-soluble C, of which VFAs constitute a significant 

component, has been shown to correlate significantly with denitrification after the application of the 

slurry to soil (Paul and Beauchamp, 1989a). As much as 70% of the ammonium N present in the 

manure was found to be lost through such coupled nitrification-denitrification over 20 days at 20° C 

under laboratory conditions (Petersen et al., 1991), but similar high losses have not been recorded 

under field conditions (Petersen, 1992). It seems that the very high flux of ammonium from 

concentrated manure hot-spots to some extent may saturate the nitrification capacity of the soil 

temporarily and thus spatially separate nitrification and denitrification to such a degree that nitrate 

availability in the hot-spots becomes limiting for denitrification (Nielsen and Revsbech, 1998). So 

in conclusion, denitrification losses of manure N may occur mainly i) with an uneven distribution of 

the manure, as e.g. in the slit after slurry injection or with lumps of solid manure, but especially 

where the hot-spots are not too large and ii) at high water contents, as e.g. in a manure lump in 

relative wet soil or after rainfall.  

Actually quantified denitrification losses from applied animal manures cover a wide range. Paul and 

Zebarth (1997) applied 250 kg ammonium-N ha
-1

 to a maize crop by surface spreading and 

incorporation and found denitrification losses corresponding to 13-25% of ammonium-N in the 

slurry. Klein et al. (1996) measured a denitrification loss corresponding to 7% of 190 kg 

ammonium-N ha
-1

 applied to a grassland by injection.  

Denitrification of soil mineral N represents an economical loss for the farmer and as such this may 

be the main reason for fertilizer or crop management strategies aiming at reducing denitrification 

losses. However, in the last decade, growing concern has been directed towards on of the 

intermediates in the reduction of nitrate to dinitrogen, namely nitrous oxide, N2O, a greenhouse gas 

(Aulakh et al., 1992). Not much certain knowledge is available on the major factors controlling the 

ratio between N2O/N2 from denitrification under natural conditions. Several lab studies indicate 

however, that especially at ample nitrate supply the N2O/N2-ratio increases (Swerts, 1996). 

Recently it has also been discovered that nitrous oxide may be produced during nitrification 

although normally denitrification is the major pathway (Swerts, 1996). Dung and especially urine 

patches from grazing animals may contribute significantly to N2O production, Yamulki et al. (1998) 

observed that up to 1% of applied N in an urine patch may be liberated as N2O, contributing to 

approximately 
1
/4 of N2O emissions from UK grasslands. 

The contribution of fertilizer N, animal waste N and biological N fixation to direct and indirect 

emissions of nitrous oxides from agricultural soils has been estimated by Mosier et al. (1996) and 

can be seen in Table 8.4. Clearly, the major sources are fertilizer and manure N. About 40% of the 

estimated nitrous oxide production is from N. and C. America, Europe and the former USSR, where 

about 20% of the worlds population lives, whereas Asia with more than 55% of the worlds 

population similarly contributes about 40%. Although the ca. 3 Tg of N2O-N emitted from fertilizer 

and manure N sources represent a small proportion of the ca. 150 Tg N applied annually worldwide, 

they represent a significant proportion of the global nitrous oxide emission. 
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Table 8.4 Estimates of the contribution of fertilizer N, animal waste N and biological N fixation 

to direct and indirect emissions of nitrous oxides from agricultural soils (Mosier et al., 1996) 

8.4.3. Nitrate leaching after application of manures to soil 

Leaching of N in the form of nitrate may occur both during and/or outside the growing season, 

depending on the climate. In temperate humid climates excess precipitation is by far the largest 

during winter and nitrate leaching is normally considered to occur during this period. During the 

growing season, the soil water balance is usually negative, but still precipitation events may occur 

which can cause leaching of nitrate to deeper soil layers, partly inaccessible to the crop. 

 

 

 

 

Figure 6-15 Residual soil mineral N (mean of 

8 clay soil sites) after winter wheat to 90 cm 

depth as affected by fertilizer N application 

rate (Chaney, 1990) 

 

Clearly, if excessive N fertilization results in residual mineral fertilizer N at harvest, this mineral N 

may be available to a subsequent crop, provided that it is not lost intermittently by leaching or 

denitrification. However, for agricultural crops, very little residual soil mineral N is usually left at 

harvest, unless N application rates have been highly excessive, or plant growth conditions have 

been non-optimal, e.g. due to drought. Dilz (1988) and Chaney (1990) found that significant 

increases in residual mineral N above the background at harvest of winter wheat, only occurred in 

dry summers at N application rates of  200 kg N ha
1
 or above (Figure 6-15). 

For several reasons manure N seems to be a major cause for nitrate leaching from arable land. 

Firstly, the manure has over a number of years been used without regarding its nutritional value, 

and has thus been treated as a waste product without any value at all. Secondly, although 

experiments utilising 
15

N labelled manures have shown that the proportion of manure N being 

leached over the first winter after application is approximately the same as for fertilizer N, the 

quantities of manure N being added mostly exceeds that of fertilizer greatly, as already mentioned, 

and thus the pool of residual, relatively labile N is build up with the continuous application of 

manures.  

Region Estimated N2O emitted from Total 

 Fertilizer N Manures N-fixation estimate 

   (Tg N2O-N y-1)  

Africa 0.04 0.21 0.05 0.30 

N. & C. America 0.26 0.11 0.11 0.48 

S. America 0.03 0.22 0.09 0.34 

Asia 0.75 0.52 0.19 1.46 

Europe 0.27 0.22 0.02 0.51 

Oceania 0.01 0.03 0.01 0.05 

Former USSR 0.17 0.18 0.03 0.3 

Total 

  - range 

1.53 1.49 0.50 3.5 

1.8-5.3 
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Therefore the residual value of manures may significantly contribute to leaching losses, as 

manuring will enhance mineralization of soil N in general, also in periods with no plants to take up 

the liberated N. Thus the mineralization potential of a soil is considerably affected by the long-term 

history of manure application, especially of manure types with higher proportions of organic N. 

Nielsen and Jensen (1990) analysed geometric mean of nitrate concentrations during the drainage 

season in a range of farmers fields, and found no simple relation between applied mineral fertilizer, 

and nitrate leaching. However, the single most important factor for the determination of potential 

leaching losses was the history of the soil with regard to manure. Even if the soils had not been 

manured recently, but up to 10 years earlier, they had significantly higher levels of nitrate during 

winter, than those that had never received manure. 

Apart from the application rate of manure and mineral fertilizer, the soil type will be a major 

determining factor for leaching losses. Sandy soil are generally considered to be more susceptible to 

leaching, because of their lower water holding capacity. A non-linear response of nitrate leaching to 

the levels of N application is normally expected, because crop N uptake capacity is limited, and at 

this threshold level, increasing N application rate will cause leaching losses to increase drastically. 
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9. Gaseous emissions 

The gaseous emission from livestock that is in focus is ammonia, greenhouse gases (N2O and CH4) 

and gases with obnoxious odours. In this section we will give a short introduction to the emission of 

these gases and to technologies and management practises that may reduce the production and 

release of the gases to the atmosphere. It has been decided not to present the algorithms that may be 

used to calculate the emissions.  

9.1. Ammonia emission 

The rate of NH3 emission is influenced by many factors, such as the class of animal (including their 

weight and age), composition of the animal feed, type of animal housing and manure storage, 

method of manure application, meteorological conditions, soil conditions and agricultural practices 

(Sommer and Hutchings 2001; Sommer et al. 2003, 2006).  These factors vary among countries, so 

annual emissions per animal raised or per ton of manure will differ as well. Even within countries 

there may exist substantial differences in emission factors between regions, due to both structural 

differences in agriculture and environmental conditions. The complexity of national emission 

models vary due to the degree of detail considered i.e. livestock categories, feeding practise, 

climate, soil, farming practise etc., which often reflects the availability of activity (or source) data 

describing farming practise in the region or the country. In consequence different models for 

calculating the national inventories have been developed (Hutchings et al. 2001; Misselbrook et al. 

2000; Arogo et al. 2003).  

 

9.1.1. Ammonia release 

In all the compartments of manure management the release of NH3 from the surface to the laminar 

air phase immediately above the liquid surface is driven by the differences in the atmospheric 

concentration of gaseous NH3 (NH3,G) in equilibrium with liquid NH3 (NH3,L) in the surface liquid 

layer.  

  HNHNH
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NH

L

HN

G

,34
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(Eq. 9.1) 

The equilibrium coefficients KN and Henrys coefficient KH are temperature dependent, so the 

concentration of NH3,G will increase at increasing temperature. Reducing H
+
 - increasing pH – will 

also increase NH3,G. Thus the TAN (NH3+NH4
+
) concentration, temperature and pH is most 

important variables when assessing NH3 emission. 

The physics of NH3 transport from this laminar phase can be depicted using a resistance approach. 

The calculation of the resistance to transport will differ between environments and between 

different designs of animal housing and manure storage and from applied manure. Thus, the 

transport of NH3 in the air phase above an emitting farm source (i.e. floors in animal houses, surface 

of stored manure, surface of applied manure) may be calculated with the following equation: 
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(Eq. 9.2) 

where A is the surface area of the NH3 source, r1 to rn are the resistance to transport of NH3 between 

the surface and the free atmosphere. These resistances are affected by ventilation or wind and 
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surface parameters, NH3,A is the ambient atmospheric NH3 concentration. However, it is usual to 

ignore NH3,A because the concentration is low compared with NH3,G.  

Further, instead of the resistance approach one may include a transfer coefficient in the equation, 

then the equation is simplified to (Sommer et al. 2006): 

3 3,NH GF K A NH    (Eq. 9.3) 

1 2

1

... n

K
r r r


  

 
(Eq. 9.4) 

The equations show that a very important factor controlling NH3 emissions is the surface area of 

slurry or manure. Further reducing the air exchange from the slurry surface to the free atmosphere 

by increasing the resistance variable (r1-rn) will reduce the NH3 emission rate.  

 

9.1.2. Ammonia emissions – effect of diet on  composition of excreta  

One emission model category is based partly on process-derived algorithms, manure composition 

and information about farming practice. This includes assessment of the amount of nitrogen 

excreted by the animals as affected by the diet composition and animal category. For example, in 

Denmark over the past decade the total amount of N fed to fattening pigs has been reduced 

significantly by adding essential amino acids to the feed (Fernández et al. 1999). This has greatly 

reduced the TAN content of the manure slurry, because of lower urine N and, to a lesser extent, 

faeces N.  Models accounting for TAN in slurry will “automatically” include the effect of reducing 

N in feed which is considered one of the most efficient measures to reduce ammonia emission from 

manure (Fig. 9.1). 

Adding essential amino acids to the feed reduce the need for feeding the pigs with diets containing 

large amounts of concentrate or grain containing potassium (K
+
). Therewith, the K

+
 concentration 

of the slurry is reduced which will cause H
+
 concentration to increase, i.e. pH to decrease. This 

reduction in pH will cause the NH3 emission to decline significantly (Eq. 9.1 and 9.2).  
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Figure 9.1. Ammonia emission as related to the area of slatted floor covering slurry stores (Sommer 

et al. 2006). 
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9.1.3. Animal building – slurry management 

Mean NH3 losses per livestock unit (LU equals excretion from 500 kg dairy cow) are larger from 

pig housing systems than from dairy cattle housing systems, due to a greater amount of TAN in the 

slurry and a higher temperature in pig houses.  

The loss of NH3 from pig housing systems with slatted floors range from 17% of total N for piglets 

to 29% of total N for rearing pigs (Oenema et al., 2001; Poulsen et al., 2001). Reducing the surface 

area of the slatted floor reduce NH3 emission (Fig. 9.1), because the area of the NH3 source is 

reduced. The effect of reducing source area is also the reason for the effect of frequent emptying of 

slurry channels having inclining walls. This design reduce NH3 emission by up to 50%, because the 

surface area of the slurry is reduced due to lowering the height of slurry (Groenestein and Van 

Fassen, 1996). Cooling of manure stored beneath slatted floors has also been investigated as a 

method of reducing NH3 emissions, because cooling lower the concentration of NH3,G (Andersson 

1998).  Further acidification of slurry used to flush slurry channels have proven a most efficient 

system for reducing NH3 emission from pig and also cattle housing (Kai et al. 2008) 

Table 9.1. Ammonia emission factors for pig buildings (Sommer et al. 2006) 

Animal 

category 

Pen design Emission factor,  

% of total-N 

Transfer coefficient 

Kt , kg NH3-N pr. kg TAN* 

  Slatted floor 

and slurry 

Littered 

floor 

Slatted floor 

and slurry 

Littered floor 

Sows Partially slatted floor and 

strewed solid floor 

12 16 0.16 0.33 

Sows Strewed solid floor  16  0.33 

Sows Fully slatted floor 20  0.26  

Weeners and 

fatteners 

Fully slatted floor 16  0.25  

Weeners and 

fatteners 

Partially slatted floor 8-16**  0.18  

Cattle Slurry  3  0.06  

Cattle Partly slatted floor, 0.4 m 

deep slurry channel 

6  0.12  

Cattle Partly slatted floor, 1.2 m 

deep slurry channel 

8  0.17  

Cattle Deep litter  6  0.12 

*TAN=NH3 +NH4
+ 

** Related to slatted floor area 
 

The loss of NH3 from cattle housing systems with slatted floors in Denmark (Poulsen et al., 2001) is 

estimated at about 8% of the total-N in the slurry and range from 2% to about 15% of the total-N in 

the Netherland (Monteny and Erisman, 1998). This wide range is caused by the large range in diet 

composition and the large difference in the areas of fouled floor between tie stalls and cubicle 

houses. Reducing the floor soiled with excreta (i.e. emission area), e.g. in houses with tied cows 

reduced the emission to 65% of emission from cows kept free in cubicles (Monteny and Erisman, 

1998). Also in cattle houses NH3 emission may be reduced by the rapid removal of urine and faeces 

from the livestock buildings. Still it is shown that scraping a non-sloping concrete floor have little 

effect on the NH3 because a thin layer of liquid with TAN is retained by the floor, which will be a 

significant source of NH3. Alternatively, if the floor is smooth, scraping may reduce emission by up 

to 30%, but to the detriment of animal welfare (Sommer et al. 2006). Very efficient, frequently 

scraping a grooved solid floor and cleaning with water may reduce emission with 50% to 65%. 

Thus it is the combination of cleaning the floor with a scraper and draining the urine to a gutter that 

reduces the NH3 release from the floor and reduces NH3 emission from the animal building.  
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The efficiency of reducing the release from slats will never exceed 60%, as about 40% of the 

total NH3 emission from a building with a slatted floor is from the slurry stored in the channels or 

pits below the floor. 

 

9.1.4. Animal buildings - deep bedding 

Cattle urine will infiltrate the deep litter (sawdust or straw) thus reducing the surface area in contact 

with the air. Straw also has a high surface roughness and reduce the airflow over the emitting 

bedding. Furthermore, deep-litter cattle houses are, in general, naturally-ventilated and the transfer 

of NH3 from the house to the free atmosphere may differ from mechanically-ventilated dairy cow 

housing, this will often result in a cooler environment in the naturally-ventilated house and a lower 

NH3 emission (Groot Koerkamp et al. (1998b). Emission may also be limited because a significant 

fraction of the TAN mineralized from the easily-metabolizable N fractions in urine and dung can be 

absorbed through cation exchange processes by the straw and transformed into organically-bound N 

by microorganisms (chapter 4). In consequence NH3 emissions was from cattle on straw-bedded 

systems is about 2/3 of the emission from cattle in slurry-based systems (Chambers et al., 2003). 

The type of bedding material may influence infiltration rate, airflow over the emitting surface and 

absorption of liquid effluent (influencing ammonium immobilization), thus measured emissions 

from bulls on different bedding types of long straw, chopped straw and peat + chopped straw 

treatments, may respectively be 58, 46 and 32 g cow
-1

 day
-1

 (Jeppsson, 1999) 

Ammonia emission from fattening pigs on deep litter has been determined to 2.3 kg NH3 pig
-1

 year
-1

, 

or about 75% of the emission from fattening pigs on fully slatted floors (Mannebeck and Oldenburg, 

1991). Emission of NH3 may be reduced by mixing the top layer once a week with a cultivator. The 

NH3 emission is reduced because TAN is depleted due to an increased loss of oxidized N caused by 

nitrification and denitrification accounting for a loss of 47% of the N excreted (Groenestein and 

Van Faassen, 1996). This system may be used in some housing systems and then nitrification and 

denitrification should be included in the calculations of the N balance. Increasing the quantity of 

bedding used in an animal house may result in increased immobilisation of NH4
+
 and a decrease in 

the air flow over the emitting surface. Consequently, a doubling of straw use appeared to reduced 

the NH3 emission factor per pig by 18% (Sommer et al. 2006). Since doubling straw use would 

increase costs of production, perhaps more targeted use of straw in the building (i.e. in the dunging 

areas) would result in a similar reduction in NH3 emissions. 

 

Table 9.2. Ammonia emission from uncovered stored livestock slurry (Sommer et al. 2006). 

Animal  Slurry Store Emission 

   kg NH3-N m-2 a-1 

   Mean SD 

Cattle  Untreated Concrete store 1.44 0.78 

Pig  Untreated Concrete store 2.18 2.10 

Pig  Untreated Lagoon 0.78 1.07 

Cattle and pig Fermented in biogas plant  Concrete store 2.33 0.68 

 

9.1.5. Manure store 

Ammonia emission from slurry in open tanks, silos and lagoons ranges from 1.44-2.33 kg NH3-N 

m
-2

 year
-1

 (Table 9.2) corresponding to between 6% and 30% of the total N in stored slurry, 

assuming there is an emitting surface over the whole year. The NH3 emission is related to 

environmental conditions (temperature and wind), slurry composition and surface area. Losses are 

larger from pig slurry than from cattle slurry, due to a higher TAN concentration. Emission from 

pig slurry stored in lagoons is less than that from slurry stored in concrete stores, because the TAN 
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concentration is less in lagoons due to dilution with precipation (Arogo et al., 2003). However, 

this may be true of emissions per unit area, but because of the greater surface area to volume ratio 

(lower depth of lagoons) total losses, expressed as a percentage of TAN, may be as great or greater. 

Furthermore, emission tends to be twice as large from slurry that has been fermented in a biogas 

plant than from untreated slurry; because fermented slurry has a higher pH and TAN content 

(Sommer et al., 2006).  

A cover on the slurry store will significantly decreases NH3 loss (Sommer et al., 2006). The cover 

may be a natural surface crust formed by solids floating on the surface, a cover of straw, peat or 

floating expanded clay particles, or a roof. Covers greatly decrease the air exchange rate between 

the surface of the slurry and the atmosphere by creating a stagnant air layer above the slurry through 

which NH3 has to be transported by the slow process of diffusion. The effective covers reduce 

transport (increase resistance, rt) and decrease NH3 losses to less than 10% of those from uncovered 

slurry (9.3). A cover of straw will provide carbon for the production of VFA which will contribute 

to a reduction in pH in the surface of the slurry and thereby reduce NH3 volatilization (Clemens et 

al., 2002). 

Table 9.3. Emissions factors for ammonia emission from stored solid manure and the DM rich fraction 

from slurry separation. (Sommer et al. 2006; Hansen et al. 2007). 

  NH3-N emisison in pct. of total-N  

Husdyrtype Gødningstype No treatment Compacted Covered with tarpauline or 

plast 

Fattening 

pigs and 

sows 

Solid manure 25 13 13 

 Deep litter,  

DM rich fraction 

from separation of 

slurry 

25 13 13 

Dairy cows 

Cattle 

Solid manure 4 a 2 a 2 a 

 Deep litter,  

DM rich fraction 

from separation of 

slurry 

8 a 4 a  4 a 

Poultry Deep litter,  

 

15 7 7 

 

The transfer of NH3 away from stored solid manure can be described as for any other NH3 source. 

However, the location of the emitting area varies considerably between different manure types and 

storage conditions. In solid manure with low straw content or having a high water content (>50-

60%), the diffusion rate of O2 is low and composting nearly absent (Forshell, 1993; Petersen et al., 

1998a) and NH3 emission occurs exclusively from the outer surface of the stack. The addition of 

fresh manure to the surface of the stack prevents further emission from the old outer surface, which 

is now buried, but creates a new outer surface from which emission can occur. Each fresh addition 

of manure creates a new pulse of NH3 emission (Muck et al., 1984).  

If the manure is porous and there is air access to the base of the stack, self-heating (composting) 

will occur. Consequently, composting can lead to the temperature of the stack rising above ambient, 

and as high as 70-80 
º
C in heaps of manure from buildings with deep litter. This generates a flow of 

air through the stack, which passes over the large surface area of the stack matrix (A in Eq. 9.2-9.3). 

The concurrent decomposition of organic matter results in a rapid mineralization of organic N, 

increase in pH due to a reduced concentration of organic acids which together with high 
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temperatures will lead to high concentrations of NH3,G (Eq.  9.1) leading to a rapid and 

substantial emission. Heaps stacked in one operation will be a source of NH3 for a few weeks, until 

the moisture content falls sufficiently to halt decomposition or all the decomposable nitrogen has 

been emitted as NH3 or oxidized nitrogen, or has been converted into organic N. Active composting 

is often explicitly a part of manure management, with the aim of reducing the mass and volume of 

manure to be removed, and to reduce the viability of weed seeds. In such systems, the manure may 

be turned at periods of 1-3 weeks, to restart composting. Turning of heaps has been shown to 

increase NH3 emissions (Parkinson et al., 2004). 

Losses of 25-30% of the total-N in stored pig manure and cattle deep litter have been recorded 

(Petersen et al., 1998; Karlsson and Jeppsson, 1995) although losses as low as 1–10% have also 

been measured (Amon et al., 2001; Chadwick, 2005). The low losses may be due to rain leaching 

TAN and thereby reduce NH3 volatilization. Additions of straw increase the C:N ratio and promote 

immobilization of TAN  (Kirchmann, 1985), but large amounts of straw are required to reduce NH3 

losses, i.e. a daily addition of 25 kg straw per cow would be required to reduce NH3 losses during 

storage by 50%. Losses can be lowered by 50-90% by decreasing the convection of air through the 

heap with a cover of tarpaulin or through compaction of the litter (Sommer, 2001; Chadwick 2005). 

Table 9.4. Ammonia volatilization from surface broadcast slurry and effect of abatement techniques  

(compiled by Sommer and Hutchings, 2001). 

Reduction technique NH3 emission by 

broadcasting 

Effect of reduction 

technique 

 % of TAN applied % of surface spreading 

 Mean SD Mean SD 

Incorporation, discharrow 49.00 9.90 0.21 0.04 

Incorporation, plough 58.20 0.00 0.10 0.00 

Incorporation, rotary harrow 43.50 4.86 0.16 0.06 

Incorporation, rigid tine 58.20 0.00 0.60 0.00 

Incorporation, finger weeder 63.00 0.00 0.86 0.00 

Incorporation, rotary harrow 43.50 4.86 0.16 0.06 

Cultivation prior to slurry application 46.00 9.74 0.67 0.18 

     

Injection 35 cm 74.00 0.00 0.03 0.00 

Injection 15 cm   0.06 0.00 

Injection 10 cm  34.25 8.14 0.10 0.12 

Injection 5 cm 32.75 10.08 0.40 0.21 

Injection 3 cm 31.21 13.40 0.52 0.25 

Trailing shoe 32.00 0.00 0.63 0.00 

 

9.1.6. Manure applied to fields 

Rates of NH3 volatilization as high as 12 kg N ha
-1

 per hour have been measured immediately after 

slurry application (Pain et al., 1989). This high initial loss rate is related to both the initially high 

NH4
+
 concentration in the soil surface and the rise in pH in the soil surface. The pH in the soil 

slurry mixture increases because CO2 volatilizes faster than NH3 and because of the degradation of 

volatile fatty acids (VFA) (Sommer and Sherlock, 1996). The cumulative NH3 loss increases 

hyperbolically with time (Søgaard et al., 2002). Generally, the rate of NH3 volatilization from 

applied manure is very low after a few days, because the concentration of dissolved NH4
+
 in the soil 

surface decreases rapidly due to volatilization and infiltration (Van der Molen et al., 1990). Usually 

50% of the total NH3 loss occurs within 4 to 12 h after slurry application (Pain et al., 1989; Moal et 

al., 1995). Total emission of ammonia may account for up to 74% of the TAN applied in manure 

(Table 9.4). 
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The rate of NH3 volatilization from slurry applied to soil is related to temperature and solar 

radiation (Sommer et al. 2003); the higher the temperature the larger and faster the NH3 loss. At low 

temperature and on frozen soil, volatilization may continue for a long time and result in a large 

cumulative NH3 loss. In this case, the large losses are explained by either low rates of infiltration of 

NH4
+
 in the soil (Sommer et al., 2003).  

Incorporating slurry into the soil is a very effective way of decreasing NH3 volatilization. 

Incorporation of slurry by ploughing or by rotary harrow immediately after surface application of 

slurry decreases NH3 losses by 80% (Table 9.4) Shallow direct injection of slurry (3-5 cm)  can 

decrease losses by up to 70%, while deep injection (35cm) will stop losses almost completely. 

Furthermore, application of slurry with trailing hoses on the soil beneath a crop canopy may 

decrease NH3 volatilization by more than 50%; the efficiency of this technique increases with 

increasing leaf area and height of crop (Thorman et al., 2008).  

Table 9.5. Ammonia emission from solid manure applied in the field (Sommer and Hutchings 

2001). 

Animal NH3 emission % of TAN applied Effect of incorporation 

 Mean SD % of untreated 

Cattle and pigs, FYM 65 ND ND 

Cattle FYM 48.5 16.3  

Pig FYM 44 18 41 

ND: Not determined 

Losses of NH3 from solid animal manure applied to soil are not as well understood as the emission 

from applied slurry, and there are fewer estimates of emission rates as indicated by Table 9.5. The 

pattern of NH3 volatilization over time from solid manure is different from that of slurry. The initial 

rate of loss from solid manure is low, but volatilization continues for a long period, probably 

because the NH4
+
 from the solid manure infiltrate into the soil more slowly than NH4

+
 from slurry 

(Chambers et al., 1997). The few studies on NH3 emission from solid manure applied to soil 

indicate that about 50% of the loss occurs within 24 h of application and that volatilization may 

continue for about 10 days. Ploughing of solid manure into the soil decreases NH3 losses (Table 

9.5). To our knowledge there are no measurements of NH3 emission from beef feedlot manure 

applied on the land, therefore the emission rate of NH3 from cattle FYM is used as an estimate of 

the emission from applied beef lot manure.  

 

9.2. Greenhouse gases 

Increase in livestock production has contributed significantly to the increased global temperature. 

Livestock production is the source of the greenhouse gases methane (CH4) and nitrous oxide (N2O), 

which is having a high impact on global warming due to, respectively, a 23 and a 296 times  higher 

climate warming potential than that of carbon dioxide (Chapter 2).  

The intention of this presentation is to give an overview of the processes causing emissions of CH4 

and N2O from manure handling. Methane production and release will be presented briefly as the 

processes involved in CH4 production are described in the section about biogas production. Further 

emission factors for CH4 and N2O emission will be given and a simple model for assessing CH4 

emission is presented. The information is a condensation of the information given in the review of 

(Sommer et al. 2008) 
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Table 9.6. Methane emission from manure stored in-house and from manure stored outside (From 

Sommer et al. 2008) 

Animal Source Manure Kg CH4-C LU
-1

 per year 

   Min Max Ave 

Beef-cattle In-house Deep litter   2 

Cattle  Outside Slurry 49 196 107 

Cattle Outside Deep Litter 0 57 14 

Pigs, fatteners In-house Slurry 10 69 40 

Pigs, fatteners In-house Straw flow 9 10 9 

Pig Outside Solid manure   84 

Pig  Outside Slurry   241 

 LU livestock units 

9.2.1. Housing 

The few studies of CH4 emission from animal housing show that especially emission from slurry 

stored in pig houses is a significant source of CH4 (Table 9.6). The emission of CH4 from stored 

slurry in pig houses shows a great variation. One source of variation is related to ventilation, 

because the indoor temperature may be 20-50% lower in pig houses with natural ventilation 

compared to houses with forced ventilation. Consequently CH4 emissions are significant lower in 

the natural ventilated house. The design of the floor may also affect emissions, and CH4 emissions 

from housed pigs on partly slatted floor may be only half that of the emission from pigs on fully 

slatted floors. The variation in emission rates among the housing systems may also be due to 

differences in the amount of slurry stored in-house as affected by the frequency of removal to the 

outside store.  

In houses with solid floor and straw bedding the hoofs of cattle will compact the litter. Aerobic 

microbial activity in cattle deep litter may cause an increase in temperature to 40-50
o
C at 10 cm 

depth. In this layer, oxygen entering the mat is depleted and below ca. 10 cm the litter is anaerobic. 

Measurements in cattle houses show that the daily CH4 emissions may be 30-70 g C ton
-1

. The 

emissions from deep litter mats in pig houses may differ considerably from the findings from cattle 

housing referred to above. In pig houses the deep litter is mixed by the pigs due to nest building and 

due to the sharp cloves of the pigs. Therefore, one may assume the CH4 emission is lower from pig 

deep litter mats than from cattle deep litter mats. The sparse number of studies of emissions from 

deep litter in cattle and pig houses indicate that emissions is smaller compared to the emission from 

slurry, due to oxidation of CH4 in cattle deep litter and aeration of the litter by mixing of the pigs. 

Slurry stored in channels is not a significant source of N2O, because little ammonium is oxidized in 

the predominantly anaerobic environment. In contrast, the floor and slats have a large interface 

between air and slurry and may be a source of N2O, the variation in emission of N2O (table 9.7) is 

assumed to be related to the area fouled by the animals. N2O production in cattle deep litter stored 

in-house is low, probably because nitrification is inhibited by a combination of low oxygen partial 

pressure, high temperatures, and a high NH3 concentration. From tie-stall systems there may be 

interfaces between manure and air, which are potential sources of N2O and the emission from tie-

stall dairy houses may be significant. Due to air exchange in pig deep litter, there is a greater 

potential for production of N2O in pig deep litter than of cattle deep litter. In a pig house where the 

deep litter was left untreated, emissions of ca. 3% of total N has been observed.  
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Table 9.7. Nitrous oxide emission from manure stored in-house (Sommer 2005) 

Animal Store Manure Kg N2O-N LU
-1

 per year 

Animal   Min Max Ave 

Dairy cows In-house Solid manure 0.05 0.73 0.35 

Beef cattle  In-house Deep litter  0 0 0 

Pigs In-house Deep litter 0.47 35.34 17.91 

Pigs In-house Slurry 0.08 0.57 0.32 

Cattle Outside store Slurry 0 5.3 2.6 

Cattle  Outside store deep litter 235.0 705.1 470.1 

Pig Outside store Deep litter 0 1651.0 825.5 

 

9.2.2. Stores 

The emission of CH4 from stored animal slurry is significant, because the manure is stored over a 

long period. Further, stored pig slurry emits more CH4 than cattle slurry (Table 9.6). In outside 

slurry stores CH4 emissions varies over the year due to temperature variation. Management will also 

affect the emission, e.g. small amounts of slurry will be exposed to high temperatures when slurry 

stores are emptied in spring, therefore emptying a slurry store before a summer period may reduce 

emission by 40%. Emission may be higher from lagoons that is seldom emptied and not stirred, 

because the biomass is exposed to summer temperatures and the dry matter is deposited and seldom 

removed from the lagoons. Oxidation of the produced CH4 in a porous materials covering the slurry 

may on the other hand reduce emissions.  

During storage of solid manure composting is a process affecting CH4 and N2O emission. The 

emission of CH4 becomes significant after initiation of the phase with very high temperature in the 

composting heaps, and the emissions remain high from about 2 weeks to 4 weeks and declines 

subsequently due to decreasing temperatures. Due to high temperatures in composting pig manure 

emission of CH4 may be five times higher than from non-composting cattle manure.  

The bulk of stored slurry is anaerobic and therefore emissions of N2O from nitrification and 

denitrification from the bulk of stored slurry are insignificant. However, a natural or artificial 

surface crust on top of the stored slurry can become a mosaic of anaerobic and aerobic sites under 

drying conditions, thus creating an environment where N2O can be produced. From slurry covered 

with a porous material, N2O emissions increase during periods where evaporation exceeds rainfall. 

Dissolved ammonium can be oxidised by nitrifying bacteria in oxic zones, while in anoxic pockets 

the products of nitrification can be denitrified. During periods with rain, ammonium in the surface 

cover will be leached downward, and the air-filled porosity will decline, reducing the environment 

for nitrification and therefore denitrification.  

Solid manure heaps may be a source of N2O during the initial phase of storage, before the 

temperature increases. During the composting phase, little N2O is produced, partly because NH3 

volatilization depletes the pool of NH4
+
, and partly because nitrifying and denitrifying 

microorganisms are not thermophilic. When the temperature has declined, conditions suitable for 

nitrification-denitrification may be re-established, which can lead to a secondary increase in N2O 

emissions. Nitrous oxide produced at greater depths inside the heap may be reduced to N2 during 

the transport towards the surface and thus not emitted. In general emission of N2O will be a function 

of production and consumption of N2O and the air exchange rate. In consequence, it is shown that 

active aeration of deep litter increases N2O emission. 
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9.2.3. Technologies to reduce GHG 

Separation of slurry seems not to reduce the GHG emission from manure management. The removal of VS 

from the liquid fraction will reduce CH4 and N2O from the liquid but the emission of the two gases from the 

solid fraction will negate this effect (Sommer et al. 2008). The alternative may be to separate the slurry 

and incinerate the DM rich fraction. This procedure will reduce GHG emissions to very low levels. 

The solid fraction would not be a source of GHG, and low VS contents in the liquid fraction mean 

lower CH4 emissions during storage and reduced N2O emissions after field application of the liquid 

fraction. Green energy produced would substitute CO2 otherwise emitted from the assumed coal 

fired power plant and therefore contributed with a negative emission. However, incineration also 

reduced the amount of carbon deposited in the soil and therefore reduced carbon sequestration 

(SOC). This effect is particularly high for the cooler climates in Sweden and Denmark, and under 

some farming conditions the reduction in soil C input from slurry VS may need to be compensated 

for by other means on maintaining SOC stocks, e.g. growing cover crops or adopting reduced tillage 

practices (Lal et al. 2007). 

GHG emission, kg CO
2
 eq. kg

-1
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Figure 9.3. CH4 and N2O emission from slurry as affected by anaerobic digestion in a biogas 

reactor. Hatched is untreated slurry and lines are anaerobic digested treated slurry (Adapted from 

Sommer et al. 2004). 

A mitigation option for slurry management is anaerobic digestion. In the digester, fermentation 

processes result in CH4 production at the expense of easily digestible VS, and this treatment can 

therefore not only substitute fossil fuel, but also reduce the potential for CH4 emissions during 

subsequent storage (Sommer et al. 2004), and for N2O emissions after field application (Petersen 

1999). This treatment may reduce GHG emission to almost 1/3 of the emission from untreated 

slurry (Fig. 9.3).  

 

9.3. Odour 

Main sources for odour annoyance in animal production are the emission from animal buildings 

including the manure storage tanks and emission during and after land application of animal 

manure. Within animal houses the specific sources are storage of manure, soiled floors and walls 

and animal feed. The obnouxious gases found in the air are emitted from the anaerobic stored 

slurry, thus, it is generally accepted that most of these gases come from the anaerobic stored slurry 

(Jongebreur et al. 2003). There are several hundred compounds contributing to the obnoxious odour 

i.e. phenol, p-cresol, indole, skatole, amines, sulphides and fatty acids are considered to contribute 

significantly to the odour (Hobbs et al. 1995, O‟Neill and Phillips 1992). All these compounds are 

produced from the organic matter in manure in an anaerobic environment. 
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Figure 9.4. Olfactometer (AC'SCENT® International) 

 

9.3.1. Odour characteristic and quantification 

Obnoxious odour in air from livestock houses or animal manure is composed of several hundred 

organic components with a variety of unpleasantness associated. Therefore, many studies use 

olfactormeters to quantify odour.  

Typically odorous air is collected in teflon bags which are analysed for odour within 24 hours, 

because the obnoxious gases can diffuse through the Teflon. Measurements are made using 

dynamic dilution olfactometers with a forced choice type of presentation (Fig. 9.4). The 

olfactometer has two sniffing port, one containing clean odourless air and the other containing the 

diluted odour sample. Panellists indicate via a keyboard which port they consider to contain the 

odorous air. The panellist is presented for the odorous air at dilution steps (Six), each step differing 

from the next by a factor of 2, this range of six dilutions are repeated three times. The odour 

threshold concentration is where 50% of the panellists are not able to distinguish the odorous air 

from clean air. This is defined as the European Reference Odour Mass and has the notation OUe, 

and differs from the American odour units.   

An alternative to using the olfactorimetric response is to characterise the odour from single 

component. Often VFA content of the biomass or air is used, because the short chain organic acids 

indicate that the biomass has been stored or treated anaerobically and as mentioned above 

fermenting is often the cause of production of obnoxious gaseous components. 



 88 

 

Figure 9.5. Sources of odour and the factors influencing odour (Le et al., 2005) 

 

9.3.2. Formation of odours and emission 

The animal feed and the storage conditions of the manure is the basic factor for the formation of 

odours. There is not much known about the relation between diets and odour but proteins are 

influencing the odour concentration (Hobbs et al. 1997). Thus cattle production emits less odour 

than pig production due to the different uptake and metabolism of the feed between cattle and pigs 

(Jongebreuer et al. 2003).  

The volatile odorous compounds are produced through hydrolysis of sulphate, proteins and 

carbohydrate (Fig. 9.5). The release of these components are affected by pH so at a high pH amines 

may be emitted but not organic acids, whereas at a low pH the organic acids is not charged and may 

be emitted while amines may be electro positive and not volatile. Still interaction between 

obnoxious odour and pH is not clear (Jongebreur et al. 2003). The production of the odour 

components increases with the temperature, and the emission increases with air exchange as is the 

case for NH3 emission. 

 

9.3.3. Odour reduction technology 

Pre-fermentation in biogas plants reduce the odour emission from pig manure during the subsequent 

storage (Pain et al., 1990; Ndegwa et al., 2005). In most of the previous studies the odour reduction 

potential of fermentation has been related to the reduction of VFA content of the slurry. However, 

the reduction of odour emission from pre-fermented manure can be explained by a more general 

reduction of different types of odour components in animal slurry. Thus biogas treatment may 

reduce odour emission during storage of slurry and also after slurry application in the field. The 

effect may diminish with storage time after the slurry has been treated.  

It has been claimed that separation may reduce odour emission from slurry, because separation 

remove some types of odour components of pig slurry or reduces the content of organic precursors 

generating these odorants (Hjorth et al. (2008b). In a recent Danish study this effect of separation 

was proven (Hjorth et al. 2008b). A result also shown in the study of Ndegwa et al. (2002), but not 
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in the study of Zhu et al. (2001), who found that mechanical separation of solids from pig slurry 

did not affect concentrations of odour components. The reason may be that separation mainly 

removes the large particles, thus the small particles remains in the liquid fraction. Small particles 

decompose the quickest and to the largest extend into easily degradable volatile solids, i.e. the 

precursors of odorous compounds (Zhang and Westerman, 1997), which may explain the lack of 

effect of the separation.  

Aeration of slurry before storage will remove the odour components due to transformation to CO2 

and the production of odour components will be reduced due to a higher oxygen content of the 

slurry. After aeration is stopped the odour components will slowly increase again, so the aeration 

procedure has to be continuous (Burton and Turner, 2003). The risk is that aeration may produce 

N2O or NOx. 

Treatment of ventilation air is a most efficient but also costly technology for reducing odour 

emission from ventilated livestock buildings. Biofilters, where microorganisms transforms the 

odour components have shown a performance of up to 75% reduction in odour, but the process is 

very sensitive to management of the filter, i.e. water content (Jongebreuer et al. 2003). Alternatively 

one may use acid air washers that can reduce odour with about 20-40%. 
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10. System modelling and analyses 

10.1 The basic equations - Mass and Energy balances 

In order to secure an economically and ecologically viable use of biowaste in connection with 

agricultural and animal production it is imperative to have tools for predicting costs, production 

rates and environmental impact. This holds for single process units like centrifuges, biowaste 

treatment lines like biogas digesters with pre- and post-treatment of biowaste, whole farms with 

animal houses, animals, fields, crops and waste treatment units and all the way up from 

municipalities through countries to Earth as a whole. While this sounds very ambitious the basic 

equations for doing this is comparatively simple. 

 

   

 a              b             c   

Figure 10.1. a. process unit, b. farm c. earth. 

Whether the system one is looking at is a process unit, a process line, a farm with its surrounding 

fields or earth (figure 10.1), then the basic assumptions are that amount of mass and energy and 

number of each atomic element stays constant. An assumption that holds as long as nuclear power 

is left out as in this case mass is actually converted into energy and new atoms are formed from the 

fusion or fission of other atoms. 

Thus the basic equations are 
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(10.1) 

 

(10.2) 
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(10.4) 

Where m is mass, n is number of atoms in moles, E is energy. Small dots above a letter denotes 

time derivatives i.e. flow of mass in or flow of mass out of a system. 

For Earth weather scenarios, farmland runoffs, evaporation, soil erosion etc these balances cannot 

be solved in detail. Instead the energy balance is substituted with weather forecast based on 

simplified models that include prior measured data, water shed models and percolation models that 

can be used to predict the subterranean flow of water. These data together with mass balances add 

information as to how fast water solvable fertilizers like ammonium nitrates might be leached to 

rivers or estuaries. For process units and treatment lines the energy balance and the component 

balances can often be solved more rigorously predicting behaviour of equipment involved in the 

treatment line. This is normally the realm and indeed the raison d‟etre for the chemical and 

mechanical engineers and is anyhow beyond the scope of this course and compendium. An example 
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of a set-up for a simple mass balance on the conceptual level leaving out the energy balances will 

be given below. 

 

10.2. Mass balance on a biowaste treatment facility 

In the following an overall balance will be given for a biowaste treatment facility on the conceptual 

level. 
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Figure 10.2 Conceptual design of a biowaste treatment plant. 

 

A simple biogas production facility that treats a combination of pig slurry and municipal organic 

household waste could consist of the units shown in figure 10.2. The untreated manure is kept in the 

manure slurry tank and the shredded household waste in the municipal waste tank. The slurry is 

pumped through line 1 to a mixer tank where it is mixed with municipal waste, which is transported 

with a screw conveyor through line 2. The two fractions are mixed and feed through line 3 to the 

heat treatment tank. Here the waste is heat treated at 70 ºC for one hour before it is feed to the 

biogas digester. In the biogas digester a part of the volatile solids (roughly equivalent to 23 %(w/w) 

of the total solids fed to the digester) are digested to methane and carbon dioxide. The biogas which 

contains roughly 65 %(V/V) methane, 22 %(V/V) carbon dioxide and 13 %(V/V) water, is send 

through pipeline 5 to a gas treatment plant. The remaining slurry mixture is send through line 6 to a 

settling chamber, where sand and gravel is removed through line 13. The slurry is pumped through 

pipe 7 to a conveyor filter, where 42 % (w/w) of the dry matter is removed as a wet filter cake 

containing 80 % liquid phase. The solid fraction is conveyed on line 8 to a screw press where the 

filter cake is further compressed. The filter cake conveyed from the screw press on line 9 contain 35 

% (w/w) of the dry matter that entered the screw but the screw press filter cake has a liquid fraction 

on only 40%. This filter cake is sent for incineration. The liquid fraction from the screw press goes 

through pipeline 10 to storage where it is mixed with the liquid fraction from the conveyor filter 

(line 11). This mixture can then be used as fertilizer (line 12). 

In order to setup mass and elemental balances for this plant the composition of the municipal 

household waste and the pig slurry is needed, separation indexes for the individual components in 

the conveyor filter and screw press is needed. This information is partly available in sections 6 and 

7. 
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As municipal waste and manure slurry does not have a constant composition for design purposes 

a model feed has to be defined, based on averaged municipal organic household composition and a 

defined average manure slurry. An example of such model feeds are shown in table 10.1. 

 

Table 10.1 Example of model feed based on averaged municipal organic household waste and 

finishing pig manure slurry. 

 Feed Composition 

Type: Finishing pig manure slurry Municipal organic household 

waste 

Drymatter 5.45 %-weight 38 %-weight 

VS 4.14 %-weight 30 %-weight 

Lipids 14 %-weight of VS 39 %-weight of VS 

Protein 27 %-weight of VS 28.5 %-weight of VS 

Digestible hydrocarbons 27.1 %-weight of VS 26.3 %-weight of VS 

Non-digestible hydrocarbons 15.4 %-weight of VS 5.8 %-weight of VS 

Lignin 5.8 %-weight of VS 0 %-weight of VS 

VFA 8.5 %-weight of VS 0 %-weight of VS 

Ash 1.3 %-weight 8 %-weight 

Total P 0.1 %-weight 0.2 %-weight 

Total N 0.58 %-weight 1.7 %-weight 

K 0.2 %-weight 0.45 %-weight 

Ca 0.08 %-weight 0.03 %-weight 

Mg 0 %-weight 0.04 %-weight 

Cu 0.0022 %-weight 0 %-weight 

Zn 0.0029 %-weight 0.003 %-weight 

S 0 %-weight 0 %-weight 

Gravel/sand 0.16 %-weight 0 %-weight 

 

 

The next step in order to setup a mass balance for the biowaste treatment facility shown in figure 

10.2 is to gather information concerning the efficiency and properties of the individual unit 

operations: Mixer, digester, settling tank, conveyor filter and screw press. Examples of such data 

are shown in table 10.2. 
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Table 10.2 Example of Efficiencies and other properties relating to mass balances in the 

individual unit operations Mixer:  

Mixing ratio:   200 kg municipal organic house hold waste 

1000 kg manure slurry 

Digester: 

Expected methane yield: 

Expected gas composition: 

0.23 kg/kg VS 

CH4: 65 %-volume 

CO2: 22 %-volume 

H2O: 13 %-volume 

Settling tank: 

Sand and gravel: 

Water: 

All sand and gravel in feed leaves in the sediment 

The sediment has a water content of 40 %-volume 

Conveyor filter: 

Component Separation index 

Drymatter: 

Total N: 

NH4
+
: 

Total P: 

Liquid fraction in filter cake: 

42 % of original content in slurry 

24 % of original content in slurry 

23 % of original content in slurry 

30 % of original content in slurry 

80 % of total wet weight 

Screw filter (screw press): 

Component Separation index 

Drymatter: 

Total N: 

NH4
+
: 

Total P: 

Liquid fraction in filter cake: 

35 % of original content in slurry 

11 % of original content in slurry 

11 % of original content in slurry 

20 % of original content in slurry 

40 % of total wet weight 

 

 

 

The composition of stream 6 leaving the digester can either be simulated using kinetic models 

combined with flow models for the digester or for an initial estimate some simplifying assumptions 

could be made: The gas composition and amount of gas produced determines how much organic 

carbon in the VS-carbon pool, that is transformed. Microorganisms tend to digest these in the order: 

Acetate, proteins, sugar, lipids. As acetate is both produced and consumed during the digesting 

process and this has to be done in a balanced way in order to keep the digester running, the acetate 

pool can be assumed to be constant. Thus first proteins, then sugars and finally lipids are degraded 

to biogas to fulfil the carbon demand for the biogas production.  
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Finally steady state is assumed leading to the accumulation terms being equal to zero.  

Based on these assumptions the composition of each stream can be calculated. The result of these 

calculations is shown in table 10.3.  

The ability of such calculations to predict the true mass streams of the system depends on how well 

the simplifying assumptions describe the processes, but also on the true composition of the feed and 

the way the plant is run. Thus they can only be used to give an approximate value for each stream, 

still this will often be sufficient for design and legislation purposes. For the day-to-day  run of the 

process chemical analysis of key streams and components are necessary. 
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                       Table 10.3 Example of a mass balance for a biowaste treatment facility 
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