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Preface 
 

Solid waste management is one of the important disciplines of environmental 
management. It is divided into two parts, dealing with biodegradable and non-
biodegradable waste. The segregation of waste in most developing countries is a 
difficult task. This problem has a wide range of causes, including the lack of public 
knowledge of the problem. Lack of funds plays a small but very vital role.  

Solid waste management is a wide and diversified field. Within this field, organic 
waste attracts a great deal of attention because of its chemical constituents. However, 
the few narrowly specialized resources on this type of waste are insufficient to reveal 
the complete chemistry of it. The book titled “Management of Organic Waste “ is 
designed to provide a fundamental knowledge of the principles related to the 
management of organic waste. The chapters of the book are arranged logically and 
they offer an up-to-date approach to offer a better understanding of the chemistry 
used to treat organic waste as a raw material which results in a useful product. The 
breadth and depth of the material presented in this book will help to understand the 
different processing and disposal aspects of organic waste. The comparative aspects of 
processing and disposal, reflect the unique identity of the book. Lastly, each chapter 
with different sub-headings contains very good resources, and very clear concepts. 

This publication will be extremely helpful to students, researchers, scientists, policy 
makers, and local waste management authorities. 

 
Er Sunil Kumar, Scientist 

Council of Scientific and Industrial Research-National Environmental Engineering 
Research Institute (CSIR-NEERI), Kolkata Zonal Laboratory 
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India 

 
Dr Ajay Bharti, Assistant Professor 
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Anaerobic Treatment and  
Biogas Production from Organic Waste 

Gregor D. Zupančič and Viktor Grilc 

Institute for Environmental Protection and Sensors 
Slovenia 

1. Introduction  
Organic wastes under consideration are of natural origin that possess biochemical 
characteristics ensuring rapid microbial decomposition at relatively normal operating 
conditions. When considering the organic waste treatment we have generally in mind 
organic mineralization, biological stabilisation and detoxification of pollutants. Most 
common organic wastes contain compounds that are mainly well biodegradable. They can 
be readily mineralized either through biological treatment (aerobic or anaerobic), or thermo 
chemical treatment such as incineration, pyrolysis and gasification. The latter will not be 
treated in this work. Most organic wastes produced today originate in municipal, industrial 
and agricultural sector. Municipal waste (as well as municipal wastewater sludge) is 
generated in human biological and social activities and contains a large portion of organic 
waste readily available for treatment. Agricultural waste is common in livestock and food 
production and can be utilised for biogas production and therefore contribute to more 
sustainable practice in agriculture. Industrial wastes arise in many varieties and are the most 
difficult for biological treatment, depending of its origin. Namely, many industries use 
chemicals in their production in order to achieve their product quality and some of these 
chemicals are present in the waste stream, which is consequently difficult to treat. Recently, 
organic waste treatment has had a lot of attention, due to possibilities of energy recovery 
from these wastes as well as to prevent their adverse environmental effects. Energy recovery 
is possible through controlled release of chemically bound energy of organic compounds in 
waste and can be retrieved through chemical and biochemical processes. Most of the organic 
wastes appear in solid form; however contain up to 90% of moisture, therefore thermo-
chemical treatment such as incineration cannot be applied. To address sustainability in the 
treatment of organic wastes, environmental aspect, energy aspect and economical aspect of 
the treatment processes should be considered.  

Biodegradable organic waste can be treated with or without air access. Aerobic process is 
composting and anaerobic process is called digestion. Composting is a simple, fast, robust 
and relatively cheap process producing compost and CO2 (Chiumenti et al. 2005, Diaz et al. 
2007). Digestion is more sophisticated, slow and relatively sensitive process, applicable for 
selected input materials (Polprasert, 2007). In recent years anaerobic digestion has become a 
prevailing choice for sustainable organic waste treatment all over the world. It is well suited 
for various wet biodegradable organic wastes of high water content (over 80%), yielding 
methane rich biogas for renewable energy production and use.  
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Table 1 shows typical solid and organic substance contents and biogas yields for most 
frequent organic wastes, treated with anaerobic digestion. 

Organic waste TS1 
[%] 

VS2 in TS 
[%] 

Biogas yield (SPB) 
[m3kg-1 of VS] 

Municipal organic waste 15-30 80-95 0.5-0.8 
Municipal wastewater sludge 3-5 75-85 0,3-0,5 

Brewery spent grain 20-26 80-95 0.5-1.1 
Yeast 10-18 90-95 0.5-0.7 

Fermentation residues 4-8 90-98 0.4-0.7 
Fruit slurry (juice production) 4-10 92-98 0.5-0.8 

Pig stomach content 12-15 80-84 0.3-0.4 
Rumen content (untreated) 12-16 85-88 0.3-0.6 

Vegetable wastes 5-20 76-90 0.3-0.4 
Fresh greens 12-42 90-97 0.4-0.8 

Grass cuttings (from lawns) 20-37 86-93 0.7-0.8 
Grass silage 21-40 87-93 0.6-0.8 
Corn silage 20-40 94-97 0.6-0.7 

Straw from cereals ~86 89-94 0.2-0.5 
Cattle manure (liquid) 6-11 68-85 0.1-0.8 

Cattle excreta 25-30 75-85 0.6-0.8 
Pig manure (liquid) 2-13 77-85 0.3-0.8 

Pig excreta 20-25 75-80 0.2-0.5 
Chicken excreta 10-29 67-77 0.3-0.8 
Sheep excreta 18-25 80-85 0.3-0.4 
Horse excreta 25-30 70-80 0.4-0.6 

Waste milk ~8 90-92 0.6-0.7 
Whey 4-6 80-92 0.5-0.9 

1TS – total solids 
2VS – volatile (organic) solids 

Table 1. Types of organic wastes and their biogas yield 

2. Basics of anaerobic digestion 
This section deals with anaerobic waste treatment methods only, as the most advanced and 
sustainable organic waste treatment method. Anaerobic digestion (WRAP 2010) is “a process 
of controlled decomposition of biodegradable materials under managed conditions where free oxygen 
is absent, at temperatures suitable for naturally occurring mesophilic or thermophilic anaerobic and 
facultative bacteria and archaea species, that convert the inputs to biogas and whole digestate“. It is 
widely used to treat separately collected biodegradable organic wastes and wastewater 
sludge, because it reduces volume and mass of the input material with biogas (mostly a 
mixture of methane and CO2 with trace gases such as H2S, NH3 and H2) as by-product. 
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Thus, anaerobic digestion is a renewable energy source in an integrated waste management 
system. Also, the nutrient-rich solids left after digestion can be used as a fertilizer. 

2.1 Biochemical reactions in anaerobic digestion  

There are four key biological and chemical stages of anaerobic digestion: 

1. Hydrolysis  
2. Acidogenesis  
3. Acetogenesis  
4. Methanogenesis.  

 
Fig. 1. Anaerobic pathway of complex organic matter degradation 

In most cases biomass is made up of large organic compounds. In order for the 
microorganisms in anaerobic digesters to access the chemical energy potential of the organic 
material, the organic matter macromolecular chains must first be broken down into their 
smaller constituent parts. These constituent parts or monomers such as sugars are readily 
available to microorganisms for further processing. The process of breaking these chains 
and dissolving the smaller molecules into solution is called hydrolysis. Therefore hydrolysis 
of high molecular weight molecules is the necessary first step in anaerobic digestion. It may 
be enhanced by mechanical, thermal or chemical pretreatment of the waste. Hydrolysis step 
can be merely biological (using hydrolytic microorganisms) or combined: bio-chemical 
(using extracellular enzymes), chemical (using catalytic reactions) as well as physical (using 
thermal energy and pressure) in nature. 

Acetates and hydrogen produced in the first stages can be used directly by methanogens. 
Other molecules such as volatile fatty acids (VFA’s) with a chain length that is greater than 
acetate must first be catabolised into compounds that can be directly utilised by 
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methanogens. The biological process of acidogenesis is where there is further breakdown of 
the remaining components by acidogenic (fermentative) bacteria. Here VFA’s are generated 
along with ammonia, carbon dioxide and hydrogen sulphide as well as other by-products.  

The third stage anaerobic digestion is acetogenesis. Here simple molecules created through 
the acidogenesis phase are further digested by acetogens to produce largely acetic acid (or 
its salts) as well as carbon dioxide and hydrogen. 

The final stage of anaerobic digestion is the biological process of methanogenesis. Here 
methanogenic archaea utilise the intermediate products of the preceding stages and convert 
them into methane, carbon dioxide and water. It is these components that makes up the 
majority of the biogas released from the system. Methanogenesis is – beside other factors - 
sensitive to both high and low pH values and performs well between pH 6.5 and pH 8. The 
remaining, non-digestible organic and mineral material, which the microbes cannot feed 
upon, along with any dead bacterial residues constitutes the solid digestate. 

2.2 Factors that affect anaerobic digestion  

As with all biological processes the optimum environmental conditions are essential for 
successful operation of anaerobic digestion (Table 2). The microbial metabolism processes 
depend on many parameters; therefore these parameters must be considered and carefully 
controlled in practice. Furthermore, the environmental requirements of acidogenic bacteria 
differ from requirements of methanogenic archaea. Provided that all steps of the 
degradation process have to take place in one single reactor (one-stage process) usually 
methanogenic archaea requirements must be considered with priority. Namely, these 
organisms have much longer regeneration time, much slower growth and are more sensitive 
to environmental conditions then other bacteria present in the mixed culture (Table 3). 
However, there are some exceptions to the case: 

Parameter Hydrolysis/ Acidogenesis Methanogenesis 

Temperature 25-35°C Mesophilic: 30-40°C 
Thermophilic: 50-60°C 

pH Value 5.2-6.3 6.7-7.5 
C:N ratio 10-45 20-30

Redox potential +400 to -300 mV Less than -250 mV 
C:N:P:S ratio 500:15:5:3 600:15:5:3 

Trace elements No special requirements Essential: Ni, Co, Mo, Se 

Table 2. Environmental requirements (Deublein and Steinhauser 2008) 

 With cellulose containing substrates (which are slowly degradable) the hydrolysis stage 
is the limiting one and needs prior attention. 

 With protein rich substrates the pH optimum is equal in all anaerobic process stages 
therefore a single digester is sufficient for good performance. 

 With fat rich substrates, the hydrolysis rate is increasing with better emulsification, so 
that acetogenesis is limiting. Therefore a thermophilic process is advised. 

In aspiration to provide optimum conditions for each group of microorganisms, a two-stage 
process of waste degradation has been developed, containing a separate reactor for each stage. 
The first stage is for hydrolysis/acidification and the second for acetogenesis/methanogenesis. 
The process will be discussed in detail in section 3. 
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Microorganisms Time of regeneration 
Acidogenic bacteria Less than 36 hours 
Acetogenic bacteria 80-90 hours 

Methanogenic archaea 5-16 days 
Aerobic microorganisms 1-5 hours 

Table 3. Regeneration time of microorganisms 

2.2.1 Temperature 

Anaerobic digestion can operate in a wide range of temperature, between 5°C and 65°C. 
Generally there are three widely known and established temperature ranges of operation: 
psychrophilic (15-20°C), mesophilic (30-40°C) and thermophilic (50-60°C). With increasing 
temperature the reaction rate of anaerobic digestion strongly increases. For instance, with 
ideal substrate thermophilic digestion can be approx. 4 times faster than mesophilic. 
However using real waste substrates, there are other inhibitory factors that influence 
digestion, that make thermophilic digestion only approx. 2 times faster than mesophilic. 

The important thing is, when selecting the temperature range, it should be kept constant as 
much as possible. In thermophilic range (50-60°C) fluctuations as low as ±2°C can result in 
30% less biogas production (Zupančič and Jemec 2010). Therefore it is advised that 
temperature fluctuations in thermophilic range should be no more than ±1°C. In mesophilic 
range the microorganisms are less sensitive; therefore fluctuations of ±3°C can be tolerated.  

For each range of digestion temperature there are certain groups of microorganisms present 
that can flourish in these temperature ranges. In the temperature ranges between the three 
established temperature ranges the conditions for each of the microorganisms group are less 
favourable. In these ranges anaerobic digestion can operate, however much less efficient. 
For example, mesophilic microorganisms can operate up to 47°C, thermophilic 
microorganisms can already operate as low as 45°C. However the rate of reaction is low and 
it may happen that the two groups of microorganisms may exclude each other and compete 
in the overlapping range. This results in poor efficiency of the process, therefore these 
temperatures are rarely applied. 

2.2.2 Redox potential 

In the anaerobic digester, low redox potential is necessary. Methanogenic archaea need 
redox potential between -300 and -330 mV for the optimum performance. Redox potential 
can increase up to 0 mV in the digester; however it should be kept in the optimum range. To 
achieve that, no oxidizing agents should be added to the digester, such as oxygen, nitrate, 
nitrite or sulphate. 

2.2.3 C:N ratio and ammonium inhibition 

In microorganism biomass the mass ratio of C:N:P:S is approx. 100:10:1:1. The ideal 
substrate C:N ratio is then 20-30:1 and C:P ratio 150-200:1. The C:N ratio higher than 30 
causes slower microorganisms multiplication due to low protein formation and thus low 
energy and structural material metabolism of microorganisms. Consequently lower 
substrate degradation efficiency is observed. On the other hand, the C:N ratio as low as 3:1 
can result in successful digestion. However, when such low C:N ratios and nitrogen rich 
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substrates are applied (that is often the case using animal farm waste) a possible ammonium 
inhibition must be considered. Ammonium although it represents an ideal form of nitrogen 
for microorganisms cells growth, is toxic to mesophilic methanogenic microorganisms at 
concentrations over 3000 mgL-1 and pH over 7.4. With increasing pH the toxicity of 
ammonium increases (Fig. 2).  

 
Fig. 2. Ammonium nitrogen toxicity concentration to methanogenic microorganisms   

Thermophilic methanogenic microorganisms are generally more sensitive to ammonium 
concentration. Inhibition can occur already at 2200 mgL-1 of ammonium nitrogen. However 
the ammonium inhibition can very much depend on the substrate type. A study of 
ammonium inhibition in thermophilic digestion shows an inhibiting concentration to be 
over 4900 mgL-1 when using non-fat waste milk as substrate (Sung and Liu 2003).  

Ammonium inhibition can likely occur when digester leachate (or water from dewatering 
the digested substrate) is re-circulated to dilute the solid substrate for anaerobic digestion. 
Such re-circulation must be handled with care and examined for potential traps such as 
ammonium or other inhibitory ions build up.  

To resolve ammonia inhibition when using farm waste in anaerobic digestion several 
methods can be used: 

 First possibility is carefully combining different substrates to create a mixture with 
lower nitrogen content. Usually some plant biomass (such as silage) is added to liquid 
farm waste in such case.  

 Second possibility is diluting the substrate to such extent, that concentration in the 
anaerobic digester does not exceed the toxicity concentration. This method must be 
handled with care. Only in some cases dilution may be a solution.  If the substrate 
requires too much dilution, a microorganisms washout may occur, which results in 
process failure. Usually there is only a narrow margin of operation, original substrate 
causes ammonium inhibition, when diluted to the extent necessary to stop ammonia 
inhibition, and already a washout due to dilution occurs.  

 It is also possible to remove ammonium from the digester liquid. This method is usually 
most cost effective but rarely used. One of such processes is stripping ammonia from 
the liquid. It is also commercially available (GNS 2009). 
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2.2.4 pH  

In anaerobic digestion the pH is most affecting the methanogenic stage of the process. pH 
optimum for the methanogenic microorganisms is between 6.5 and 7.5. If the pH decreases 
below 6.5, more acids are produced and that leads to imminent process failure. In real 
digester systems with suspended biomass and substrate containing suspended solids, 
normal pH of operation is between 7.3 and 7.5. When pH decreases to 6.9 already serious 
actions to stop process failure must be taken. When using UASB flow through systems (or 
other systems with granule like microorganisms), which utilize liquid substrates with low 
suspended solids concentration normal pH of operation is 6.9 to 7.1. In such cases pH limit 
of successful operation is 6.7. 

In normally operated digesters there are two buffering systems which ensure that pH 
persists in the desirable range: 

 Carbon dioxide - hydrogen carbonate - carbonate buffering system. During digestion 
CO2 is continuously produced and release into gaseous phase. When pH value 
decreases, CO2 is dissolved in the reactor solution as uncharged molecules. With 
increasing pH value dissolved CO2 form carbonic acid which ionizes and releases 
hydrogen ions. At pH=4 all CO2 is in form of molecules, at pH=13 all CO2 is dissolved 
as carbonate. The centre point around which pH value swings with this system is at 
pH=6.5. With concentrations between 2500 and 5000 mgL-1 hydrogen carbonate gives 
strong buffering.  

 Ammonia - ammonium buffering system. With decreasing pH value, ammonium ions 
are formed with releasing of hydroxyl ions. With increasing pH value more free 
ammonia molecules are formed. The centre point around which pH value swings with 
this system is at pH=10. 

Both buffering systems can be overloaded by the feed of rapidly acidifying (quickly 
degradable) organic matter, by toxic substances, by decrease of temperature or by a too high 
loading rate to the reactor. In such case a pH decrease is observable, combined with CO2 
increase in the biogas. Measures to correct the excessive acidification and prevent the 
process failure are following: 

 Stop the reactor substrate supply for the time to methanogenic archaea can process the 
acids. When the pH decreases to the limit of successful operation no substrate supply 
should be added until pH is in the normal range of operation or preferably in the upper 
portion of normal range of operation. In suspended biomass reactors this pH value is 
7.4 in granule microorganisms systems this pH value is 7.0. 

 If procedure from the point above has to be repeated many times, the system is 
obviously overloaded and the substrate supply has to be diminished by increasing the 
residence time of the substrate. 

 Increase the buffering potential of the substrate. Addition of certain substrates which 
some contain alkaline substances to the substrate the buffering capacity of the system 
can be increased.  

 Addition of the neutralizing substances. Typical are slaked lime (Ca(OH)2), sodium 
carbonate (Na2CO3) or sodium hydrogen carbonate (NaHCO3), and in some cases 
sodium hydroxide (NaOH). However, with sodium substances most precaution must 
be practiced, because sodium inhibition can occur with excessive use.  
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2.2.5 Inhibitory substances 

In anaerobic digestion systems a characteristic phenomenon can be observed. Some 
substances which are necessary for microbial growth in small concentrations inhibit the 
digestion at higher concentrations. Similar effect can have high concentration of total 
volatile fatty acids (tVFA’s). Although, they represent the very substrate that methanogenic 
archaea feed upon the concentrations over 10,000 mgL-1 may have an inhibitory effect on 
digestion (Mrafkova et al., 2003; Ye et al., 2008). 

Inorganic salts can significantly affect anaerobic digestion. Table 4 shows the optimal and 
inhibitory concentrations of metal ions from inorganic salts.  

 
Optimal concentration 

[mgL-1] 
Moderate inhibition 

[mgL-1] 
Inhibition 

[mgL-1] 

Sodium 100-200 3500-5500 16000 

Potassium 200-400 2500-4500 12000 

Calcium 100-200 2500-4500 8000 

Magnesium 75-150 1000-1500 3000 

Table 4. Optimal and Inhibitory concentrations of ions from inorganic salts 

In real operating systems it is unlikely that inhibitory concentrations of inorganic salts 
metals would occur, mostly because in such high concentrations insoluble salts would 
precipitate in alkaline conditions, especially if H2S is present. The most real threat in this 
case is sodium inhibition of anaerobic digestion. This can occur in cases where substrates are 
wastes with extremely high salt contents (some food wastes, tannery wastes…) or when 
excessive use of sodium substances were used in neutralization of the substrate or the 
digester liquid. Study done by Feijoo et al. (1995) shows that concentrations of 3000 mgL-1 
may already cause sodium inhibition. However, anaerobic digestion can operate up to 
concentrations as high as 16,000 mgL-1 of sodium, which is close to saline concentration of 
seawater. Measures to correct the sodium inhibition are simple. The high salt substrates 
must be pre-treated to remove the salts (mostly washing). The use of sodium substances as 
neutralizing agents can be substituted with other alkaline substances (such as lime). 

Heavy metals also do have stimulating effects on anaerobic digestion in low 
concentrations, however higher concentrations can be toxic. In particular lead, cadmium, 
copper, zinc, nickel and chromium can cause disturbances in anaerobic digestion process. 
In farm wastes, e.g. in pig slurry, especially zinc is present, originating from pig fodder 
which contains zinc additive as an antibiotic. Inhibitory and toxic concentrations are 
shown in Table 5. 

Other organic substances, such as disinfectants, herbicides, pesticides, surfactants, and 
antibiotics can often flow with the substrate and also cause nonspecific inhibition. All of 
these substances have a specific chemical formula and it is hard to determine what the 
behaviour of inhibition will be. Therefore, when such substances do occur in the treated 
substrate, specific research is strongly advised to determine the concentration of inhibition 
and possible ways of microorganisms adaptation. 
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Metal Inhibition start1 
[mgL-1] 

Toxicity to adopted microorganisms3 
[mgL-1] 

Cr3+ 130 260
Cr6+ 110 420
Cu 40 170
Ni 10 30
Cd 70 600
Pb 340 340
Zn 400 600

1As inhibitory concentration it is considered the first value that shows diminished biogas production 
and as toxic concentration it is considered the concentration where biogas production is diminished by 
70 %. 

Table 5. Inhibitory and toxic concentrations of heavy metals 

3. Anaerobic digestion technologies 
Block scheme of anaerobic digestion (Fig. 3) shows that technological process of typical 
anaerobic digestion. It consists of three basic phases: i) substrate preparation and pre-
treatment, ii) anaerobic digestion and iii) post treatment of digested material, including 
biogas use. In this section all of the processes will be elaborated in detail. 

 
Fig. 3. Block scheme of anaerobic digestion and biogas/digestate utilisation 

3.1 Pretreatment 

In general, all types of biomass can be used as substrates as long as they contain 
carbohydrates, proteins, fats, cellulose and hemicellulose as main components. It is however 
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important to consider several points prior to considering the process and biomass pre-
treatment. The contents and concentration of substrate should match the selected digestion 
process. For anaerobic treatment of liquid organic waste the most appropriate concentration 
is between 2 - 8 % of dry solids by mass. In such case conventional single stage digestion or 
two stage digestion is used. If considering the treatment of solid waste using solid digestion 
process, the concentration substrate is between 10 and 20 % by mass. Organic wastes can 
also contain impurities which usually impairs the process of digestion. Such materials are:  

 Soil, sand, stones, glass and other mineral materials 
 Wood, bark, card, cork and straw 
 Skin and tail hair, bristles and feathers 
 Cords, wires, nuts, nails, batteries, plastics, textiles etc. 

The presence of impurities in the substrate can lead to increased complexity in the operating 
expenditure of the process. During the process of digestion of liquid manure from cattle the 
formation of scum layer on the top of the digester liquid can be formed, caused by straw 
and muck. The addition of rumen content and cut grass (larger particles than silage) can 
contribute to its formation. If the substrate consists of undigested parts of corn and grain 
combined with sand and lime the solid aggregates can be formed at the bottom of the 
digester and can cause severe clogging problems.  

In all such cases the most likely solution is pre-treatment to reduce solids size. Naturally, 
that all the non-digestible solids (soil, stones, plastics, metals...) should be separated from 
the substrate flow in the first step. On the other hand grass, straw and fodder residue can 
contribute to the biogas yield, when properly pretreated, so they are accessible to the 
digestion microorganisms. Pretreatment can be made by physical, chemical or combined 
means.  

Physical pretreatment is the most common.  The best known disintegration methods are 
grinding and mincing. In grinding and mincing the energy required for operation is 
inversely proportional to the particle size. Since such energy contributes to the parasitic 
energy, it should be kept in the limits of positive margin (the biogas yield increased by pre-
treatment is more than energy required for it). In the case of organic waste the empirical 
value for such particle size is between 1 and 4 mm.  

Chemical pre-treatment can be used when treating ligno-cellulosic material, such as spent 
grains or even silage. Very often chemical treatment is used combined with heat, pressure or 
both. It is common to use acid (hydrochloric, sulphuric or others) or an alkaline solution of 
sodium hydroxide (in some cases soda or potassium hydroxide). Such solution is added to 
the substrate in quantities that surpass the titration equilibrium point and then it is heated to 
the desired temperature and possibly pressurized. Retention times are generally short (up to 
several hours) compared to retention times of the anaerobic digesters. The pretreated 
substrate is then much more degradable. The shortage of this pretreatment is low energy 
efficiency and the cost of chemicals required. It rarely outweighs the costs of building a 
bigger digester. Therefore it is used mostly in treating industrial waste (such as brewery) 
where there is plenty of waste lye or acid present and waste heat can be regenerated from 
the industrial processes as well. Fig. 4 presents the results of our research done on spent 
brewery grain, where up to 70% of organic matter could be, by means of proper 
pretreatment, extracted from solid to liquid form, ready for flow-through anaerobic 
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digestion. The research revealed that higher temperatures of pretreatment (120-160°C) 
enabled finishing of the pretreatment process in 1-2 hours; however the need for a 
pressurised vessel in such case did not outweigh the time saving. 

 
Fig. 4. Effectiveness of thermo-chemical pretreatment 

Thermal pretreatment rewards with up to 30 % more biogas production if properly applied. 
This process occurs at temperature range of 135-220°C and pressures above 10 bar. 
Retention times are short (up to several hours) and hygienisation is automatically included. 
Pathogenic microorganisms are completely destroyed. The process runs economically only 
with heat regeneration. When heat is regenerated from outflow to inflow of the pre-
treatment process, it takes only slightly more heat than conventional anaerobic digestion. 
Such process is very appropriate for cellular material such as raw sewage sludge. 

It is also possible to use biological processes as pretreatment. They are emerging in the 
world. Disintegration takes place by means of lactic acid which decomposes complex 
components of certain substrates. Recently also disintegration with enzymes has been quite 
successful, especially using cellulose, protease or carbohydrases at a pH of 4.5 to 6.5 and a 
retention time of at least 12 days, preferably more (Hendriks and Zeeman 2009).  

3.2 Anaerobic digestion 

For anaerobic digestion several different types of anaerobic processes and several different 
types of digesters are applicable. It is hard to say in advance, which digester type is most 
appropriate for treating the selected organic waste. Digestion of farm waste, for example, 
should be carried out in decentralized plants to serve each farm separately, to make it an 
economic and technological unit combined with the farm. In the same sense a town may be 
a unit in treatment of organic municipal waste. It is important to study the waste of each 
such unit carefully to be able to determine optimal conditions for substrate digestion. 
Organic waste can differ very much even in same geographical areas, therefore it is strongly 
recommended to conduct laboratory and pilot scale experiments before design of the full 
scale digester is made. Considering the costs of the full scale digester, conducting pilot scale 
experiments is a minor item, especially if you have no preceding results or experience. The 
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biggest economic setback is when a digester is constructed and it does not perform as 
expected and consequently requires reconstruction.  

There are several processes available to conduct anaerobic digestion. Roughly, the digestion 
process can be divided into solid digestion and wet digestion processes. Solid digestion 
processes are in fact anaerobic composters. In this process substrate and biomass are in pre-
soaked solid form, containing. 20 % of dry matter and 80 % water. Such processes have 
several advantages. The main advantage is reducing the reactor volume due to much less 
water in the system. Four times more concentrated substrate equals approximately four 
times less reactor volume. It is also possible that some inhibitors (such as ammonium) can 
have less inhibitory effects in solid digestion process. The biggest disadvantage of solid 
digestion process is the substrate transport. Substrate in solid form requires more energy for 
transport in and out of the digesters. It is also a stronger possibility of air intrusion into the 
digesters, which poses a great risk to process stability and safety. It has been only recently 
that such processes have gained ground for a wider use. A fine example is the Kompogas® 
process (Kompogas 2011). 

A much larger variety represents wet digestion processes. They operate at conventional 
concentration up to 5 % of dry solids by mass of the digester suspension. There are several 
reactor technologies available to successfully conduct anaerobic digestion. Roughly, they 
can be divided into batch wise (Fig. 5 and Fig. 6) and continuous processes.  Furthermore 
continuous processes can be divided into single stage (Fig. 7) or two-stage processes (Fig. 8). 
In most of the wet digestion processes microorganisms are completely mixed and 
suspended with substrate in the digester. The suspended solids of substrate and 
microorganisms are impossible to separate after the process. If the substrate contains little 
solids and is mostly dissolved organics liquid, we can apply flow-through processes. In 
these processes microorganisms are in granules and granules are suspended in liquid which 
contains dissolved organic material. In such anaerobic processes microorganisms granules 
are easily separated from the exhausted substrate. Typical representative of such process is 
the UASB (Upflow Anaerobic Sludge Blanket) process (Fig. 9).  

3.2.1 Batch processes 

In the batch process all four steps of digestion as well as four stages of treatment process 
happen in one tank. Typically the reaction cycle of the anaerobic sequencing batch reactor 
(ASBR) is divided into four phases: load, digestion, settling and unload (Fig. 5). A stirred 
reactor is filled with fresh substrate at once and left to degrade anaerobically without any 
interference until the end of the cycle phase. This leads to temporal variation in microbial 
community and biogas production. Therefore, batch processes require more precise 
measurement and monitoring equipment to function optimally. Usually these reactors are 
built at least in pairs, sometimes even in batteries. This achieves more steady flow of biogas 
for instant use. Between the cycles the tank is usually emptied incompletely (to a certain 
exchange volume), which is up to 50% of total reactor volume. The residue in the tank 
serves as microbial inoculum for the next cycle. This makes batch reactors volume larger 
than of the conventional continuous reactors; however they do not require equalization 
tanks and the total reactor volume is usually less than in conventional processes. They can 
be coupled directly to the waste discharge; however this limits the use to more industrial 
processes (for example food industry) and less to other waste production. Typical cycle time 
is one day.  
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Fig. 5. Schematic picture of the batch ASBR process 

 
Fig. 6. Batch solid anaerobic digestion  

Alternative processes that treat wet organic waste in solid state is reported in literature as 
SEBAR - Sequential Batch Anaerobic Digester System (Tubtong et al., 2010). In this case the 
cycle is also divided into four phases, however somehow different than in an ASBR process. 
This process requires digesters always to be in pairs. The reactor is almost completely 
emptied between cycles therefore it requires inoculation through leachate exchange between 
the two digesters (from the one in the peak biogas production to the one at the start of the 
process). In the other phases leachate is self-circulated (Fig. 6). Typical cycle time is between 
30 and 60 days. Although solid substrate reduces the reactor volume, the volume is still 
rather large due to long cycle times compared to conventional digesters that process liquid 
substrates. The advantage of this type of digesters is less complicated monitoring equipment 
so they are applicable in smaller scale.  
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3.2.2 Continuous processes 

Most of the commercial biogas plants use conventional continuous anaerobic digestion 
process. By conventional it is meant fully mixed, semi-continuous or continuous load and 
unload reactor at mesophilic temperature range (35-40°C) - Fig. 7. In majority of the cases, 
the substrate is loaded to the reactor once to several times a day, rarely is it loaded 
continuously. Continuous load can lead to short circuit, which means that fresh load can 
directly flow out of the reactor if mixing is too intense or input and output tubes are located 
improperly. The digester is usually single stage, although they are built in pairs, they do not 
function as a stage separated process. Usually digesters are equipped with a preparation 
tank, where various substrates are mixed and prepared for the loading, which also serves as 
a buffer tank. In many cases also a post-treatment tank is added (it is also called post-
fermenter), where treated substrate is completely stabilized and prepared for further 
treatment. The post-treatment tank can also serve as a buffer towards further treatment 
steps of the substrate. Generally post-fermenters do not contribute much to overall biogas 
yield (up to 5 %) if the digester operates optimally. The size of the preparation and post-
treatment tanks are determined according to the necessary buffer capacity for continuous 
operation. The size of the digester is determined with the necessary Hydraulic Retention 
Time (HRT) and with Organic Loading Rate (OLR) that should be determined in pilot tests. 
HRT is defined as digester volume divided by substrate flow rate and represents time (in 
days) in which a certain unit volume of the substrate passes through the reactor. For 
mesophilic digesters the usual values are between 20 - 40 days, depending on the substrate 
bio-degradability. In thermophilic digesters to achieve the same treatment efficiency HRT is 
smaller (between 10 and 20 days).  

 
Fig. 7. Conventional single stage anaerobic digestion process  

Organic load rate OLR (sometimes also called volume load) is defined as mass of organic 
material fed to the digester per unit volume per day. Typical value for mesophilic digesters 
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is 2.0-3.0 kgm-3d-1. Typical value for thermophilic digesters is 5.0 kgm-3d-1. Maximum OLR 
depends very much of the substrate biodegradability; mesophilic process can rarely achieve 
higher loads than 5.0 kgm-3d-1 and thermophilic 8.0 kgm-3d-1. Locally in the digester for a 
short period of time higher loads can be achieved, however due to inherent instability it is 
not advisable to run continuously on such high loads.  

 
Fig. 8. Two stage anaerobic digestion 

To achieve better biodegradation efficiency and higher loads stage separated process can be 
applied (Fig. 8). In this case the whole substrate or just portions of the substrate which are 
not easily degradable are treated first in hydrolysis-acidogenic stage reactor and after that in 
the methanogenic reactor. By separating the biological processes in two separate tanks each 
can be optimised to achieve higher efficiency with respect to one tank, where all stages of 
the digestion processes occur simultaneously. Many research data have been published 
giving considerable attention to this kind of processes (Dinsdale et al., 2000; Song et al., 
2004; De Gioannis et al., 2008; Ponsá et al., 2008). Both stages can be either mesophilic or 
thermophilic, however it is preferred that the hydrolysis-acidogenic reactor is thermophilic 
and methanogenic is mesophilic. Typical HRT for the thermophilic hydrolysis-acidogenic 
reactor is 1-4 days, depending on the substrate biodegradability. Typical HRT for the 
methanogenic reactor is 10 - 15 days (mesophilic) and 10 - 12 days (thermophilic). 
Advantages of this process beside shorter HRTs are higher organic load rate (20 % or more). 
Many authors also report slightly better biogas yields (Messenger et al., 1993; Han et al., 
1997; Roberts et al., 1999; Tapana and Krishna, 2004). The only disadvantage is more 
sophisticated equipment and process control, yielding the operation more expensive.  

3.2.3 Flow-through processes 

The flow-through processes, such as UASB process (Fig. 9) are used only for substrates 
where most of the organic material is in dissolved form with solids content at maximum 1-5 
gL-1. In this substrate category are highly loaded wastewaters of industrial origin (e.g. from 
beverage industry).  
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Fig. 9. The UASB process  

3.3 Post-treatment and substrate use 

After the substrate has been digested, it usually needs additional treatment. There are 
several possibilities of digested substrate utilisation. Most often, especially in the case of 
farm waste treatment, the digested substrate is used as a fertilizer. It can be used in liquid 
state or dewatered. Liquid substrate (total solids concentration 1-5 % by mass) is pumped 
from the post-treatment tank and spread on the fields. However it must be considered that 
fertilizing is possible only in certain periods of the year (once or twice). The post-treatment 
container must be designed accordingly. A possible solution is a lagoon, where digested 
substrate is stored and additionally stabilized and mineralized during the storing time. 
When using solid substrate (total solids concentration 20-30 % by mass), the digested 
substrate is mechanically dewatered first (by belt press or centrifuge) and then liquid and 
solid parts are used separately. Solid digestate after dewatering can be used fresh as a 
fertilizer, or it should be stabilized by composting (see further section).  

Liquid part of the separated digestate can be used in the new substrate preparation as 
dilution water, however great caution must be given to nutrients or salts build-up and 
consequently possible inhibition in the anaerobic digestion. Usually only a portion of that 
liquid is used in the substrate preparation; the rest must be further treated as a wastewater. 
Typical concentration of the liquid part of digestate is 200-1000 mgL-1 of COD. 

3.4 Biogas production, storage, treatment and use  

When operating a biogas plant, biogas is the main product and considerable attention must 
be given to its production, storage, treatment and use. Biogas production completely 
depends on the efficiency of the anaerobic digestion and its microorganisms. Previous 
sections have shown what conditions must be met to successfully operate anaerobic 
digestion. There are two distinct parameters that describe the biogas production: 
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1. Specific Biogas Productivity - SBP (it’s also called biogas yield). It is defined as volume 
of biogas produced per mass of substrate inserted into digester (m3kg-1). There are 
variations; SBP can be expressed in m3 of gas per kg of substrate: i) (wet) mass, ii) total 
solids, iii) volatile organic solids or iv) COD. SBP tells us how much biogas was 
produced from the chosen unit of substrate. Maximum possible SBP for certain 
substrate is called biogas potential. Biogas potential can be determined by a standard 
method (ISO 1998).  

2. Biogas Production Rate – BPR. It is defined as volume of biogas produced per volume 
of the digester per day (m3m-3d-1). BPR tells us how much biogas we can gain from the 
active volume of a digester in one day.  

SBP values of an optimally operating digester reach 80-90 % of the biogas potential. Typical 
values of SBP for farm waste are shown in Table 1. Typical values of BPR for mesophilic 
digesters are from 0.9 to 1.3 m3m-3d-1. Lower values indicate the digester is oversized; higher 
values are rare or impossible, due to anaerobic process failure. For thermophilic or two stage 
digesters the typical BPR values are from 1.3 to 2.1 m3m-3d-1, respectively. UASB reactors are 
much less volume demanding and can achieve a BPR of up to 10 m3m-3d-1.  

Biogas production is rarely constant; it is prone to fluctuations due to variation of loading 
rates, inner and outer operating conditions, possible inhibitions etc... Therefore, a buffer 
volume is required for the biogas storage. This enables the biogas user to get a constant 
biogas flow and composition. Most of the modern biogas plants are equipped with co-
generation units (named also combined heat and power units – CHP) which require 
constant gas flow for steady and efficient operation. There are several possibilities of biogas 
storage; roughly they can be divided into low pressure (10-50 mbar) and high pressure 
storage (over 5 bar). Low-pressure storage is used in on-site installations and for gas grid 
delivery; high pressure storage is used for long term storage, for transport in high pressure 
tanks and in installations with scarce space for volume extensive low pressure holders.  

Low pressure biogas holders arise in many variations. It is possible to include biogas holder 
in the design of the digester. The most known is the digester with a movable cover. These 
digesters are less common, because a movable cover requires increased investment and 
operating expenditure. More common are external biogas holders that are widely 
commercially available. An example of a modern biogas holder is presented in Fig. 10. 

Low pressure biogas holders require an extensive volume of 30 to 2000 m3 (Deublin and 
Steinhauser, 2008). Usually the pressure is kept constant and the volume of the bag is varied. 
High pressure biogas holders are of constant volume and made of steel, they are subject to 
special safety requirements. They do require more complex equipment for compression and 
expansion of the gas and are more cost-effective for operation and maintenance. 

Biogas contains methane (40-70% by volume) and carbon dioxide. There are also 
components, present in low concentrations (below 1 %) such as water vapour, substrate 
micro particles and trace gases. Therefore biogas treatment is necessary to preserve 
equipment for its storage, transport and utilisation. Solid particles can be filtered out by 
candle filters, sludge and foam is separated in cyclones. For removal of trace gases, where 
hydrogen sulphide (H2S) is the most disturbing one due to its corrosion properties, 
processes like scrubbing, adsorption and absorption are used. In some cases also drying is 
required (usually to the relative humidity of less than 80 %). 
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After cleaning, biogas is used to produce energy. The most common way is to us all biogas 
in cogeneration plant in CHP unit to produce power and heat simultaneously (Fig. 11). In 
this case we can achieve maximum power production and enough excess heat to run the 
digesters. The energy required for heating the digester is also called parasitic energy. The 
anaerobic digesters require heat to bring the substrate to operating temperature and to 
compensate the digester heat losses. The digester also requires energy for mixing, substrate 
pumping and pre-treatment. The largest portion of heating demands in the digester 
operation is substrate heating. It requires over 90 % of all heating demands, and only up to 
10 % is required for heat loss compensation (Zupancic and Ros 2003). In mesophilic 
digestion a CHP unit delivers enough heat for operation, while in thermophilic digestion 
additional heat is required. This additional heat demand can be covered by heat exchange 
between substrate outflow to substrate inflow -   

Usually a conventional counter-currant heat exchanger is sufficient; however a heat pump 
can be applied as well. 

 
Fig. 10. An example of commercially available biogas holder (Sattler 2011) 

Electric energy is also required in digester operation for pumping, mixing and process 
control and regulation. In practice, no more than 10-15 % of electric energy produced should 
be used for internal demands.  

The pre-treatment process may also require electric or thermal energy. Pre-treatment 
improves anaerobic digestion and its biogas production. However implications of pre-
treatment methods must be carefully considered. The golden rule is that pre-treatment 
should not spend more energy that it helps to produce. If the energy use and production 
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balances out, pre-treatment may have benefits such as more stable digested substrate, 
smaller digesters, pathogen removal etc. There are substrates that require extensive pre-
treatment; especially this is the case for ligno-cellulosic material (like spent brewery grains, 
Sežun et al. 2011) that require energy intensive pre-treatment to be successfully digested. In 
such cases the energy need for pre-treatment must be accounted in the energy production. 
In many cases it cannot outweigh the economy of the process; it may well happen that the 
parasitic energy demand is too high.  

 
Fig. 11. Schematic of a combined heat and power units (CHP) unit 

In recent years great interest was taken to biogas injection into natural gas grid. Mainly due 
to the fact, that global energy efficiency in such cases is usually far greater that at CHP 
plants. Namely in warmer periods of the year, heat produced in the CHP is largely wasted 
and therefore unused. Injecting the biogas into natural gas grid assures more than 90% 
energy efficiency, due to the nature of the use (heat production), even in warmer periods. 
Consequently the whole biogas production process can be more economic, in some cases 
even without considerable subsidies as well as more renewable energy is put to the energy 
supply. Also in most cases, the investment costs of biogas plants may be less, since there is 
no CHP plant. In order to be able to inject the biogas into natural gas as biomethane 
(Ryckebosch et al., 2011) grid certain purity standards must be fulfilled, which in EU are 
determined by national ordinances (a good example is the German ordinance for Biogas 
injection to natural gas grids from 2008), where responsibilities of grid operators and biogas 
producers are determined (Fig. 13) as well as quality standards are prescribed (DVGW, 
2010). When injecting biomethane into the natural gas grid some biogas must be used for the 
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reactors self-heating. It is advisable to use regeneration (Fig. 12), even in mesophilic 
temperature ranges, to minimize this expenditure, which on annual basis can contribute to 
10-20 % of all biogas production (Pöschl et al., 2010). 

  
Fig. 12. Scheme of the heat regeneration from output to input flows.  

 
Fig. 13. Injection of biogas into natural gas grid (Behrendt and Sieverding 2010) 

3.5 Anaerobic digestion residue management  

Environmental impact assessment of an anaerobic digestion plant (a biogas station) should 
take into consideration both the plant emissions and the digestate management. The first 
aspect mainly relates to flue gas and odour emissions. The exhaust gases from gas motors 
must fulfil emission limit values, which is not a problem when appropriate gas pretreatment 
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(sulphide and ammonia removal) has been applied. Unpleasant odours mainly originate 
from storage, disintegration and internal transport of organic waste. These should be carried 
over in a closed system, equipped with an air collection system fitted with a biofilter or 
connected with the gas motor air supply.  

3.5.1 The anaerobic digestion residue management 

A quality management system (QMS) specific to a defined digestion process and its 
resulting whole digestate or any separated liquor and separated fibre, should be established 
and maintained. Anaerobically digested slurry or sludge contains 2-12 % of solids; wet 
waste from solid state digestion contains 20-25 % solids. The digestate contains not 
degraded organic waste, microorganism cells and structures formed during digestion, as 
well as some inorganic matter.  This is potentially an alternative source of humic material, 
nutrients and minerals to the agricultural soil (PAS, 2010). It may be used directly or 
separated into liquid and solid part. The liquid digestate is often recycled to the digestion 
process; some pretreatment may be required to reduce nitrogen or salt content.. Freshly 
digested organic waste is not stable under environmental conditions: it has an unpleasant 
odour, contains various noxious or corrosive gases such as NH3 and H2S, and still retains 
some biodegradability. In certain periods of a year it may be used in agriculture directly, in 
most cases however it must be stabilized before being applied to  the fields.  

Aerobic treatment (composting) is an obvious and straightforward solution to this problem. 
The composting procedure has several positive effects: stabilization of organic matter, 
elimination of unpleasant odours and reduction of pathogenic microorganisms to an 
acceptable level. Composting, applied prior to land application of the digested waste, 
contributes also to a beneficial effect of compost nitrogen availability in soil. (Zbytniewski 
and Buszewski, 2005; Tarrasón et al., 2008)   

The simplest way is composting of the dehydrated fresh digestate in a static or temporarily 
turned-over pile. A structural material is necessary to provide sufficient porosity and 
adequate air permeability of the material in the pile. Various wood or plant processing 
residues may be used as a structural material like woodchips, sawdust, tree bark, straw and 
corn stalks provided that the sludge : bulk agent volume ratio is between 1:1 and 1:4 
(Banegas et al., 2007). The majority of organic material is contributed by the bulking agent, 
but significant biodegradation of the digestate organic material also occurs, by means of 
natural aerobic microorganisms.  

The final compost quality depends on the content of pollutants such as heavy metals, 
pathogenic bacteria, nutrients, inert matter, stability etc. in the mature compost. Typical 
quality parameters are presented in Table 6. The properties of the compost standard 
leachate may also be considered. Heavy metals and persistent organic pollutants accumulate 
in the compost and may cause problems during utilization. Compost quality depends on 
quality of the input material, which should be carefully controlled by input analysis. 
Pathogenic bacteria may originate from the mesophilic digestates or from infected co-
composting materials, if applied (e.g. food waste). If thermophilic phase period of the 
composting process has lasted at least few days, the compost produced may be considered 
sanitized and free of pathogens such as Salmonella, Streptococci and coliforms.  
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The third important factor is presence of nitrogen. Several authors have reported that the 
optimal C/N ratio is between 25/1 and 30/1 although operation at low C/N ratios of 10/1 
are also possible. With such low C/N ratios the undesirable emission of ammonia can be 
significant (Matsumura et al., 2010). Characteristic values of organic matter content and total 
nitrogen in the digested sludge are 50-70% and 1.5-2.5%, respectively. In the first week of the 
digested sludge composting the total carbon is reduced by between 11% and 27% and total 
nitrogen is reduced by between 13% and 23% (Pakou et al., 2009; Yañez et al., 2009).   

Parameter Test method Limit value 
1. Pathogens 

Escherichia coli 
Salmonella sp. 

 
ISO 16649-2 

 
1000 CFU/g fresh matter 

Absent in 25 g fresh matter 
2. Toxic elements 

Cd 
Cr 
Cu 
Hg 
Ni 
Pb 
Zn 

 
EN 13650 
EN 13650 
EN 13650 
ISO 16772 
EN 13650 
EN 13650 
EN 13650 

 
1.5 mg/kg d.m. 
100 mg/kg d.m. 
200 mg/kg d.m. 
1.0 mg/kg d.m. 
50 mg/kg d.m. 
200 mg/kg d.m. 
400 mg/kg d.m. 

3. Stability 
Volatile faty acids 

Residual biogas potential 

 
GC 

 
- 

0.25 l/gVS 
4. Physical contaminants 

Total glass, metal, plastic and other man-
made fragments 
Stones >5 mm 

 
 

 
 

0.5 %m/m d.m. 
8 %m/m d.m. 

5.Parameters for declaration 
Total nitrogen 

Total phosphorus 
Total potassium 

Water soluble chloride 
Water soluble sodium 

Dry matter 
Loss on ignition 

pH 

 
EN 13654 
EN 13650 
EN 13650 
EN 13652 
EN 13652 
EN 14346 
EN 15169 
EN 13037 

 
 
 
 
- 

Table 6. Control parameters of digestate quality for application in agriculture (WRAP 2010) 

Highest degradation rates in the compost pile are achieved with air oxygen concentration 
above 15% which also prevents formation of anaerobic zones. The quality of aeration 
depends primarily on structure and degree of granulation of the composting material; finer 
materials generally provide better aeration of the compost pile (Sundberg and Jönsson, 
2008). In the first stages of degradation, acids are generated, and these tend to decrease the 
pH in the compost pile. The optimum pH range for microorganisms to function is between 
5.5 and 8.5. Elevated temperature in the compost material during operation is a consequence 
of exothermic organic matter degradation process. The optimum temperature for 
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composting operation, in which pathogenic microorganisms are sanitised, is 55-70°C. In the 
initial phases of composting the prevailing microorganisms are fungi and mesophilic 
bacteria, which contribute to the temperature increase and are mostly sanitised in the 
relevant thermophilic range. When temperature falls many of the initial mesophilic 
microorganisms reappear, but the predominant population are more highly evolved 
organisms such as protozoa and arthropods (Schuchard, 2005). For optimum composting 
operation the correct conditions must be established and are determined by particle size 
distribution and compost pile aeration have shown that the air gaps in the compost pile can 
be reduced from an initial 76.3% to a final 40.0%. The optimum moisture content in the 
compost material is in the range of 50-70%.  

In the recent years the composting practice for anaerobic digestate has been thoroughly 
studied for many different types of substrates, for co-composting and with many different 
bulk agents (Nakasaki et al., 2009; Himanen et al., 2011). 

From various reasons the composting of the digestate residue is sometimes not possible 
(lack of space, problems with compost disposal etc.). Alternatively the digestate may be 
treated by thermal methods, which require higher solid content. Mechanical dehydration by 
means of continuous centrifuges provides solid content about 30 % with positive calorific 
value. Incineration may be carried out in a special kiln (most often of fluidized bed type) or 
together with municipal waste in a grit furnace. Co-incineration in industrial kilns usually 
require drying of sludge to 90 % dryness, that gives calorific value of about 10 MJ/kg.  
Thermal methods are more expensive than composting due to high energy demand for 
dehydration and drying, sophisticated processes invplved and strict monitoring 
requirements. Good review of the modern alternative processes of anaerobic sludge 
treatment is presented by Rulkens (2008). 

4. Conclusions  
The chapter entitled “Sustainable Treatment of Organic Wastes” presents principles and 
techniques for treatment of wet biodegradable organic waste, which can be applied in order 
to achieve environmental as well as economic sustainability of their utilisation.  

The chapter mostly focuses on organic wastes generated in the municipal sector; however it 
may well apply to similar wastes from agriculture and industry. The main focus is aimed at 
matching the anaerobic treatment process to the selected type of waste in order to maximize 
the biogas production, a valuable renewable energy resource. The chapter also focuses on 
technological aspects of the technology used in such treatments and presents and elaborates 
several conventional treatments (such as semi-continuous processes, two stage processes, 
sequencing batch processes, etc.) as well as some emerging technologies which have only 
recently gained some ground (such as anaerobic treatment in solid state). The basic 
conditions are presented which are required to successfully design and operate the 
treatment process. Organic loading rates, biogas production rates, specific biogas 
productivity, biogas potentials and specific concerns for certain technologies and waste 
substrates are presented. The main influencing factors such as environmental conditions 
(pH, temperature, alkalinity, etc.) have been addressed as well as inhibitors that can arise in 
such processes (heavy metals, ammonia, salts, phenolic compounds from lignocellulosic 
degradation, organic overload etc.). The biogas treatment and use, such as power 
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production and natural gas grid injection, have been presented as well as the use of parasitic 
energy, options for biogas production enhancement through waste pre-treatment 
(mechanical, chemical, physical, etc.) and treatment of residues of anaerobic digestion, 
which may have an important impact on the environment. Special attention is given to 
further treatment of digested solid residues as well. Due attention is paid to aerobic 
stabilization processes (open and closed composting), taking into account physical form of 
the waste, its composition, pollution, degradability and final deposition and use.  
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1. Introduction 
The overproduction of organic wastes has led to the use of inappropriate disposal practices 
such as their indiscriminate and inappropriately-timed application to agricultural fields. 
These practices can cause several environmental problems, including an excessive input of 
potentially harmful trace metals, inorganic salts and pathogens; increased nutrient loss, 
mainly nitrogen and phosphorus, from soils through leaching, erosion and runoff; and the 
emission of hydrogen sulphide, ammonia and other toxic gases (Hutchison et al., 2005). 
However, if handled properly, organic wastes can be used as valuable resources for 
renewable energy production, as well as sources of nutrients for agriculture, as they provide 
high contents of macro- and micronutrients for crop growth and represent a low-cost 
alternative to mineral fertilizers (Moral et al., 2009). 

The health and environmental risks associated with the management of such wastes could 
be significantly reduced by stabilizing them before their disposal or use. Composting and 
vermicomposting are two of the best known-processes for the biological stabilization of a 
great variety of organic wastes (Domínguez & Edwards, 2010a). However, more than a 
century had to pass until vermicomposting, i.e. the processing of organic wastes by 
earthworms was truly considered as a field of scientific knowledge or even a real 
technology, despite Darwin (1881) having already highlighted the important role of 
earthworms in the decomposition of dead plants and the release of nutrients from them.  

In recent years, vermicomposting has progressed considerably, primarily due to its low cost 
and the large amounts of organic wastes that can be processed. Indeed, it has been shown 
that sewage sludge, paper industry waste, urban residues, food and animal waste, as well as 
horticultural residues from cultivars may be successfully managed by vermicomposting to 
produce vermicomposts for different practical applications (reviewed in Domínguez, 2004). 
Vermicompost, the end product of vermicomposting, is a finely divided peat-like material of 
high porosity and water holding capacity that contains many nutrients in forms that are 
readily taken up by plants.  

Vermicomposting is defined as a bio-oxidative process in which detritivore earthworms 
interact intensively with microorganisms and other fauna within the decomposer 
community, accelerating the stabilization of organic matter and greatly modifying its 
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physical and biochemical properties (Domínguez, 2004). The biochemical decomposition of 
organic matter is primarily accomplished by microorganisms, but earthworms are crucial 
drivers of the process as they may affect microbial decomposer activity by grazing directly 
on microorganisms (Aira et al., 2009; Monroy et al., 2009; Gómez-Brandón et al., 2011a), and 
by increasing the surface area available for microbial attack after comminution of organic 
matter (Domínguez et al., 2010) (Figure 1). These activities may enhance the turnover rate 
and productivity of microbial communities, thereby increasing the rate of decomposition. 
Earthworms may also affect other fauna directly, mainly through the ingestion of 
microfaunal groups (protozoa and nematodes) that are present within the organic detritus 
consumed (Monroy et al., 2008); or indirectly, modifying the availability of resources for 
these groups (Monroy et al., 2011) (Figure 1).  

 
Fig. 1. Positive (+) and negative (-) effects of earthworms on microbiota and microfauna 
(modified from Domínguez et al., 2010). 

Furthermore, earthworms are known to excrete large amounts of casts (Figure 1), which are 
difficult to separate from the ingested substrate (Domínguez et al., 2010). The contact 
between worm-worked and unworked material may thus affect the decomposition rates 
(Aira & Domínguez, 2011), due to the presence of microbial populations in earthworm casts 
different from those contained in the material prior to ingestion (Gómez-Brandón et al., 
2011a). In addition, the nutrient content of the egested materials differs from that in the 
ingested material (Aira et al., 2008), which may enable better exploitation of resources, 
because of the presence of a pool of readily assimilable compounds in the earthworm casts. 
Therefore, the decaying organic matter in vermicomposting systems is a spatially and 
temporally heterogeneous matrix of organic resources with contrasting qualities that result 
from the different rates of degradation that occur during decomposition (Moore et al., 2004). 
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2. Earthworm species suitable for vermicomposting 
Earthworms represent the major animal biomass in most terrestrial temperate ecosystems 
(Edwards & Bohlen, 1996). Indeed, more than 8,300 species of earthworms have been 
described (Reynolds & Wetzel, 2010), although for the great majority of these species only the 
names and morphologies are known, and little is yet known about their biology, life cycles and 
ecology. Different species of earthworms have different life histories, occupy different 
ecological niches, and have been classified, on the basis of their feeding and burrowing 
strategies, into three ecological categories: epigeic, anecic and endogeic (Bouché 1977). 
Endogeic species (soil feeders) forage below the surface soil, ingest high amounts of mineral 
soil and form horizontal burrows. Anecic species (burrowers) live in deeper zones of mineral 
soils, ingest moderate amounts of soil, and feed on litter that they drag into their vertical 
burrows. And, epigeic earthworms (litter dwellers and litter transformers) live in the soil 
organic horizon, in or near the surface litter, and mainly feed on fresh organic matter 
contained in forest litter, litter mounds and herbivore dungs, as well as in man-made 
environments such as manure heaps. These latter species, with their natural ability to colonize 
organic wastes; high rates of consumption, digestion and assimilation of organic matter; 
tolerance to a wide range of environmental factors; short life cycles, high reproductive rates, 
and endurance and resistance to handling show good potential for vermicomposting 
(Domínguez & Edwards, 2010b). In fact, few epigeic earthworm species display all these 
characteristics, and only four have been extensively used in vermicomposting facilities: Eisenia 
andrei, Eisenia fetida, Perionyx excavatus and Eudrilus eugeniae (Figure 2). 

 
Fig. 2. Earthworm species Eisenia andrei (top left), Eisenia fetida (top right), Eudrilus eugeniae 
(bottom left) and Perionyx excavatus (bottom right). 
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3. How does vermicomposting work? 
The vermicomposting process includes two different phases regarding earthworm activity: 
(i) an active phase during which earthworms process the organic substrate, thereby 
modifying its physical state and microbial composition (Lores et al., 2006), and (ii) a 
maturation phase marked by the displacement of the earthworms towards fresher layers of 
undigested substrate, during which the microorganisms take over the decomposition of the 
earthworm-processed substrate (Aira et al., 2007; Gómez-Brandón et al., 2011b). The length 
of the maturation phase is not fixed, and depends on the efficiency with which the active 
phase of the process takes place, which in turn is determined by the species and density of 
earthworms (Domínguez et al., 2010), and the rate at which the residue is applied (Aira & 
Domínguez, 2008). 

More specifically, the impact of earthworms on the decomposition of organic waste during 
the vermicomposting process is initially due to gut associated processes (GAPs) (Figure 3), i.e., 
via the effects of ingestion, digestion and assimilation of the organic matter and 
microorganisms in the gut, and then casting (Gómez-Brandón et al., 2011a). Specific 
microbial groups respond differently to the gut environment (Schönholzer et al., 1999) and 
selective effects on the presence and abundance of microorganisms during the passage of 
organic material through the gut of these earthworm species have been observed. For 
instance, some bacteria are activated during passage through the gut, whereas others remain   

Organic matter

Casts

GAPs: Gut associated processes
CAPs: Cast associated processes 

GAPs

CAPs

Organic matter

Casts

GAPs: Gut associated processes
CAPs: Cast associated processes 

GAPs
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Fig. 3. Earthworms affect the decomposition of organic matter during vermicomposting 
through ingestion, digestion and assimilation in the gut and then casting (gut associated 
processes); and cast associated processes, which are more closely related with ageing processes. 
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unaffected and others are digested in the intestinal tract and thus decrease in number 
(Drake & Horn, 2007; Monroy et al., 2009). Such selective effects on microbial communities 
as a result of gut transit may alter the decomposition pathways during vermicomposting, 
probably by modifying the composition of the microbial communities involved in 
decomposition, as microbes from the gut are then released in faecal material where they 
continue to decompose egested organic matter. Indeed, as mentioned above, earthworm 
casts contain different microbial populations to those in the parent material (Domínguez et 
al., 2010), and in turn it is expected that the inoculum of those communities in fresh organic 
matter promotes modifications similar to those found when earthworms are present, 
altering microbial community levels of activity and modifying the functional diversity of 
microbial populations in vermicomposting systems (Aira & Domínguez, 2011). 

Upon completion of GAPs, the resultant earthworm casts undergo cast associated processes 
(CAPs; Figure 3), which are more closely related to ageing processes, the presence of 
unworked material and to physical modification of the egested material (weeks to months). 
During these processes the effects of earthworms are mainly indirect and derived from the 
GAPs (Aira et al., 2007). In addition, during this aging, vermicompost is expected to reach 
an optimum in terms of its biological properties, thereby promoting plant growth and 
suppressing plant diseases (Domínguez et al., 2010). However, little is yet known about 
when this “optimum” is achieved, how we can determine it in each case and if this 
“optimum” has some kind of expiration date. 

4. Effects of earthworms on the structure and activity of microbial 
communities during vermicomposting 
Since vermicomposting is a biological process, microorganisms play a key role in the 
evolution of the organic materials and in the transformations they suffer from wastes to safe 
organic amendments or fertilizers (vermicompost). Therefore, the effects that earthworms 
have on the microorganisms must be established because if the earthworms were to 
stimulate or depress microbiota or modify the structure and activity of microbial 
communities, they would have different effects on the decomposition of organic matter, and 
in turn on the quality of the final product. To address these questions we performed three 
laboratory experiments, with the following objectives: 

i. To investigate whether and to what extent the earthworm E. andrei is capable of altering 
the structure and activity of microbial communities through the gut associated 
processes. 

ii. To investigate how the earthworm species affect the structure and activity of microbial 
communities during the active phase of vermicomposting. 

iii. To investigate the effectiveness of the active phase of vermicomposting for the short-
term stabilization of a plant residue. 

4.1 How do earthworms affect microbial communities through the gut associated 
processes? 

To provide further light into the effect of gut transit on microbial communities, we carried 
out an experiment with microcosms filled with cow manure and inoculated with 25 mature 
individuals of the earthworm species E. andrei. The microcosms consisted of 250 mL plastic 
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containers filled to three quarters of their capacity with sieved, moistened vermiculite. A 
plastic mesh was placed over the surface of the vermiculite and 100 g (fresh weight, fw) of 
the substrate was placed on top of the mesh, to avoid mixing the substrate with the 
vermiculite bedding (Figure 4a). The microcosms were covered with perforated lids and 
stored in random positions in an incubation chamber, at 20 °C and 90% relative humidity, 
for three days (Figure 4b). Control microcosms consisted of each type of manure incubated 
without earthworms. Each treatment was replicated five times. In order to obtain cast 
samples, earthworms were removed from the microcosms, washed three times with distilled 
water and placed in Petri dishes on moistened filter paper (Figure 4b). Casts from the same 
Petri dish were then collected with a sterile spatula and pooled for analysis in 1.5 mL 
Eppendorf tubes (Figure 4b); the same amount of manure samples were also collected from 
the control microcosms. Viable microbial biomass was determined as the sum of all 
identified phospholipid fatty acids (PLFAs) (Zelles, 1999). The structure of microbial 
communities was assessed by PLFA analysis; some specific PLFAs were used as biomarkers 
to determine the presence and abundance of specific microbial groups (Zelles, 1997). The 
sum of PLFAs characteristic of Gram-positive (iso/anteiso branched-chain PLFAs), and 
Gram-negative bacteria (monounsaturated and cyclopropyl PLFAs) were chosen to 
represent bacterial PLFAs, and the PLFA 18:2ω6c was used as a fungal biomarker. Total  

n = 5
Earthworm E. andrei

Cow manure 
(100 g) 
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Fig. 4. Scheme of the (a) microcosm and (b) procedure for incubation of microcosms and 
collection of cast samples. 
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microbial activity was determined by hydrolysis of fluorescein diacetate (FDA), a colourless 
compound that is hydrolysed by both free and membrane bound enzymes, to release a 
coloured end product (fluorescein) that can be measured by spectrophotometry (Adam & 
Duncan, 2001). The data were analysed by a one-way ANOVA test, at α = 0.05. 

4.1.1 Microbial biomass  

Recent reports suggest that the digestion of organic material by epigeic earthworms has 
negative effects on microbial biomass (Aira et al., 2006, 2009; Monroy et al., 2009). The 
present data are consistent with these findings, since we found a reduction in the viable 
microbial biomass as a result of the passage of the fresh substrate through the gut of the 
earthworm species E. andrei (Figure 5). More specifically, the total content of PLFAs was 1.5 
times higher in the control treatment (1868.11 ± 129.02 µg g-1 dw) than that in earthworm 
casts (1249.87 ± 158.43 µg g-1 dw).  

 
Fig. 5. Changes in the viable microbial biomass, measured as total PLFAs, after the passage 
of cow manure through the gut of the earthworm species Eisenia andrei. Values are means ± 
SE. Control is the manure incubated without earthworms. 

Epigeic earthworms possess a diverse pool of digestive enzymes which enables them to 
digest bacteria, protozoa, fungi and partly decomposed plant debris (Zhang et al., 2000). 
Indeed, bacterial populations decreased in cow manure after transit through the earthworm 
gut (Figure 6a). As occurred with microbial biomass, bacterial PLFAs were 1.5 times lower 
in cast samples relative to the control (Figure 6a). However, the passage of cow manure 
through the earthworm gut affected fungal populations to a lesser extent than bacteria 
(Figure 6b).  

Animal manures are microbial-rich environments in which bacteria constitute the largest 
fraction (around 70% of the total microbial biomass as assessed by PLFA analysis), with 
fungi mainly present as spores (Domínguez et al., 2010). Thus, earthworm activity is 
expected to have a greater effect on bacteria than on fungi in these organic substrates. These 
contrasting short-term effects on bacterial and fungal populations with earthworm activity 
are thus expected to have important implications on decomposition pathways during 
vermicomposting, because there exist important differences between both microbial  
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Fig. 6. Changes in (a) bacterial biomass calculated as the sum of the bacterial PLFA markers: 
i14:0, i15:0, a15:0, i16:0, a17:0, 16:1ω7, 17:1ω7, 18:1ω7, cy17:0 and cy19:0, and (b) PLFA 
18:2ω6c, a measure of fungal biomass, after the passage of cow manure through the gut of 
the earthworm species Eisenia andrei. Values are means ± SE. Control is the manure 
incubated without earthworms. 

decomposers related to resource requirements and exploitation. This is based on the fact 
that bacteria are more competitive in the use of readily decomposable compounds and have 
a more exploitative nutrient use strategy by rapidly using newly produced labile substrates 
(Bardgett & Wardle, 2010); whereas fungi are more competitive with regard to the 
degradation of more slowly decomposable compounds such as cellulose, hemicellulose and 
lignin (de Boer et al., 2005). 

4.1.2 Microbial activity 

The transit of the organic material through the gut of the earthworm E. andrei reduced the 
microbial activity, measured as FDA hydrolysis, relative to the control (Figure 7). We found 
up to a 30% reduction in the microbial activity from the control treatment (524.8 ± 60.1 µg 
fluorescein g-1 dw h-1) to earthworm casts (208.0 ± 21.7 µg fluorescein g-1 dw h-1). Similar 
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decreases in microbial activity were reported in casts of Eu. eugeniae and E. fetida fed on pig 
and cow manures respectively (Aira et al., 2006; Aira & Domínguez, 2009). 

 

 
Fig. 7. Changes in microbial activity assessed by fluorescein diacetate hydrolysis, after the 
passage of cow manure through the gut of the earthworm species Eisenia andrei. Values are 
means ± SE. Control is the manure incubated without earthworms. 

4.2 How does the earthworm species affect microbial communities? 

Earthworms of different functional groups, or even different species within the same 
functional group, have a particular mode of food selection, ingestion, digestion, assimilation 
and movement, thus their importance in mixing, decomposition or nutrient release, as well 
as in the structure and activity of microbial communities will vary both qualitatively and 
quantitatively (Curry & Schmidt, 2007). To determine how the earthworm species shape the 
relationships between earthworms and microorganisms during the active phase of 
vermicomposting, we performed an experiment with mesocosms filled with cow manure 
and inoculated with 10 mature individuals of the earthworm species Eisenia andrei, Eisenia 
fetida and Perionyx excavatus. The mesocosms consisted of 2 L plastic containers filled to 
three quarters of their capacity with sieved, moistened vermiculite. A plastic mesh was 
placed over the surface of the vermiculite and 200 g (fresh weight, fw) of the substrate was 
placed on top of the mesh, to avoid mixing the substrate with the vermiculite bedding. The 
mesocosms were covered with perforated lids and stored in random positions in an 
incubation chamber, at 20 °C and 90% relative humidity. Control mesocosms consisted of 
each type of manure incubated without earthworms. Each treatment was replicated three 
times. The length of the active phase depends greatly on the rates at which the earthworms 
ingest and process the substrate (Domínguez et al., 2010). The high rate of consumption, 
digestion and assimilation of organic matter by these earthworm species resulted in the 
substrates being completely processed by the earthworms in one month, as previously 
shown by Lores et al. (2006). After this time (i.e., active phase), the earthworms were 
removed from the mesocosms and the processed material was collected from the surface of 
the vermiculite. The same amount of sample was also collected from the control mesocosms. 
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The viable microbial biomass was assessed as the sum of all identified PLFAs and certain 
PLFAs were used as biomarkers to determine the presence and abundance of specific 
microbial groups. Microbial community function was determined by measuring the 
bacterial and fungal growth rates. Bacterial growth was estimated by the incorporation of 
radioactively labelled leucine into proteins (Bååth, 1994), as modified by Bååth et al. (2001); 
fungal growth was estimated by the incorporation of radioactively labelled acetate into the 
fungal-specific lipid ergosterol Newell & Fallon (1991), with modifications by Bååth (2001). 
Total microbial activity was also assessed by measuring the rate of evolution of CO2. The 
data were analyzed by a one-way ANOVA test. Post hoc comparisons of means were 
performed by a Tukey HSD test, at α = 0.05. 

4.2.1 Microbial biomass  

The viable microbial biomass was about 3.8 times lower in the presence of E. andrei than that 
in the control (Figure 8), while no such pronounced decrease was detected in relation to the 
activity of E. fetida and P. excavatus (Figure 8). Similarly, the activity of E. andrei drastically 
reduced the bacterial and fungal biomass in cow manure, relative to the control (3.7 and 5.3 
times, respectively), after the active phase of vermicomposting (Figure 9).  

In the present study, the earthworm species E. andrei could have reduced the abundance of 
these microbial groups directly through ingestion, digestion and assimilation in the gut, 
and/or indirectly by accelerating the depletion of resources for the microbes, since greater 
losses of carbon were found as a result of earthworm activity after the active phase of 
vermicomposting (data not shown). However, the second explanation seems more likely to 
justify the reduction in fungal populations, since no significant changes were found in this 
microbial group after the passage through the gut of E. andrei (see experiment 1). 

 

 
Fig. 8. Changes in the viable microbial biomass, measured as total PLFAs, of cow manure 
after being processed by the epigeic earthworm species Eisenia andrei, Eisenia fetida and 
Perionyx excavatus during the active phase of vermicomposting. Values are means ± SE. 
Control is the manure incubated without earthworms. 
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Fig. 9. Changes in (a) bacterial biomass calculated as the sum of the bacterial PLFA markers: 
i14:0, i15:0, a15:0, i16:0, i17:0, a17:0, 10Me16:0, 10Me17:0, 10Me18:0, 16:1ω7, 18:1ω7, cy17:0 
and cy19:0, and (b) PLFA 18:2ω6c, a measure of fungal biomass, of cow manure after being 
processed by the epigeic earthworm species Eisenia andrei, Eisenia fetida and Perionyx 
excavatus during the active phase of vermicomposting. Values are means ± SE. Control is the 
manure incubated without earthworms. 

4.2.2 Microbial activity  

E. andrei reduced the bacterial growth rate by approximately 1.5 times relative to the control 
without earthworms after the active phase of vermicomposting (Figure 10a); no significant 
differences were detected with E. fetida and P. excavatus (Figure 10a). Despite the consistent 
effects on bacterial growth, earthworm activity did not affect the fungal growth rate (data 
not shown). Microbial activity in cow manure followed the same pattern as the bacterial 
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growth rate (Figure 10b). As mentioned before, bacteria constitute the largest fraction of the 
microbiota in animal manures, and they are therefore expected to contribute greatly to the 
respiration rate. 

 
 

 
 
 

Fig. 10. Changes in (a) bacterial growth rate, estimated as leucine uptake and (b) microbial 
activity, measured as basal respiration, of cow manure after being processed by the epigeic 
earthworm species Eisenia andrei, Eisenia fetida and Perionyx excavatus during the active phase 
of vermicomposting. Values are means ± SE. Control is the manure incubated without 
earthworms. 

The above-mentioned results highlight the potential of E. andrei for biodegrading organic 
substrates. The species E. andrei and E. fetida are closely related, although E. andrei 
predominates in mixed cultures, especially when there is no substrate limitation, as 
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occurred in this experiment, indicating that it is a more extreme r strategist than E. fetida, as 
shown by more rapid growth and reproduction (Domínguez et al., 2005). 

4.3 How do earthworms affect microbial communities of a plant residue in the short-
term? 

In this study we evaluated the effectiveness of the active phase of vermicomposting for the 
short-term stabilization of grape marc, a lignocellulosic enriched residue that consists of the 
stalks, skin, pulp and seeds remaining after the grape crushing and pressing stages in wine 
production (Flavel et al., 2005). This by-product is a valuable resource as a soil fertilizer with 
high contents of macro- and micronutrients for crop growth (Bertran et al., 2004). However, 
the overproduction of grape marc – more than 750,000 ton per year in Spain (Fernández-
Bayo et al., 2007) – has become a problem that requires strategies for its disposal and/or 
management. Whilst composting has been widely used for the treatment of winery wastes 
(Bertran et al., 2004; Marhuenda-Egea et al., 2007; Fernández et al., 2008; Bustamante et al., 
2009; Paradelo et al., 2010), there are still very few studies on the application of 
vermicomposting as a methodological alternative to recycling such wastes (Nogales et al., 
2005; Romero et al., 2007, 2010). 

The vermicomposting of grape marc was performed in mesocosms that consisted of plastic 
containers (2 L), which were filled to three quarters of the capacity with moistened (80% 
moisture content) and mature vermicompost in order to ensure the survival of the 
earthworms. Five hundred juvenile and adult specimens of the epigeic earthworm species 
Eisenia andrei were placed on the surface of the vermicompost. One kilogram (fresh weight) 
of grape marc was placed on a mesh on the surface of the vermicompost and was rewetted 
by spraying it with 20mL of tap water. The mesocosms were covered with perforated lids 
and stored in random positions in an incubation chamber, at 20 °C and 90% relative 
humidity. Control mesocosms consisted of the grape marc incubated without earthworms. 
Each treatment was replicated five times. The high density of earthworms used and the 
relatively rapid gut transit time of the epigeic earthworm species E. andrei, around 2.5–7 h, 
resulted in the grape marc being completely processed by the earthworms in 15 days. After 
this time (i.e., active phase), the earthworms were removed from the mesocosms and the 
processed material was collected from the surface of the vermicompost bedding. The same 
amount of sample was also collected from the control mesocosms. The viable microbial 
biomass was assessed as the sum of all identified PLFAs and certain PLFAs were used as 
biomarkers to determine the presence and abundance of specific microbial groups. 
Microbial community function was determined by measuring the total microbial activity 
assessed by basal respiration, and by determining the activity of enzymes involved in C and 
N cycles, i.e. protease and cellulase activities. 

4.3.1 Microbial biomass  

Earthworm activity reduced the viable microbial biomass measured as total PLFAs relative 
to the control without earthworms (96.90 ± 1.04 µg mL -1 and 113.60 ± 1.04 µg mL -1 for 
treatments with and without earthworms). Similarly, the presence of earthworms also 
reduced the abundance of both bacteria and fungi after the active phase of vermicomposting 
of grape marc (Figure 11). 
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Fig. 11. Changes in (a) bacterial biomass calculated as the sum of the bacterial PLFA 
markers: i14:0, i15:0, a15:0, i16:0, i17:0, a17:0, 16:1ω7, 17:1ω7, cy17:0 and cy19:0, and (b) 
PLFAs 18:1ω9c and 18:2ω6c, a measure of fungal biomass, of grape marc after being 
processed by the epigeic earthworm species Eisenia andrei during the active phase of 
vermicomposting. Values are means ± SE. Control is the grape marc incubated without 
earthworms. 

4.3.2 Microbial activity  

As occurred in the two previous experiments, the total microbial activity measured as basal 
respiration was about 1.7 times lower in the presence of E. andrei than that in the control 
without earthworms (Figure 12). This suggests that the presence of earthworms favoured 
the stabilization of the residue, as shown by Lazcano et al. (2008). These authors found that 
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both vermicomposting treatments (vermicomposting and a combination of composting and 
vermicomposting) produced more stabilized substrates than the active phase of composting 
in terms of microbial activity.   

 
 
 
 
 

 
 
 
 

Fig. 12. Changes in microbial activity assessed by basal respiration of grape marc after being 
processed by the epigeic earthworm species Eisenia andrei during the active phase of 
vermicomposting. Values are means ± SE. Control is the grape marc incubated without 
earthworms. 

The study of enzyme activities has been shown to be a reliable tool for characterizing the 
state and evolution of the organic matter during vermicomposting (Benítez et al., 2005), as 
they are implicated in the biological and biochemical processes that transform organic 
wastes into stabilized products. In the present study, earthworm activity greatly reduced the 
activities of the protease (Figure 13a) and cellulase enzymes (Figure 13b) in comparison with 
the control. These findings are in agreement with microbial activity data, which reinforces 
that a higher degree of stability was reached after the active phase of vermicomposting. 
Similarly, Lazcano et al. (2008) reported lower values of protease activity, relative to the 
control, after vermicomposting and composting with subsequent vermicomposting (3 and 
4.4 times lower, respectively). However, they did not find any differences in relation to this 
enzyme activity after the active phase of composting, indicating that the vermicomposted 
materials were significantly more stabilized than the compost. 
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Fig. 13. Changes in (a) protease activity, and (b) cellulase activity of grape marc after being 
processed by the epigeic earthworm species Eisenia andrei during the active phase of 
vermicomposting. Values are means ± SE. Control is the grape marc incubated without 
earthworms. 

5. Conclusions 
Detritivorous earthworms interact intensively with microorganisms during 
vermicomposting, thus accelerating the stabilization of organic matter and greatly 
modifying its physical and biochemical properties. Digestion of the ingested material is the 
first step in earthworm-microorganism interactions. Passage of organic material through the 
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gut of epigeic earthworms reduced the viable microbial biomass and affected the abundance 
of bacteria to a greater extent than fungi. Microbial activity also decreased after transit of the 
microorganisms through the earthworm gut. Accordingly, the presence of earthworms 
reduced microbial biomass and activity after the active phase of vermicomposting, although 
this effect depended on the earthworm species involved. The bacterial growth rate also 
decreased in the substrate, whereas the fungal growth rate was not affected after one month. 
The speed at which these transformations occurred made the active phase of 
vermicomposting a suitable stage for studying the relationships between earthworms and 
microorganisms and permitted us to understand the chemical and biological consequences 
of earthworm activities. Ultimately, these findings provide valuable information for the 
understanding of the transformations that organic matter undergoes during 
vermicomposting and, in addition constitute a powerful tool for the development of 
strategies leading to a more efficient process for the disposal and/or management of organic 
wastes. 
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1. Introduction 
Animal production pose potential hazards of environmental contamination with pathogenic 
microorganisms. These are particularly related to a subsequent storage processing and 
utilization of animal organic wastes (manure, fertilizer, wastewater, sludges etc.). A major 
source of pathogenic microorganisms in the environment are excrements from clinically and 
subclinically infected farm animals.  

Handling, storage, treatment and use of different forms of animals excrements entails two 
principle problems: epizootological or epidemiological and hygienical. Solid excrements 
contain high numbers of common intestinal microflora (E. coli, faecal streptococci, 
lactobacilli etc.), bacteria that are pathogenic also for man (salmonellae, mycobacteria, 
listeriae etc.), protozoa (Isospora spp., Balantidium coli) and eggs or larvae of 
enteronematodes (Ascaris suum, Oesophagostomum sp., Trichuris suis etc.) (Lauková et al., 
2000; Krupicer et al., 2000).  

The parasitic propagative stages, mainly endoparasitic protozoa and helminths develop 
mostly outside their host´s organism. A. suum eggs are hygienically the most problematic 
ones.  They are amongst the helminth eggs most resistant to environmental factors and may 
survive in the nature for many years, therefore, they tend to accumulate in the environment 
(soil, water) and serve as an infectious entity for both man and animals (Papajová and Juriš, 
2009). The cell wall of A suum egg is enveloped with an outer layer formed by acid 
polysaccharides and proteins, central layer consisting of proteins (25%) and lipids (75%, 
particularly alpha glycosides). Thus this resistant cell wall protects eggs against effects of 
chemicals and drying (Eckert, 1992).  

Regarding the spread of helminthoses, domestic animals (dogs, cats) are also of great 
importance because they live in a close contact with man. Infection and way of transmission 
of the disease depends on the way of breeding and on the breeding environment where the 
animal occurs. An important factor of the risk of infection transmission is also possibility of 
animal to move outside its housing (yard, move in nature), or the use of a dog (hunting or 
social). The most frequent way of transmission of parasitic diseases is through the contact 
(free-living animals with a domestic ones), or through contaminated environment with 
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developmental stages (oocysts, eggs, larvae). Through faeces of infected dogs and cats the 
germs of parasitozoonoses spread into the environment. It is especially the case of cysts of 
intestinal parasitic protozoa – Entamoeba histolytica, Giardia intestinalis, Balantidium coli, 
Toxoplasma gondii, the eggs of tapeworms Dipylidium sp., Echinococcus sp. and parasitic 
nematodes (Antolová et al., 2004; Matsuo and Nakashio, 2005; Miterpáková et al., 2006). 
Regarding public health helminthozoonoses caused by Toxocara sp. (in dogs) and Ascaris sp. 
(in pigs) are very significant, especially due to their zoonotic character connected with the 
syndrome larva migrans.  

Humans became infected usually orally (per os) by ingestion of substrates (soil, vegetables, 
etc.) with embryonated  Toxocara eggs. Many symptoms are associated with this infection, 
including changes in blood cell counts and affection of various organs, as the ascaris larvae 
can migrate throughout the body. The symptoms of infection are often non-specific and may 
be mistaken with those of other infectious agents (common viral diseases, diarrhoea) or we 
may not observe any clinical signs. Toxocariasis manifests itself in two distinct forms: 
visceral, larva migrans visceralis, and ocular, larva migrans ocularis (Despommier, 2003). 

A. suum infects pigs and is of major economical significance due to production losses linked 
to reduced feed conversion efficiency and losses to the mean industry associated with the 
condemnation of “milk-spot” livers (Dubinský et al., 2000). Ascaris infects over a quarter of 
the world´s human population (1.47 billion people worldwide) and clinically affects ~335 
million people (Crompton, 1999). 

The above-mentioned helminthozoonoses are classified among epidemiologically ”low-risk” 
parasitozoonoses, because the propagative stages develop in the outdoor environment into 
the infectious stage and potentially secondarily contaminate the food chain. Therefore, a 
direct contact with infected animal, but also contaminated environment, or contaminated 
food chain (water, vegetables) are considered as a potential risk factor.  

Attention has receantly been paid also to the problem of hygienical hazards in terms of the 
treatment and use of animal excrements and their application to soil as valuable nutrients 
for cultivated plants. The hazards are mainly connected with the quantity of continually 
produced solid and liquid wastes. The results is ecological disbalance, mainly with respect 
to environmental load with pathogenic microorgamism and nitrous organic substances. 
Animal organic wastes are also sources of greate amounts of gases releases. The most 
dangerous of them are ammonia and methane. Ammonia released into the atmosphere is 
irritating and toxic to the biotic component of the environment. On the other hand, animal 
excrements can supply essential plant nutrients and improve the fertility of soil by adding 
organic matter. 

Therefore, to prevent health risks (for human as well as for animals) and odour nuisance 
from animal wastes, different methods for a satisfactory utilisation and sanitation have been 
researched (Schwartzbrod et al., 1989, Tofant et al., 1999; Juriš et al., 2000; Sasáková et al., 
2005; Papajová and Juriš, 2009). There are big variations in the treatment of animal wastes 
(aerobic and anaerobic stabilization, composting etc.). 

For the above-mentioned reasons our studies concentrated on anaerobic stabilization of 
liquid (slurry) and solid (manure, excrements) animal waste. The aims of our study were to 
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monitor the physical-chemical changes in pig slurry treated by ecologically acceptable and 
energetically beneficial anaerobic stabilisation, changes in the properties of anaerobically 
digested slurry stored in ground lagoon and the effect of anaerobically digested slurry 
stores in ground lagoon on the survival of parasitic germs. The impact of lime (two types) 
on the survival of parasitic organisms in anaerobic stored manure and dog excrements 
mixed with hay, was also studied. 

2. Materials and methods 
2.1 Parasitological methods 

To determine helminth eggs count in slurry (input and output samples from bioreactor and 
in lagoon samples – supernatant and sediment), 50 ml from each of the 1 l sample was taken 
and examined by a sedimentation-flotation mathod (Cherepanov, 1982). 

A. suum eggs were isolated by dissection of a distal uterine part of female pig ascaris. The 
distal uterine ends were then removed to a glass homogenizer and processed. The water 
suspension of eggs was stored in an Erlenmayer flask in a refrigerator at 4°C. 

We used the ‘‘artificial contamination of lagoon and organic wastes’’ approach to make sure 
that there is s sufficient number of positive samples in our observations.  

Model eggs were inoculated by a micropipette into polyurethane carriers, prepared 
according to Plachý and Juriš (1995), at a dose of 1 000 eggs per one carrier. A porous 
cellular plastic - soft expanded polyurethane, commercially known as a plastic foam, was 
used as a material for the carriers. It is an additive product of polyisocyanates and 
compounds with a high content of hydroxylic groups. It consists of a network of 
interconnected cells, resembling a honeycomb. Its polyurethane structure allows for 
a sufficient contact of helminth eggs with the environment, preventing them from release 
and consequently improving their recovery (Picture 1). For mechanical protection the 
carriers were placed to perforated plastic net (Picture 2) before introducing them into the 
organic wastes. Three samples were taken and analysed at each sampling interval. The eggs 
were re-isolated from the inoculated carriers as follows: the carriers were cut into small 
pieces and washed in a mortar with 3 · 5 ml portions of saline, thoroughly stirred and 
filtered through a sieve into test tubes. After centrifugation, sediments were transferred to 
Petri dishes.  

The viability of exposed unembryonated A. suum eggs was determined by incubation up to 
the embryonated stage (Picture 6) in a thermostat at 26°C for 21 days. Petri dishes with A. 
suum eggs were aerated daily with micropipette. The developmental ability of A. suum eggs 
was compared with that of the control eggs which were kept in distilled water under aerobic 
conditions.  

2.2 Physical and chemical methods 

The following changes in physical and chemical properties of the solid and liquid wastes 
were monitored: pH, dry mater (DM), inorganic (IM) and organic (OM) matter, ammonium 
ions (NH4+), total nitrogen (Nt), chemical oxygen demand (COD), soluble and insoluble 
substances and C:N ratio.  
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Picture 1. Polyurethane carrier with adhered A. suum eggs  

 
Picture 2. Perforated plastic nets with the carriers 

The samples were examined for the pH (1:10 water extract) using a pH electrode (HACH 
Company, Loveland, Colorado, USA). Dry matter (drying at 105°C to a constant weight), 
residum-on-ignition (550°C for 4 h), and water soluble ammonium nitrogen (NH4+) by 
titration (Mulvaney, 1996). Soluble and insoluble substances were determined by 
evaporation of the known amount of homogeneous sample filtrate on a water bath after 



 
The Sanitation of Animal Waste Using Anaerobic Stabilization 

 

53 

absorption of insoluble substances on a filter, drying the evaporation residue at 105°C and 
determining its weight. COD was determined on the basis of organic substances oxidation 
in sample by potassium dichromate in sulfuric acid medium during 2-hour boiling in a COD 
reactor (HACH Company, Loveland, Colorado, USA). Portion of samples for Nt 
determinations were digested using a HACH-Digesdahl apparatus (HACH Company, 
Loveland, Colorado, USA). Nt was distilled with NaOH (40 %) (Bremner, 1996). The C 
content was calculated according to the content of OM by the method of Navarro et al. 
(1993) to obtain the C:N ratio.  

2.3 Statistical analysis 

The physical and chemical properties (pH, DM, IM, OM, NH4+, Nt,) of solid animal wastes, 
as well as the number of demaged eggs were expressed as mean values ± standard deviation 
(x ±SD).  

Significance of differences between experimental and control groups of parasites were 
determined using Student t-test, ANOVA and Dunnet Multiple Comparison test at the 
levels of significance 0.05; 0.01 and 0.001 (Statistica 6.0). 

Results 

a) Anaerobic stabilisation of liquid animal wastes 

Investigations were carried out under operating conditions of the large-capacity pig farm in 
Slovak Republic (Picture 3). Technological equipment for anaerobic treatment of pig slurry 
on the principle of methanogenesis with the production of biogas was built up on the farm 
(Picture 4). Pig slurry was treated in the bioreactor (2 500 m3) manufactured by Mostáreň 
Brezno under the agreement with the firm BAUER Voitsberg. The stirring of the substrate in 
this reactor was done at the expense of energy of the generated biogas. Mean daily input of 
raw pig slurry in bioreactor of biogas plant varied between 78 and 144 m3. The volume of 
digested slurry after methanogenesis was equal to that of the input. Two lagoons were the 
part of the biogas plant. The volume of larger lagoon is 20 000 m3 (Picture 5) and that of 
smaller lagoon is 5 000 m3. Both lagoons serve as reservoirs of digested slurry. Liquid 
fraction from the smaller lagoon was carried away and spread on fields. The presence and 
survival of parasite eggs were studied in the larger lagoon. Samples were taken from raw 
slurry collecting basin before the inlet in to bioreactor (input samples), from outlet of 
digested slurry after methanogenesis in bioreactor (output samples), from supernatant 
(liquid fraction) and from lagoon sludge (solid fraction - sediment). The slurry samples for 
parasitological and physical and chemical examination were collected monthly during 29 
month.  

Slurry from the pig farm stored in the collecting basin showed a considerable variability 
during the period of study (Table 1). Compared with mean pH value of 7.12 ± 0.26, pH raw 
slurry in the month 11, 17 and 21 was lower, ranging between 6.61 and 6.95. The most 
conspicuous differences were recorded in DM content, which is most likely associated with 
the amount of process water use. The DM content in raw slurry determined during the 
period studied ranged from 0.81 % to 5.30 %. The amount of NH4+ in raw slurry was 
between 821 mg.l-1 and 1 774 mg.l-1. Chemical oxygen demand (COD) for that period varied 
from 2 000 mg.l-1 to 22 530 mg.l-1. The mean contents of Nt, in slurry was 1 445 ± 420 mg.l-1. 
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Picture 3. Large-capacity pig farm  

 

 

 

Picture 4. Bioreactors of biogas plant  
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Picture 5. Large lagoon for storing digested pig slurry  

 
Picture 6. Embryonated A. suum eggs 

Like raw pig slurry also slurry stabilised by anaerobic process showed variability of its 
physical-chemical parameters on its out flow from bioreactor (Table 2). Conspicuous 
differences were observed mainly in the dry mater content of anaerobically stabilized slurry. 
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This is caused by the projected input, reckoning on the 5 % of dry matter in raw pig slurry, but 
the mean dry matter content in raw slurry supplied to bioreactor was 1.96 % and therefor 
poultry excrements had to be regularly added (average DM content 22.27 %) to pig slurry 
prior to its supply into bioreactor. Stabilized slurry outlet of bioreactor contained as much as 
3.23 ± 2.54 % DM on the average. Anaerobic digestion increased slurry pH which was ranging 
from 7.37 to 8.50. Compared with untreated slurry, anaerobic stabilization increased the 
content NH4+ to 7.80 ± 0.29 mg.l-1 on average. Concentration of Nt was increased twice. 

 

Storage 
(month) 

pH COD 
(mg.l-1)

DM 

(%) 
IM 
(%) 

OM
(%)

Soluble 
substances

(mg.l-1) 

Insoluble 
substances

(mg.l-1) 

NH4+ 
(mg.l-1) 

Nt 
(mg.l-1) 

0 7.44 14 833 2.75 31.87 68.13 11 263 16 264 1 774 2 419 
1 7.34 2 000 0.84 51.42 48.58 5 836 2 612 1 186 1 401 
2 7.17 9 297 0.95 43.04 56.96 4 561 4 897 821 1 195 
3 7.03 13 500 1.14 57.71 42.29 7 757 3 641 1 202 1 485 
4 7.00 20 900 1.57 38.74 61.26 11 095 4 572 1 078 1 363 
5 7.35 14 824 0.81 45.71 54.29 4 895 3 178 1 037 1 191 
6 7.36 13 333 2.52 17.36 52.64 5 366 19 844 1 247 1 429 
11 6.61 21 795 5.30 33.02 66.98 - - 1 695 1 089 
17 6.95 12 750 0.95 30.53 69.47 1 000 8 500 1 478 1 010 
21 6.95 22 530 2.80 19.97 80.03 5 870 22 130 1 358 1 872 

 

Table 1. Physico-chemical properties of raw pig slurry (input sample of bioreactor) (COD – 
chemical oxygen demand, DM - dry matter, IM - inorganic mater, OM - organic matter; 
NH4+ - ammonium ions, Nt - total nitrogen, - - not examined) 

 
 

Storage 
(month) 

pH COD 
(mg.l-1)

DM 

(%)
IM 
(%) 

OM 
(%) 

Soluble 
substances

(mg.l-1) 

Insoluble 
substances

(mg.l-1) 

NH4+ 
(mg.l-1) 

Nt 
(mg.l-1) 

0 8.50 36 333 - - - - - 2 633 6 320 
1 7.74 10 500 0.81 56.54 43.46 4 739 3 401 2 204 2 605 
2 7.63 17 820 1.24 48.50 51.50 6 134 6 226 2 157 2 699 
3 7.80 8 500 1.96 59.69 40.31 6 192 13 456 2 045 2 549 
4 7.69 17 100 3.16 41.81 58.19 5 965 5 658 1 933 3 138 
5 7.77 6 092 4.48 42.06 57.94 3 225 41 603 1 898 1 982 
6 7.92 2 186 2.91 42.87 57.13 3 555 25 518 2 437 3 516 
11 7.88 4 872 0.50 70.00 30.00 - - 2 171 1 530 
17 7.37 7 750 6.45 39.84 60.16 1389 63 111 2 248 1 936 
21 7.66 42 169 7.85 33.81 66.19 1 333 77 167 2 655 3 399 

 

Table 2.  Physico-chemical properties of digested pig slurry (output sample of bioreactor) 
(COD – chemical oxygen demand, DM - dry matter, IM - inorganic mater, OM - organic 
matter; NH4+ - ammonium ions, Nt - total nitrogen, - - not examined) 
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Anaerobically stabilized slurry was pumped from bioreactors into slurry ground lagoon for 
further storage. A long-term storage of digested slurry in lagoon is the most effective way of 
treatment resulting in a elimination of helminth eggs (Schwartzbrod et al., 1989). At the 
same time there is an increase in biogenic elements, especially of nitrogen and phophorus 
which are transformed into the forms acceptable by plants. Results of the chemical analysis 
of liquid fraction (supernatant) are presented in Table 3 and those of solid fraction (sludge) 
of lagoon in Table 4. pH of supernatant has not changed much over the period studied. 
Mean pH was 8.20 ± 0.11 %. Sediment pH decreased during the first period of the study 
(month 0-6) and than again increased. Ammonia content was about equal in both the 
fraction. The highest content of NH4+ was detected in spring month with its decrease 
observed in the course of study. Nt contained by supernatant samples varied between 882 
mg.l-1 to 2 283 mg.l-1 (Table 3) and in sediment between 3 571 mg.l-1 to 57 831 mg.l-1 (Table 4). 
Sediment contained more DM and Nt than supernatant (Tables 3, 4).  

 

Storage 
(month) 

pH COD 
(mg.l-1) 

DM 

(%)
IM 
(%)

OM
(%) 

Soluble 
substances 

(mg.l-1) 

Insoluble 
substances 

(mg.l-1) 

NH4+ 
(mg.l-1) 

Nt 
(mg.l-1) 

0 8.30 4 500 0.50 61.06 38.94 4 416 581 1 737 1 910 

1 8.20 4 000 0.50 70.39 29.61 4 808 174 1 307 1 428 

2 8.17 2 002 0.68 57.58 42.42 6 579 239 1 345 1 569 

3 8.34 3 500 0.66 57.75 42.25 5 340 1 272 1 111 1 214 

4 8.10 7 600 0.93 56.04 43.96 6 085 3 177 1 408 1 662 

5 8.08 6 552 0.87 52.76 47.24 3 600 5 255 1 135 1 172 

6 8.29 1 530 0.71 57.59 42.41 2 748 4 337 1 107 1 223 

13 8.21 7 059 0.70 55.53 44.47 5 954 1 083 1 863 2 283 

14 8.07 818 1.68 46.60 53.40 5 588 11 217 1 569 1 569 

15 8.28 1 904 0.66 54.83 45.17 5 325 1 284 1 331 1 317 

16 8.21 5 385 0.63 56.38 43.62 4 483 1 806 896 882 

17 8.29 8 605 0.60 54.27 45.73 3 501 2 524 616 1 415 

23 8.32 3 333 0.35 71.43 28.57 2 128 1 372 672 1 016 

29 7.95 5 000 0.75 45.33 54.67 3 000 4 500 862 1 031 

Table 3. Physico-chemical properties of supernatant from stabilized pig slurry stored in lagoon 
(COD – chemical oxygen demand, DM - dry matter, IM - inorganic mater, OM - organic 
matter; NH4+ - ammonium ions, Nt - total nitrogen, - - not examined) 

A. sum eggs and Oesophagostomum sp. eggs were rarely detected in slurry on the input and 
also on the output of bioreactor (Table 5). Similar results of helminths eggs occurrence in 
anaerobic slurry treatment were also presented by Juriš et al. (1996), No helminth eggs were 
found in the supernatant of digested slurry from the lagoon. A. suum eggs were found in 
sediment (Table 5). 

High percentage of devitalised unembryonated A. suum eggs (47.46 ± 0.78 %) stored 11 
months (from May – month 13 to March - month 23) in a ground slurry lagoon points to the 
impact of high concentration of NH4+ (max. 5 358 mg.l-1 in sediment compared to 1 863 mg.l-

1 in supernatant), which are releasing during a period of time from an open area of the 
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ground lagoon, and nitrogen (max. 9 854 mg.l-1 in sediment compared to 2 283 mg.l-1 in 
supernatant) on devitalization of developmental stages of endoparasites. The number of 
devitalised A. suum eggs increased towards to the bottom of lagoon. In the control groups, 
only 19.60 ± 1.80 % of A. suum eggs were devitalized (Table 6). 

 

 

Storage 
(month) pH 

COD 
(mg.l-1) 

DM 

(%) 
IM 
(%) 

OM 
(%) 

Soluble 
substances

(mg.l-1) 

Insoluble 
substances 

(mg.l-1) 

NH4+ 
(mg.l-1) 

Nt 
(mg.l-1) 

0 8.37 9333 1.17 49.21 50.79 1 885 2 138 5 778 5 963 

1 8.13 11000 1.17 48.26 51.74 1 681 1 830 5 635 6 041 

2 8.07 6170 1,70 43.21 56.79 1 643 2 241 7 344 9 652 

3 8.09 4500 1.28 31.52 52.88 1 363 1 625 4 042 6 782 

4 7.90 55100 1.12 34.90 65.10 1 359 2 437 3 913 7 298 

5 8.08 8965 - - - 1 149 4 755 - - 

6 7.87 7322 - - - 1 541 - - - 

13 - - - - - - -- - - 

14 7.73 6367 - - - 5 358 9 854 - - 

15 8.24 2494 1.72 32.11 67.89 840 1233 5513 11658 

16 8.17 5897 0.73 51.16 48.84 1989 938 3740 3571 

17 8.12 27186 1.19 45.41 54.59 915 1387 5402 6493 

23 8.11 - 13.01 55.56 44.44 308 3909 72289 57831 

29 - - - - - - - - - 

Table 4. Physico-chemical properties of sediment from stabilized pig sllury stored in lagoon 
(COD – chemical oxygen demand, DM - dry matter, IM - inorganic mater, OM - organic 
matter; NH4+ - ammonium ions, Nt - total nitrogen, - - not examined) 

 

 

Table 5. Occurence of helminth eggs in slurry and in lagoon (A – A. suum eggs, Oe – 
Oesophagostomum sp. eggs, ND – not detected, - - not examined) 

Slurry 
Storage (month) and occurence of eggs per litre sample 

0 1 2 3 4 5 6 11 13 14 15 16 17 21 23 29 

Input 
(raw) 

Oe-2 ND ND A-5 ND ND ND - - - - - - ND ND ND 

Output 
(digested) 

A-2 ND ND ND ND ND ND - - - - - - ND A-1 ND 

Supernatant 
(lagoon) 

ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 

Sediment 
(lagoon) 

ND ND A-6 ND ND ND ND ND ND ND ND ND ND A-2 ND ND 
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Storage (month) 
Damaged A. suum eggs (x %±SD) 

Lagoon Control 

May (13) 16.23 ± 3.22 14.80 ± 2.43 

June (14) 38.27 ± 2.51 15.79 ± 2.44 

September (17) 40.37 ± 2.94 18.23 ± 1.22 

March (23) 47.46 ± 0.78 19.60 ± 1.80 

Table 6. Damage of A. suum eggs during long term storage of anaerobic stabilized pig slurry 
in lagoon 

b) Anaerobic stabilisation of solid animal wastes  

The effect of anaerobic stabilisation of solid animal wastes (manure, dog excrements) with 
or without addition of lime on the survival of parasitic germs were studied under laboratory 
conditions. Two types of lime was used in the experiment: 1. quality dust lime and 2. dust 
rejects from lime production caught on the electrostatic precipitator. General characteristics 
of tested lime are given in Table 7. 

 Quality dust lime Dust rejects 

CaO + MgO min. 95.0 % min. 82.0 % 

MgO max. 5.0 % max. 3.5 % 

CO2 max. 2.5 % max. 11.0 % 

Granularity 0-0.2 mm 0-1.0 mm 
 

Table 7. Physico-chemical properties of the tested types of lime 

Pig manure (M) and dog excrements mixed with hay in the ratio of 1:5 (D) were used in the 
experiment. Organic wastes were mixed with tested lime in a different concentration and 
periodically stirred. The following variations were investigated in comparison to untreated 
(control) manure (CM) and untreated dog droppings (CD):  

a. manure mixed with quality dust lime in a concentration of 20 g.kg-1 (ML20)  
b. manure mixed with dust rejects in a concentration of 20 g.kg-1 (M20)  
c. dog droppings  mixed with dust rejects in a concentration of 20 g.kg-1 (D20),  
d. dog droppings  mixed with dust rejects in a concentration of 70 g.kg-1 (D70). 

Samples for parasitological and physical and chemical examinations were collected after 0, 
1, 3, 8, 14, 36 (UM, ML20 and M20) and after 0, 1, 2, 3, 7, 8, 9, 10, 14, 73 (UD, D20, D70) days 
of exposure. Three samples were taken and analysed at each of the given sampling intervals. 

The physical and chemical properties of treated manure and dog excrements are given in 
Tables 8 - 13. Comparison of the changes in The physical and chemical properties of organic 
material during anaerobic stabilisation with or withou dust rejects is given in Fig. 1 – 5. 
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Storage 
(days) 

pH DM 
(%) 

IM 
(%) 

OM 
(%) 

NH4+ 
(mg.kg-1 DM)

Nt 
(mg.kg-1 DM) 

C:N 

0 8.47±0.58 33.22±6.88 8.09±2.57 91.91±2.57 120.89±7.05 13789.52±2356.62 34.27:1 
1 8.57±0.02 20.66±4,29 10.41±0.72 89.58±0.72 257.65±10.10 51930.16±421.47 8.84:1 
3 9.52±0.06 28.06±5.41 6.03±0.11 93.37±0.11 176.37±8.09 46522.24±2310.56 10.27:1 
8 9.28±0.02 23.50±4.12 8.34±2.66 91.66±2.66 214.60±7.92 49872.94±1715.15 9.41:1 
14 8.26±0.02 14.99±0.39 9.12±1.14 90.88±1.14 510.81±11.32 58608.01±2701.82 7.97:1 
36 8.27±0.06 14.36±0.12 9.48±0.13 90.52±0.13 48.75±2.80 32698.26±2378.98 14.13:1 

 

Table 8. Physico-chemical properties of the pig manure during anaerobic stabilization (CM) 
(DM - dry matter, IM - inorganic mater, OM - organic matter; NH4+ - ammonium ions, Nt - 
total nitrogen) 

 
 
Storage 
(days) 

pH DM 
(%) 

IM 
(%) 

OM 
(%) 

NH4+ 
(mg.kg-1 DM)

Nt 
(mg.kg-1 DM) 

C:N 

0 8.47±0.58 33.22±6.88 8.09±2.57 91.91±2.57 120.89±7.05 13789.52±2356,62 34.27:1 
1 12.97±0.02 41.57±2.46 58.88±17.14 41.12±17.14 69.64±4.28 125901.56±873.31 8.11:1 
3 12.76±0.01 45.96±3.72 39.91±7.76 60.09±7.76 111.75±9.84 18866,51±3349.86 16.32:1 
8 10.39±0.01 26.91±2.16 16.95±2.67 83.05±2.67 236.01±7.05 52051.28±1482.36 8.17:1 
14 8.29±0.01 21.47±5.22 14.36±3.41 85.64±3.41 326.22±17.94 56824.87±2746.13 7.72:1 
36 8.29±0.01 20.11±2.32 13.41±1.12 86.19±1.12 225.21±22.47 71771.76±1722.51 6.14:1 

 

Table 9. Physico-chemical properties of the pig manure mixed with dust rejects in a 
concentration of 20 g.kg-1 during anaerobic stabilization (M20) (DM - dry matter, IM - 
inorganic mater, OM - organic matter; NH4+ - ammonium ions, Nt - total nitrogen) 

 
 
Storage 
(days) 

 
pH DM 

(%) 
IM 
(%) 

OM 
(%) 

NH4+ 
(mg.kg-1 DM)

Nt 
(mg.kg-1 DM) C:N 

0 8.47±0.58 33.22±6.88 8.09±2.57 91.91±2.57 120.89±7.05 13789.52±2356,62 34.27:1 
1 12.86±0.03 30.33±3.87 48.90±15.23 51.10±15.23 126.24±9.84 37815.69±1860.53 6.97:1 
3 12.96±0.01 37.31±3.89 57.40±5.92 42.60±5.92 130.15±9.01 35790.24±2332.63 6.08:1 
8 11.56±0.02 25.37±0.95 48.67±3.35 51.33±3.35 176.67±10.10 81616.08±3704.40 3.21:1 

14 9.36±0.01 20.30±2.17 34.12±1.12 65.88±1.12 206.99±17.83 44057.78±2515.94 7.66:1 
36 8.76±0.01 20.08±1.56 32.48±3.46 67.52±3.46 181.37±25.75 65746.86±2677.51 5.25:1 

 

Table 10. Physico-chemical properties of the pig manure mixed with quick lime in a 
concentration of 20 g.kg-1 during anaerobic stabilization (ML20) (DM - dry matter, IM - 
inorganic mater, OM - organic matter; NH4+ - ammonium ions, Nt - total nitrogen, - - not 
examined) 
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Storage 
(days) 

pH DM 
(%) 

IM 
(%) 

OM 
(%) 

NH4+ 
(mg.kg-1 DM)

Nt 
(mg.kg-1 DM) 

C:N 

0 9.08±0.01 35.66±1.83 11.33±0.01 88.67±0.01 219.07±55,70 40758.43±1416.02 11.15:1 
1 8.57±0.01 34.66±0.11 14.29±1.77 85.71±1.77 232.05±23,57 39116.17 ±207.87 11.24:1 
2 9.61±0.01 35.20±4.23 19.21±4.89 80.79±4.89 395,72±2,48 41116.07±1205.26 10.12:1 
3 9.78±0.01 37.56±1.93 22.33±1.06 77.67±1.06 309.78±95.04 44207.73±3222.05 9.05:1 
7 9.01±0.01 37.17±0.29 20.58±0.48 79.42±0.48 370,89±8.22 23346.91±5147.86 18.06:1 
8 9.39±0.02 33.21±0.18 22.46±1.97 77.54±1.97 82.25±2.55 12152.63±77.34 32.74:1 
9 9.55±0.02 29.81±3.03 31.17±3.54 68.83±3.54 132.58±72.91 6556.92±818.39 54.92:1 

10 9.49±0.03 31.96±1.13 31.46±0.36 68.54±0,36 124.07±0.16 6217.49±27.34 57.31:1 
14 9.34±0.03 53.90±4.33 32.32±0.91 67.68±0.91 138.03±7.41 5435.17±2904.64 76.40:1 
73 8.51±0.03 86.31±0.23 17.99±1.73 82.01±1.73 28.09±3.26 9159.80±1327.01 46.33:1 

Table 11. Physico-chemical properties of the dog excrements during anaerobic stabilization 
(CD) (DM - dry matter, IM - inorganic mater, OM - organic matter; NH4+ - ammonium ions, 
Nt - total nitrogen, - - not examined) 

Storage 
(days) 

pH DM 
(%) 

IM 
(%) 

OM 
(%) 

NH4+ 
(mg.kg-1 DM)

Nt 
(mg.kg-1 DM) 

C:N 

0 8.41±0.05 37.21±0.01 16.04±4.81 83.96±4.81 400.57±47.84 45177.35±4724.10 9.64:1 
1 11.21±0.02 44.47±0.91 39.37±0.10 60.63±0.10 12.51±8.65 32262.40±4212.96 9.66:1 
2 9.34±0.03 56.45±15.15 62.63±19.97 37.37±19.97 36.17±7.84 16218.95±2664.67 12.44:1 
3 8.58±0.01 57.28±33.23 60.29±28.06 39.71±28.06 645.10±362.56 45266.01±19058.77 4.23:1 
7 9.08±0.01 45.11±6.79 43.58±0.64 56.42±0.64 225.45±91.01 22104.48±11603.90 15.37:1 
8 9.13±0.01 43.90±2.84 41.87±0.96 58.13±0.96 439.78±141.28 18254.61±1760.78 16.74:1 
9 9.27±0.05 68.66±1.32 27.61±0.60 72.39±0.60 398.59±2.51 18083.74±303.53 20.86:1 

10 9.12±0.04 64.15±0.16 42.28±0.71 57.64±0.71 349.02±10.08 16966.79±191.73 17.70:1 
14 8.91±0.03 60.02±0.98 49.20±4.49 50.80±4.49 338.50±24,95 17963.19±457.92 14.71:1 
73 8.69±0.01 89.06±0.01 38.85±3.90 61.15±3.90 74.54±26.60 13972.75±1214.80 22.56:1 

Table 12. Physico-chemical properties of the dog excrements mixed with dust rejects in a 
concentration of 20 g.kg-1 during anaerobic stabilization (D20) (DM - dry matter, IM - inorganic 
mater, OM - organic matter; NH4+ - ammonium ions, Nt - total nitrogen, - - not examined) 

Storage 
(days) 

pH DM 
(%) 

IM 
(%) 

OM 
(%) 

NH4+ 
(mg.kg-1 DM)

Nt 
(mg.kg-1 DM) 

C:N 

0 9.08±0.01 35.66±1.83 11.33±0.01 88.67±0,01 219.07±55.70 40758.43±1416.02 11.15:1 
1 12.58±0.04 43.11±1.51 58.48±9.02 41.52±9,02 41.04±42.79 13041.67±2498.12 16.22:1 
2 12.68±0.01 46.81±0.17 62.89±2.38 37.11±2,38 10.19 4555.21±936.46 42.69:1 
3 12.64±0.01 44.10±1.95 57.53±1.39 42.47±1,39 20.65±14.40 6868.28±1649.01 32.67:1 
7 12.36±0.01 45.50±0.21 60.84±0.47 39.16±0,47 140.34±9.77 26830.72±6801.00 7.73:1 
8 10.63±0.01 45.22±0.48 62.63±2.26 37.37±2,26 131.32±2.98 14216.80±5981.61 15.04:1 
9 10.12±0.01 45.60±1.23 60.40±4.67 39.60±4.67 82.59 16161.23±10202.44 16.18:1 

10 10.06±0.02 46.75±1.09 63.09±0.21 36.91±0.21 85.65±10.62 13399.86±759.04 14.14:1 
14 9.82±0.01 52.21±1.08 65.03±0.80 34.97±0.80 14.28 19371.98±1147.30 9.21:1 
73 8.97±0.02 87.17±0.47 40.50±1.92 59.50±1.92 2.20±0.08 12440.27±566.93 24.43:1 

Table 13. Physico-chemical properties of the dog excrements mixed with dust rejects in a 
concentration of 20 g.kg-1 during anaerobic stabilization (D70) (DM - dry matter, IM - inorganic 
mater, OM - organic matter; NH4+ - ammonium ions, Nt - total nitrogen, - - not examined) 
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Fig. 1. Comparison of the changes in pH of organic material during anaerobic stabilisation 
with or without dust rejects 

 

 

 

Fig. 2. Comparison of the changes in DM of organic material during anaerobic stabilisation 
with or without dust rejects 
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Fig. 3. Comparison of the changes in NH4+ of organic material during anaerobic stabilisation 
with or without dust rejects 

 

 

 

Fig. 4. Comparison of the changes in Nt of organic material during anaerobic stabilisation 
with or without dust rejects 
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Fig. 5. Comparison of the changes in C:N ratio of organic material during anaerobic 
stabilisation with or without dust rejects 

The Table 14 indicates that a 24 hour after application of both types of lime at concentration 
20 g.kg-1 manure more than 80 % of model unembryonated A. suum eggs were devitalised. 
A. suum eggs were totally devitalised as early as till 36 days after application of lime in 
manure. 58.13±6.89 % of eggs were devitalised in the control without dust reject in the end 
of experiment.  

Storage 
(days)) 

Demaged A. suum eggs (x%±SD) 
CM ML20 M20 

0 16.43±1.14 16.43±1.14 16.43±1.14 
1 36.31±2.46 82.41±8.49*** 80.68±6.75*** 
3 55.10±10.72** 87.23±11.06*** 89.85±5.10*** 
8 59.14±1.74** 98.96±1.80*** 82.22±16.78*** 
14 56.11±19.64* 97.13±3.77*** 97.33±4.62*** 
36 58.13±6.89** 100*** 100*** 

Table 14. Survival of A. suum eggs during anaerobic stabilisation of the dog excrements with 
or without lime (* Significance at the level P<0.05; ** Significance at the level P<0.01; *** 
Significance at the level P<0.001) 

For the sanitation of animal excrenemts, the use of dust rejects from lime production, at 
more affordable price than quality lime, is very suitable. An application of dust rejects to the 
mixed dogs’ excrements at a concentration of 20 g.kg-1 of organic wastes, resulted in a 
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devitalisation of 65.65 ± 2.84 % and at a concentration of 70 g.kg-1 77.05 ± 2.36 % of model 
unembryonated A. suum eggs within 24 hours (Table 15). A. suum eggs were totally 
devitalised as early as within 8 days in dogs’ excrements after application of dust rejects at a 
concentration of 70 g.kg-1 and within 21 days after application of dust rejects at a 
concentration of 20 g.kg-1 due to the changes in physical and chemical properties of the 
stabilised materials (Tables 12, 13). 57.23±3.21 % of eggs were devitalised in the control 
without dust reject in the end of experiment (Table 15).  

 

Storage (days) Demaged A. suum eggs (x%±SD) 

CD P20 P70 
0 12.62±1.14 12.62±1,14 12.62±1.14 
1 35.70±2.46 65.65±2.84** 77.05±2.36*** 
2 54.43±10.66* 68.65±3.89** 82.30±4.81*** 
3 67.00±2.55** 75.15±1.21** 87.60±3.98*** 
7 62.65±4.03** 76.25±5.41** 97.13±3.97*** 
8 59.80±2.71* 76.93±2.69*** 100*** 
9 61.87±2.90* 82.30±4.81*** 100*** 
10 62.85±4.03* 85.69±1.45*** 100*** 
14 61.96±3.26* 95.69±6.35*** 100*** 
21 55.65±2.36* 100*** 100*** 
73 57.23±3.21* 100*** 100*** 

Tab. 15. Survival of A. suum eggs during anaerobic stabilisation of manure with or without 
lime (* Significance at the level P<0.05; ** Significance at the level P<0.01; *** Significance at 
the level P<0.001) 

Our experiment showed that stabilisation of organic wastes with dust rejects result in 
complete devitalisation of A. suum eggs (Table 14, 15). The most important physico-chemical 
factors affecting viability of helminth eggs include pH and ammonia. We observed the 
highest pH and ammonia content especially in the organic wastes treated with tested types 
of lime. One of our previous studies (Ondrašovič et al., 2002) on the effect of ammonium 
hydroxide on A. suum eggs showed that at 10 % concentration of NH4OH, pH 12.16 and 
exposure time 180 min. approx. 94 % A. suum eggs were devitalised. Pescon and Nelson 
(2005) also reported that environmentally relevant concentrations of ammonia may 
significantly increase the rate of Ascaris eggs inactivation during alkaline stabilization. 

3. Conclusion 
Processes of slurry anaerobic stabilization represent an effective method in terms of energy, 
since the substantial portion of energy present in easily decomposable organic constituents 
of the substrate is acquired in the form of biogas. Non-decomposed organic matter is well 
stabilized from hygienic point of view. Anaerobic stabilization increases the proportion of 
biogenic element (especially nitrogen) converting stabilized excrements into quality 
fertilizer. Anaerobically stabilized pig slurry stored in lagoon significantly influence the 
quality and quantity of grasses, depending on the dose of slurry used and on weather 
conditions. From the nutritional point of view, the sludge (sediment) from ground lagoon is 
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also important for plants (Valocká et al., 2000). The high amount of nitrogen is apparently 
the result of the decomposition process going on in lagoon.    

Hazard of contamination of field fertilized with the lagoon effluent increases when raw 
slurry is used for fertilization of soil or pastures. When slurry is processed in a wastewater 
treatment plant, parasitic eggs concentrated in solid fraction. It is therefore necessary to pay 
a proper attention to slurry processing.  

The anaerobic stabilization and the use of dust rejects from lime production, at more 
affordable price than quality lime dust, were demonstrated to be very suitable for the 
sanitation of organic wastes from animal production and dog excrements. This way of 
treatment is thus not associated with a risk of dissemination, survival and potential spread 
of developmental stages of endoparasites to the environment via stabilized organic wastes 
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1. Introduction 
Environmental pollution by oil and oil products, which occurs at petroleum extraction 
wells, as a result of spills from oil tankers, pipe line breaks, disposal of refinery waste, leaks 
at gasoline stations, etc., have caused tremendous damage to ecological systems especially 
to many plant species (Adam and Duncan 2002; 2003; Palmroth et al. 2005), and a wide array 
of animals (Khan and Ryan  1991; Tevvors and Sair 2010). According to available data 
(Wang et al. 2011), the total amount of all major spills in the world was about 37 billion 
barrels of crude oil pollute soil and water ecosystems. It exceeds the total amount of crude 
oil consumption for the entire world annually (30 billion barrels in 2006) (Mundi 2010). 
Consequently, the problem of environmental pollution with anthropogenic hydrocarbons 
and their influence on natural ecosystems calls for comprehensive investigation. Crude oil 
consists of a number of rather complicated components, which are toxic and can exert side 
effects on environmental systems. Oil pool  contains aliphatic and polycyclic aromatic 
hydrocarbons, for example, crude oil consists of alkanes 15 - 60 %, naphthenes 30-60 %, 
aromatics 3-30% and asphaltenes 6 % by weight ( Speight 1990 ).  The extent of oil spills can 
have a legacy for decades, evens centuries in future (Wang et al. 2011). Toxic effects of oil 
and oil products on the soil environment include increasing hydrophobicity of soils and 
disruption of water availability to vegetation, and direct toxicity to plants and 
microorganisms. At the sub-toxic level, negative effects may include the absorption of low-
molecular oil hydrocarbons into plant tissues, and the inhibition or activation of microbial 
soil processes. The soil, although is an important sink for a wide range of substances, 
pollutant load exceeding certain threshold has the potential of impacting negatively on the 
capacity of the soil to perform its ecosystem functions with repercussions on sustainability 
issues such as plant growth and some non-hydrocarbon utilizing microorganisms. For 
instance, the aromatics in crude oil produce particular adverse effect to the local soil 
microbiota. It was found that phenolic and quinonic naphthalene derivatives inhibited the 
growth of some microbial cells (Sikkema  et al. 1995). As follows from the work (Wongsa et 
al. 2004), the rates of utilization of separate oil fractions may be significantly differed even in 
case of one and the same strain of hydrocarbon-oxidizing microorganisms. As a result, the 
influence of microorganisms on crude oil in soil may be accompanied by substantial changes 
in the initial composition of hydrocarbons, while the rest of hydrocarbons in soil may have 
absolutely different properties compared to the initial characteristics. The term ‘waste oil’ 
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was used to designate the hydrocarbon tails of crude oil introduced into soil and 
transformed into the product that lost the original properties (i.e., the quantitative ratio of 
hydrocarbon components changed and the organic products of microbial biosynthesis 
appeared, which differ from the initial oil components in metabolic availability for a wide 
range of soil microorganisms, etc).  It has been known that soil microbial communities are 
able to adjust to unfavourable conditions and to use a broad spectrum of substrates (Jobson 
et al. 1974; Nikitina et al. 2003). They have unique metabolic systems that allow them to 
utilise both natural and anthropogenic substances as a source of energy and tissue 
constituents. These unique characteristics make the microbiota useful tool in monitoring and 
remediation processes. Bioremediation of soil contaminated with oil hydrocarbons has been 
established as an efficient, economic, versatile, and environmentally sound treatment (van 
Hamme et al. 2003). Several reports have already focused on the composition of natural 
microbial populations contributing to biotransformation and biodegradation processes in 
different environments polluted with hydrocarbons (Juck et al. 2000;  Hamamura et al. 2008; 
Marques et al. 2008). It is becoming increasingly evident that the fate of anthropogenic 
hydrocarbons pollutants entering the soil system requires efficient monitoring and control. 
The bioremediation potential of microbial communities in soil polluted with oil 
hydrocarbons depends on their ability to adapt to new environmental conditions (Mishra et 
al. 2001; Kaplan and Kitts 2004). Investigations into how bioremediation influences the 
response of a soil microbial community, in terms of activity and diversity, are presented in a 
series of publications (Jobson et al. 1974; Margesin and Schinner 2001; Zucchi et al. 2003; 
Hamamura et al. 2006; Margesin et al. 2007). The methods of monitoring and 
characterization of hydrocarbon degrading activity of soil microbiota are of special interest 
(Margesin and Schinner 2005; Abbassi and Shquirat 2008; Pleshakova et al. 2008).  Oil 
hydrocarbon biodegradation and transformation in soils can be monitored by estimating the 
concentration of pollutant (Tzing et al. 2003) and the formation of respective metabolites. 
The most ubiquitous and universal metabolites is carbon dioxide (CO2), since respiration is 
by far the prominent pathway of biologically processed carbon.  

The activity of soil microbiota can be characterized by the method of the substrate-induced 
respiration (SIR) which was used for the measurement of CO2 production and the 
estimation of soil microbial biomass. When an easily microbial degradable substrate, such as 
glucose, is added to a soil, an immediate increase of the respiration rate is obtained, the size 
of which is assumed to be proportional to size of the microbial   biomass (Anderson and 
Domsch 1978).  In addition to SIR, the index of the specific microbial activity in soil is the 
priming effect (PE) of introduced exogenous substrate, which was defined as ‘the extra 
decomposition of native soil organic matter in a soil receiving an organic amendment” 
(Bingeman  et al. 1953). The PE may be represented by the following three indices: (a) 
positive PE shows that exogenous substrate introduction concurrent with its mineralization 
increases SOM mineralization to a rate exceeding the previous rate; (b) zero PE shows that 
CO2 is produced additionally only as a result of microbial mineralization of introduced 
substrate without changing the existing rate of SOM mineralization; and (c) negative PE 
values show that exogenous substrate introduction decreases SOM mineralization rate and 
CO2 production is determined mainly by mineralization of the substrate. PE determination 
only by the difference of CO2 production rate before and after substrate introduction into 
soil suffers from the known uncertainly of CO2 sources and does not allow distinguishing 
between the so-called “real” and “apparent” PE. (Blagodatskaya et al. 2007; Blagodatskaya 
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and Kuzyakov 2008). Obviously, unambiguous determination of PE by CO2 production calls 
for an exogenous substrate different from SOM in carbon isotopes (Zyakun et al. 2003; Dilly 
and Zyakun 2008; Zyakun et al.  2011). It has been shown that addition to the soil of a 
substrate easily accessible for microorganisms (e.g., glucose, amino acids, etc.) (Harabi  and 
Bartha1993; Shen and Bartha 1996; Zyakun and Dilly 2005; Blagodatskaya and Kuzyakov 
2008), contributes to the increase of SOM mineralization rate 2-3-fold compared to the 
processes in native soil. Acceleration of SOM degradation (positive PE) was also observed in 
case of addition of an aliphatic hydrocarbon (n-hexadecane) to the soil. Introduction into soil 
of n-hexadecanoic acid, the product of n-hexadecane oxidation, resulted in the lower rate of 
SOM mineralization compared to native soil (negative PE) (Zyakun et al.  2011).  In the light 
of brief presentation of methods characterizing biodegradation and transformation of 
exogenous organic products entering the soil, the fate of crude oil in soils may be defined by 
the following parameters: (a) the rate of CO2 production as result of mineralization of crude 
oil and SOM; (b) activation of mineralization of native soil organic matter by introduced 
substrate (priming effect); c) the ratio of  the quantities of biomass of the microorganisms 
growing on oil hydrocarbons as a substrate and quantities of SOM mineralized into CO2.  

2. Methods used to analyze the CO2 microbial production in soil  
2.1 CO2 sampling  

Soil samples, 100 g dry weight, were placed into 700-ml glass vials, hermetically closed and 
pre-incubated for 3 days at 22 0С. Metabolic carbon dioxide (CO2) formed by microbial 
mineralization of SOM and test-substrate (crude oil) was collected using glass plates (10 ml) 
placed the over soil surface, containing 2-3 ml of 1M NaOH solution. Production of СО2 in 
the course of the experiment in each of the vials was determined by titration of the residual 
alkali in the plates using an aqueous 0.1M HCl solution. The total amount of СО2 fixed in 
the NaOH solution was also determined by precipitation with BaCl2 and quantitative 
retrieval of BaCO3. Barium carbonate was washed with water, precipitated, dried, and the 
resulting precipitate weighed and used for quantitative calculation of metabolic СО2 

production and carbon isotope analysis.  

2.2 The kinetics of CO2 respiration  

Specific CO2 evolution rates (µ) of soil microorganisms after crude oil addition to soil were 
estimated from the kinetic analysis of substrate-induced respiration (CO2(t)) by fitting the 
parameters of equation [1]:  

  CO2(t)=K+r·exp(µ·t) (1) 

where K is the initial respiration rate uncoupled from ATP production, r is the initial rate of 
respiration by the growing fraction of the soil microbiota which total respiration coupled 
with ATP generation and cell growth, and t is time (Panikov and Sizova 1996; Stenström et 
al. 1998; Blagodatsky et al. 2000). The lag period duration (tlag) was determined as the time 
interval between substrate addition and the moment when the increasing rate of microbial 
growth-related respiration r·exp(µ·t) became as high as the rate of respiration uncoupled 
from ATP generation.  
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 tlag=ln(K/r)/µ (2) 

According to the theory of microbial growth kinetic (Panikov 1995; Blagodatskaya et al. 
2009), the lag period was calculated by using the parameters of approximated curve of 
respiration rate of microorganisms with [2]. 

2.3 Carbon isotopic analysis  

The metabolic activity of soil microbial community with respect to substrate (crude oil 
hydrocarbons) was determined from CO2 evolution rates and the 13C-CO2 isotope signature. 
The characteristics of abundance ratios of carbon isotopes 13C/12C in SOM, crude oil, and 
metabolic СО2 (as BaCO3) were measured using by isotopic mass-spectrometry (Breath 
MAT-Thermo Finnigan) connected with a gas chromatograph via ConFlow interface. 
Isotope analysis of metabolic СО2 was performed using about 3-4 mg of obtained BaCO3 [M 
= 197.34], which then was degraded to СО2 by orthophosphoric acid in a 10-ml container. 
For the analysis of carbon isotope contents of organic matter, SOM and crude oil samples 
were combusted to СО2 in ampoules at 560 0С in the presence of copper oxide. 

The ratios of peak intensities in СО2 mass spectra with m/z 45 (13C16O2) and 44 (12C16O2) 
were used for quantitative characterization of the content of 13C and 12C isotopes in the 
analyzed samples. According to the accepted expression [3], the amount of 13C isotope was 
determined in relative units 13C (‰):  

 13C  = (Rsa/Rst –1) 1000 ‰ (3) 

where Rsa=(13C)/(12C) represented the abundance ratios of isotopes 13C /12C in a sample and 
Rst=(13C)/(12C) was the ratio of these isotopes in the International Standard PDB (Pee Dee 
Belemnite) (Craig 1957).  Each СО2 sample was analyzed in three repeats; standard error 
was about  0.1‰. The 13C values are characteristics of stable isotope composition or the 
13C/12C abundance ratio in the analyzed compounds. Negative values indicate the 13C 
depletion; positive values indicate 13C enrichment relative to PDB standard.  

2.4 Mass isotope balance  

Metabolic carbon dioxide produced in the experiments and controls was accumulated 
during the appropriate time intervals (1-3 days) followed by determination of its quantity 
and carbon isotope characteristics. The average weighed carbon isotope composition of 
metabolic СО2 (13Cave), which was obtained in detached time intervals, was determined 
using the expression [4]: 

 13Cave= (∑qi,·13Ci )/∑qi, ‰ (4) 

where qi and 13Ci were СО2 production rate and carbon isotope composition at i–intervals, 
respectively. 

Determination of mass isotope balance is based on the suggestion that the characteristics of 
carbon isotope content (δ13C) of CO2 produced during microbial mineralization of 
hydrocarbons will inherit the δ13C value of crude oil with an accuracy of isotopic 
fractionation effect. According to  (Zyakun et al. 2003), the δ13C value of metabolic CO2 
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produced during oxidation of n-hexadecane and aliphatic hydrocarbons was less by 1-3 
‰ compared to the isotope characteristics of substrates used. It means that the δ13C value 
of CO2 produced during microbial degradation of oil hydrocarbons was estimated by δ13C 
equal to the value over a rang of -28  to -31 ‰, where δ13C of the crude oil was about of 
δ13Coil = –28,40,2 %o. It is rather different from CO2 resulting from soil organic 
matter (SOM) mineralization (δ13CSOM is equal to -23,5±0,5 ‰ for the soil). Thus, after 
addition of the oil hydrocarbon to soil, the mass isotope balance for CO2 evolved during 
microbial mineralization of SOM and the exogenous substrate (SUB) was calculated using 
equation [5]:  

 δ13CSOM×QSOM + δ13CSUB×QSUB = δ13CMIX×(QSOM + QSUB) (5) 

where δ13CSOM and δ13CMIX are isotopic characteristics of 13C content in CO2 before and after 
substrate addition to the soil; δ13CSUB is the isotopic characteristic of 13C content in CO2 
produced during microbial mineralization of the test substrate; QSOM and QSUB are CO2 
quantities resulted from microbial mineralization of SOM and added substrate in the soil 
samples, respectively.  

Here the shares of СО2 formed by mineralization of SOM (FSOM) and oil hydrocarbons (FSUB) 
are presented, by definition, as [6] and [7]: 

 FSOM= QSOM /(QSOM + QSUB) (6) 

 FSUB=(1-FSOM)= QSUB/(QSOM + QSUB) (7)  

Using carbon isotope characteristics of total СО2 formed by microbial mineralization of 
SOM and oil hydrocarbons (13Ctot) (in experiments) and СО2 formed by mineralization of 
only SOM (13CSOM) (in controls) and assuming that СО2 produced by oil mineralization 
inherits its isotope composition (13Coil), respectively, the share of СО2 formed by 
mineralization of SOM (FSOM) in experiments was calculated by expression [8]. 

 FSOM = (13Ctot - 13Coil)/(13CSOM  - 13Coil) (8) 

2.5 Cumulative CO2 resulted from hydrocarbon mineralization  

Cumulative CO2 produced during the microbial substrate oxidation was calculated as 
follows. The ΔQi quantity of CO2 evolved during the Δti-time interval (i = 1,2, …,n) was 
estimated as ΔQi = Δti·vi, where the vi-value is the rate of CO2 evolved during the time 
interval Δti. Using δ13Csoil, δ13CSubst and δ13CCO2(mix)(i), the fraction of CO2 resulting from 
the exogenous substrate (crude oil hydrocarbons) oxidation during Δti can be calculated 
as [9]:  

 ΔQSubst(i)=(1-FSOM(i))·ΔQi (9) 

where FSOM(i) value can be estimated using equation [8]. The cumulative CO2 quantity 
(QSubst(CO2)) resulting from microbial oxidation of the substrates in soils was presented by 
[10], where i varied from 1 to n: 

 QSubst(CO2) =Σ ΔQSubst(i) (10) 
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2.6 Calculation of priming effects  

The addition of exogenous test substrate (oil hydrocarbons) to soil was accompanied by the 
change in soil microbiota activity: the rate of CO2 production initially increased as a result of 
substrate and probably SOM mineralization and then, on depletion of the substrate, gradually 
decreased. The amount of CO2 evolved was divided by means of mass isotope balance into 
two fractions: from the substrates (oil hydrocarbons) and from SOM mineralization. Thus, the 
difference between CO2 evolved from SOM mineralization in oil hydrocarbons amended soil 
(C*SOM) and in the control soil (CSOM) relative to the control (in percentage) was used to 
estimate the magnitude of the priming effect (PE) induced by oil hydrocarbons (denoted as 
SUB). The PE value was determined in two notations as kinetic PE(Δti ) calculated as a value for 
Δti–time intervals using equation [11] and  the PE(total) calculated as a weighted average value 
for the whole period of observation using equation [12]. 

 PE(Δti) [%] = 100×(C*SOM(i) - CSOM(i))/CSOM(i) (11)  

where C*SOM(i) = Fi×C(SUB+SOM)I; C(SUB+SOM)i is the total C evolved as CO2 in the amended soil 
during Δti-time; and Fi is the share of CO2-C resulting from the SOM in crude oil amended 
soil in Δti-time, which was calculated by equation [8].  

 PE(total) [%]=Σ(PE(Δti)·Δti)/Σ(Δti) (12) 

where PE(Δti)  was calculated according to Eq. [11].  

3. Degradation of oil hydrocarbons by soil microbiota and laboratory bacteria 
introduced into soil 

3.1 Soil samples  

Arable soil samples from the Krasnodar region of Russia were used in the experiment after 
they had been cultivated with corn (С4-plant). Soil samples were sieved through a 2 mm 
sieve and then moistened to 60 % of field capacity. The initial organic matter content was 
about 4.9 % of dry soil (DS) weight or 19.6 mg С g-1 DS.  The carbon isotope composition in 
the initial SOM was characterized by a 13C value of -23.01  0.2 ‰, typical of soils vegetated 
by С4-plants. 

3.2 Crude oil test-substrate 

The crude oil as hydrophobic compound was applied as follows: crude oil (4 ml of oil 
corresponding to 3200 mg) was added to 10 g of dried and dispersed soil and then 10 g of 
the soil was mixed with fresh moist soil equivalent to 100 g of dry material. The final 
substrate concentration was 27.43 mg C g-1 soil. Since the content of SOM in the initial dry 
soil sample was about 19.6 mg C/g DS, the share of oil hydrocarbons introduced into the 
soil exceeded 1.4-fold the quantity of SOM. Assuming that the major part of crude oil spilled 
over the soil is contained in the upper 10-cm layer, we find that the supposed degree of soil 
pollution will be about 32 tons per 1 ha.   

The carbon isotope composition of the oil hydrocarbons used in these experiments was 
characterized by a 13C value of   -28.4  0.1 ‰, the light and heavy oil hydrocarbon 
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fractions having values -28.9 %o and -27.2 %o, respectively. The isotopic characteristics 
(13C) of the oil used in the experiments were found to be close to the samples of crude oil 
from oilfields of the Arabian region,  where the 13C value was –27.5  0.5 ‰ for oil,   -28  
0.5 ‰ for alkane fraction, and -26.5  1.5 ‰ for the fraction containing mainly aromatic 
hydrocarbons, respectively (Belhaj et al. 2002). 

3.3 Microorganisms  

To estimate the potential of microbial mineralization of oil hydrocarbons polluted soils, the 
CO2 production was determined in 12 glass vials with tested soils (three replicates of each 
experiment and control) (Table 1). In Experiment 1, crude oil was introduced into vials with 
native soil containing only native soil microorganisms; in Experiment 2, the laboratory 
strain Pseudomonas aureofaciens BS1393(pBS216) (Kochetkov et al. 1997) was additionally 
introduced into the same soil with oil. Native soil without oil and the same soil with the 
strain BS1393(pBS216) were used as controls 1 and 2, respectively (Table 1).  

The strain Pseudomonas aureofaciens BS1393(pBS216) bears the plasmid pBS216 that controls 
naphthalene and salicylate biodegradation, is able to utilize aromatic oil hydrocarbons, and 
has an antagonistic effect on a wide range of phytopathogenic fungi (Kochetkov et al. 1997). 
The ability of the strain to synthesize phenazine antibiotics and thus staining its colonies 
bright-orange on LB agar medium allowed its use as a marker of quantitative presence of 
the above microorganisms in soil in the presence of aboriginal microflora ( Sambrook, et al. 
1989]. 

 

Control 1: Native soil with soil 

microbiota (three of glass vials) 

Control 2: Native soil with soil microbiota + 

Pseudomonas aureofaciens BS1393(pBS216) (three of glass 

vials) 

Experiment 1: Native soil with soil 

microbiota + crude oil (three of 

glass vials) 

Experiment 2: Native soil with soil microbiota + crude 

oil+ Pseudomonas aureofaciens BS1393(pBS216) (three of 

glass vials) 

 

Table 1. Scheme of experiments and controls 

The introduced strain was previously grown in liquid LB medium till stationary phase 
(28°С, 18 h) and then uniformly introduced into soil to a concentration of 106 cells g-1 soil. 
The control of the bacteria strain growth was accomplished weekly during 67 days. A 
composite soil sample was collected from three separate sub-samples from the vial and 
analyzed for bacterial quantities. Approximately one g of the composite soil sample was 
suspended in 10 ml of 0.85% NaCl on “Vortex”, soil particles were precipitated, and 1 ml of 
supernatant was used for making dilutions (10×-10000×). Volume of 0.1 ml of the 
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corresponding dilutions was inoculated onto Petri dishes with LB medium. The colony-
forming units (CFU) on the plates were counted and their mean values in the control and 
experiments were calculated. 

As seen from Table 2, in one day after introduction of the strain P. aureofaciens 
BS1393(pBS216) experiments (soil with oil) and controls (soil without oil) showed a decrease 
of the quantity of cells of this strain from 106 cells g-1 soil to 104 cells g-1 soil measured as 
colony-forming units (CFU). However, in 7 days after the beginning of the experiment, the 
CFU number of the bacteria introduced in the experiment with oil was about 2.7 ×106 cells g-

1 DS, i.e. more than 17-fold higher than the CFU of the same bacterium in the control soil 
without oil (Table 2). These results indicate the ability of the strain introduced for 
biodegradation of oil hydrocarbons to utilize them as a growth substrate. In 14-21 days, the 
CFU of the introduced strain noticeably decreased again and by day 28 reached the initial 
level of 104 cells g-1 DS.   

Variants 
Colony-forming units (x104)/g of soil 

*1 d 7 d 14 d 21 d 28 d 35 d 

Control 8.0 (1.7) 15.7 (5.8) 4.0 (0.9) 1.6 (0.6) 3.1 (3.5) 2.2 (0.9) 

Experiment 4.7 (3.4) 268.0 (149) 31.7 (18.7) 21.1 (14.4) 2.4 (1.4) 1.5 (0.5) 

*Times after bacteria culture was introduced into soil. (Standard deviations from 3 parallels are given in 
parenthesis) 

Table 2. Growth of Pseudomonas aureofaciens BS1393(pBS216) without  (control) and with 
crude oil hydrocarbons (experiment) to a concentration of 106 colony-forming units g-1 of 
soil introduced into arable soil.   

3.4 Microbial СО2 production in soil  

Total rates of microbial mineralization of SOM and oil hydrocarbons in soil were 
determined by the rate of CO2 production (μg C-CO2 g-1 DS h-1). 

In controls 1 and 2, the rates of SOM mineralization both by aboriginal soil microorganisms 
and the mixture of these microorganisms plus introduced strain P. aureofaciens 
BS1393(pBS216) were within the range of 0.2  0.02 μg C-CO2 g-1 DS h-1 and practically did 
not change during the 67-day observation (Fig. 1, control 1 and control 2).  In soil with 
added oil hydrocarbons (experiments 1 and 2), the rate of mineralization of total organic 
carbon significantly increased and reached the maximum value of about 3.2 μg C-CO2 g-1 DS 
h-1   on days 7-8 after the beginning of the exposure . (Fig. 1, Exp. 1 and Exp. 2).  In 
experiment 2, with the bacterium P. aureofaciens BS1393(pBS216) added to the indigenous 
microbiota, there are two maximums of CO2 production rate: the first in 3 days and the 
second one in 8 days after the beginning of exposure  (Fig. 1, Exp. 2). In the experiment 1 
with aboriginal microbiota (Fig. 1, Exp. 1) only one maximum of CO2 production rate was 
observed in 7 days after the beginning of exposure. It is supposed that this special feature 
was responsible for the availability of the introduced bacteria P. aureofaciens BS1393(pBS216) 
to consume the oil hydrocarbons. 
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Fig. 1. Rates of СО2 production by microbial mineralization of substrates in experiments 
simulating microbial utilization of oil hydrocarbons. Control 1 (aboriginal microflora); 
Control 2 (aboriginal microflora + introduced bacteria); Experiment 1 (aboriginal microflora 
+ oil); Experiment 2 (aboriginal microflora + introduced bacteria + oil) 

Two to 3 days (Exp. 2) and 5 to 6 days (Exp. 1) days after the start of exposure,, the crude oil 
introduced into agricultural soil caused an exponential increase in the CO2 emission rate 
indicating microbial growth after lag-phase (Fig. 2).   
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Fig. 2 Substrate-induced respiratory response of the microbial community during incubation 
of soil treated with crude oil hydrocarbons: 1 - the initial CO2 emission by growth of native 
soil microbiota and 2- the initial CO2 emission by growth of mixture of native soil 
microbiota with strain P. aureofaciens BS1393(pBS216) 
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At the initial stages of microbial oil mineralization in experiments 1 and 2, the specific rates 
of metabolic CO2 emission (µ) were determined using the approximating equation [1] and 
lag periods (tlag) were calculated by the equation [2] (Table 3).  The values of parameters K 
as an index of catabolism of microbial cells in soil were calculated from the analysis of CO2 
production at the initial stages of microbial oil mineralization. The values of parameters K 
(Table 3) show the close rates of initial production of metabolic CO2 in these experiments.   
At the same time, parameter r indicating the presence of growing microorganisms in soil is 
higher by three orders of magnitude in experiment 2 with introduced bacteria compared to 
experiment 1 with native microbiota in soil. Parameter µ showing specific rates of CO2 
production in experiments 1 and 2 has close values within the measurement error. As one 
would expect, the lag period of test substrate consumption and CO2 production in 
experiment 2 with the introduced bacterium P. aureofaciens BS1393(pBS216)  was about 
2,5±03 days, i.e., significantly less than in experiment 1 with native microbiota only (the lag 
period of 6,2±0,5 days). 

 

Type of soil 
µg CO2-C g-1 soil h-1 

tlag, d 
K r µ 

Native soil microbiota (Experiment. 1) 
Agricultural soil 0.6085 8.991·10-6 1.7814 6.2 (0.5) 

Native soil microbiota  + P. aureofaciens BS1393(pBS216) (Experement. 2) 
Agricultural soil 0.4906 7.445·10-3 1. 6913 2.5 (0.3) 

Table 3. Parameters of the equations [1]  and [2]  characterized the respiration rates of native 
soil microbiota (Experiment 1) and mixture microbiota after bioagmentation with strain P. 
aureofaciens BS1393(pBS216) (Experiment 2) after crude oil addition to the agricultural soil. 
Standard deviation intervals are in brackets  

Beginning from day 25 to day 67 from exposure, the rate of СО2 production in experiments 1 
and 2 decreased slightly and stabilized at a level of 1.25  0.25 μg C-CO2 g-1 DS h-1 (Fig. 1). 
Total СО2 production in controls (control 1 and 2) for the 47-day and for 67-day periods of 
observation was 24.8 ±1.2 mg C-CO2 and 35.5  1.2 mg C-CO2 (Table 4).  

Experiment 
Mean Production rate, 
μg С-СО2 g-1 DS h-1 

*Total production, 
mg С-СО2 

**Time, days 

Control 1 
Control 1 
Control 2 
Control 2 

Experiment 1 
Experiment 1 
Experiment 2 
Experiment 2 

0.228(0.013) 
0.228(0.013) 
0.213(0.013) 
0.213(0.013) 
1.480(0.122) 
1.480(0.122) 
1.546(0.100) 
1.546(0.100) 

25.7 (0.6) 
36.7  (0.6) 
24.03 (0.6) 
34.25 (0.6) 

167 (6) 
238 (6) 
174 (5) 
251 (5) 

47 
67 
47 
67 
47 
67 
47 
67 

*Total production Qtotal=(24·vaverage (μg С-СО2 g-1 DS h-1)· t (days))x100 g DS 

**Time after the crude oil addition to soil. Standard deviations of three parallel determinations are given 
in brackets. 

Table 4. Mean rates of СО2 emission (μg С-СО2 g-1 DS per h) and total production of С-СО2 
during the time experiment (mg С-СО2 per 100 g DS)  
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The absence of any significant differences in СО2 production in controls 1 and 2 was 
considered as an evidence of insignificant additional mineralization of SOM attributable to 
the introduced strain of P. aureofaciens BS1393(pBS216 ). In the case of oil-containing soils, 
the amounts of metabolic СО2 in experiments 1 and 2 exceeded 6.8-fold that of controls 1 
and 2, being 167.0 and 238 mg C-CO2 (Exp. 1) and 174.0 and 251 mg C-CO2 (Exp. 2) during 
47- and 67-day exposure, respectively (Table 4). The data also showed that the additional 
introduction of the hydrocarbon-oxidizing strain P. aureofaciens BS1393(pBS216) into oil-
containing soil (Exp. 2) promoted the increase of metabolic СО2 amount (4 - 13 %) compared 
to the aboriginal soil microorganisms. 

Total СО2 production in experiments 1 and 2 included microbial mineralization of SOM and 
oil hydrocarbons, therefore the share of СО2 formed by mineralization of each of the above 
substrates was determined by measuring values 13C, both in the carbon isotope 
characteristics of SOM and oil products and in the metabolic carbon dioxide formed during 
this process. 

3.5 Analysis of the origin of soil СО2 using 13C/12C ratios  

In experiments 1 and 2, the 13C values of the metabolic CO2 released from soil in the 3 days 
before oil hydrocarbons introduction into soil were –23.53  0.21 %o and –23.56  0.25 %o, 
respectively, and actually identical to the isotopic characteristics of СО2 in the controls (Fig. 3).  
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Fig. 3. Carbon isotope characteristics (13C, ‰) of CO2 produced in experiments of microbial 
mineralization of SOM and oil hydrocarbons introduced into soil: Control 1 (aboriginal 
microflora); Control 2 (aboriginal microflora + introduced bacteria); Experiment 1 (aboriginal 
microflora + oil); Experiment 2 (aboriginal microflora + introduced bacteria + oil)  
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After oil hydrocarbons addition to soil, the share of 13С isotope in metabolic carbon dioxide 
abruptly dropped, which was an evidence of СО2 production partly from oil hydrocarbons 
containing less 13С isotope compared to SOM.  The maximum depletion of 13С isotope in 
metabolic СО2 was registered during the days 11-15 from the beginning of exposure in 
experiments 1 and 2. This was considered a result of the mineralization of mainly alkane oil 
fractions. Our assumption that the major part of aliphatic hydrocarbons from the introduced 
crude oil had already been utilized by that period is evidenced by the carbon isotope 
characteristics of the metabolic carbon dioxide with the value of 13C = -28.5  0.5 %o  (Fig. 
3). After 15 days and until the end of the experiment (67 days), the isotopic characteristic of 
СО2 was at around the value of 13C = -26.8  0.5 %o.  Using equation [4], the average 
weighted isotope composition of СО2 produced by microbial mineralization of total organic 
products (oil hydrocarbons and SOM) in experiments 1 and 2 during 67-days was 
characterized by 13C values about of -26.6  0.1 %o, which significantly differed from the 
carbon isotope characteristics of oil (13C = -28.4  0.2%o) and SOM (13C = -23.01  0.2 ‰,). 
It can be said with confidence that metabolic CO2 was produced during microbial 
mineralization of a part of SOM and a part of oil hydrocarbons.  

3.6 Priming effect of oil hydrocarbons  

The kinetic PE was calculated by comparing СО2 amounts generated by microbial 
mineralization of SOM and oil products (Exp. 1 and 2) to СО2 amounts generated in the 
controls in the corresponding periods of observation [Eq.  11].  

In order to quantify both the extent and direction of PE of oil hydrocarbons, we have 
compared the rates of СО2 production by microbial mineralization of SOM before and after 
introduction of oil hydrocarbons into soil at the initial period of maximum  microbial 
activity, i.e., during 15 days after addition of crude oil to soil (Fig. 4).   As shown in Figure 4 
(A), the activation of the metabolism of aboriginal hydrocarbon-oxidizing soil 
microorganisms in experiments 1 took about 6 days from the introduction of the 
hydrocarbon substrate, when microbial rate of СО2 production increased to a rate closer to 
that of experiment 2 with the P. aureofaciens BS1393(pBS216) addition.  The mass isotope 
balance data showed that during these days in experiment 1 the mineralization of oil 
hydrocarbons was insignificant and the rate of SOM mineralization was less the rate in 
control (negative PE) (Fig. 4, C PE_1). Experiment 2, in contrast to experiment 1, showed the 
utilization of oil hydrocarbons in the initial period of exposure was accompanied by a 
noticeable increase of SOM mineralization rate compared to the initial value (positive PE) 
(Fig. 4, C PE_2). However, PE became negligible in both experiments during 6-8 day 
exposure; it is possibly the mineralization time of aliphatic hydrocarbons or their partially 
oxidized products. The negative PE has been demonstrated previously in the processes of 
the microbial mineralization of n-hexadecanoic acid introduced into soil (Zyakun et al. 
2011).  At the next period of the exposure, the PE values demonstrate the positive values of 
300 % in experiment 1 and about 400 % in experiment 2.  On completion experiments, the 
total PE has been calculated using Eq. {12}.  Taking into account the CO2 quantity registered 
in experiments 1 and 2 during the whole period of exposure (Table 4, Qtotal) and the share of 
CO2 under microbial utilization of SOM (Table 5, FSOM), we find the quantity of CO2 form as 
a result of SOM mineralization in the experiments (Table 5, [CO2]SOM) 
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Fig. 4. Rates (A) and isotopic characteristics of СО2 resulting from SOM and oil 
hydrocarbons mineralization (B), and priming effect (C) for 15 days after oil introduction 
into soil: control 1 (aboriginal microflora); control 2 (aboriginal microflora + introduced 
bacteria); experiment 1 (aboriginal microflora + oil); experiment 2 (aboriginal microflora + 
introduced bacteria + oil).  
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Experiment *13Cave, %o **FSOM, % [CO2](SOM)
mg С-СО2

#PE, % ##Time, days 

Control 1 
Control 1 
Control 2 
Control 2 

Experiment 1 
Experiment 1 
Experiment 2 
Experiment 2 

-23.70 (0.1)
-23.70 (0.1) 
-23.77 (0.1) 
-23.77 (0.1) 
-26.59 (0.2) 
-26.59 (0.2) 
-26.63 (0.2) 
-26.63 (0.2)

100
100 
100 
100 

38.5 (1.7) 
38.5 (1.7) 
38.2 (1.6) 
38.2 (1.6)

25.7 (0.6)
36.7 (0.6) 

24.03 (0.6) 
34.25 (0.6) 

64 (3) 
92 (3) 
67 (3) 
96 (3)

0
0 
0 
0 

150 (13) 
151 (13) 
177(15) 
180 (15)

47 
67 
47 
67 
47 
67 
47 
67 

*13Cave is an average weighted of isotope characteristic of СО2 was calculated [Eq. 4] 
**FSOM is a share of metabolic СО2 formed by microbial mineralization of SOM; # PE  is a priming effect 
was calculated according to [ Eq. 11];  ##Time after the crude oil addition to soil.  Standard errors of 
three parallel calculations are given in brackets. 

Table 5. Average weighted characteristics (13Cave) of carbon isotope composition and 
fraction of СО2 formed by SOM mineralization and priming effect (PE) in experiments 1 and 
2 relative to controls 

Using the equation [12], we calculate the value of PE(total) by comparing CO2 production 
during microbial SOM utilization in the experiments and controls. As follows from Table 5, 
during 67-day exposure of oil hydrocarbons in soil the PE value reached 150 % in 
experiment 1 with native soil microbiota and 180 % in experiment 2 with mixed microbiota 
(soil microorganisms and the bacterium  strain P. aureofaciens BS1393(pBS216)). Thus, 
addition of crude oil to the soil activates to a large extent the microbial mineralization of 
native soil organic matter.  

3.7 Microbial utilization of oil hydrocarbons and SOM transformation  

As follows from Table 6, the oil hydrocarbons introduced into soil were mineralized to CO2 
to the extent of about 4.59 (0.2) and 4.81 (0.15) mg C-CO2 g-1 DS or 16.7 and 17.5 percents of 
the initial crude oil quantities in the soil over the course of 67-day exposure in experiments 1 
and 2, respectively.  
 

Variants of 
analysis 

Initial Сorg, 
(SOM + Oil)
mg C g-1 DS

aС-SOM 
mineralized, 

mg C-СО2 g-1 DS 

Crude oil metabolized 
Coil, mg C g-1 DS 

 
bR 

CO2 Biomass cTotal 
Experiment 1 

 
Experiment 2 

19.6+ 27.43 
 

19.6+ 27.43 
 

2.87(0.2) 
c14.6 % 

2.98(0.15) 
15.2 % 

4.59 (0.2) 
d16.7 % 

4.81 (0.15)
17.5 % 

4.59 (0.2) 
d16.7 % 

4.81 (0.15)
17.5 % 

9.18 (0.2) 
33.4 % 

9.62 (0.15) 
35.0 % 

1.60 
 

1.61 
 

*The CO2 evaluation from SOM calculated as QCO2(SOM) = vCO2(SOM +SUB)·Δt·FSOM   
 bR= (Q biomass + exometabolites from oil carbon) / (QSOM mineralized of SOM); 
cParts (%) of the initial amount of SOM and crude oil mineralized to CO2 in soil  dParts of the initial 
amount of crude oil (in percents) consumed by microorganisms producing CO2 and organic substances 
(biomass and exometabolites). Standard deviations are given in brackets. 

Table 6. The quantities of SOM mineralization and crude oil consumption by microbiota 
during the 67-day exposure in soil.  
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Previously (Zyakun et al. 2003), it was shown that during the growth of microbial cells on 
hydrocarbons the ratio of biomass and CO2 carbon quantities  was corresponding 1:1. In 
view of the above, we believe that the quantity of oil hydrocarbons taken up for the 
biosynthesis of cell biomass and organic exometabolites in soil during the 67-day exposure 
will be close to the carbon quantity of CO2 production and make no less then 16.7 and 17.5 
percents of the oil introduced in experiments 1 and 2, respectively.  By this is meant that the 
oil hydrocarbon consumption by microbial pool in soil amounts up 33.4 and 35 percent of 
total oil, respectively. 

Extrapolation of the obtained data  (Table 6)  to a 6-month season, when the temperature 
conditions in the Krasnodar region provide for the metabolic activity of soil microbiota, 
shows that the uptake of crude oil hydrocarbons by native soil microbiota may reach no 
more than 92±2 % of the total oil hydrocarbon quantity in the oil. At a positive PE of oil 
hydrocarbons in soil, there is more intensive microbial degradation of SOM compared to the 
processes in native soil. On the other hand, oil hydrocarbons consumed by microorganisms 
are spent both for CO2 production and for the biosynthesis of biomass and organic 
exometabolites, which then are included in SOM and transform the structure of soil. The 
newly synthesized metabolites and microbial biomass components can be used by other 
biological systems (plants, macro- and microorganisms) that are incapable of direct 
utilization of oil hydrocarbons. The quantitative and isotopic data obtained in the 
experiments were used as a basis for estimation of the degree of replacement of part of SOM 
mineralized to CO2 by the newly synthesized products under microbial utilization of oil 
hydrocarbons. Table 6 shows the rates of microbial degradation and production of cell 
biomass and organic exometabolites in model experiments with microbial utilization of 
crude oil as a substrate. As a result of oil consumption both by native soil microbiota (Exp. 
1) and introduced the bacterium strain P. aureofaciens BS1393(pBS216) (Exp. 2), the quantity 
of the newly synthesized organic products (carbon of cell biomass and exometabolites) 
nearly 1.6-fold exceeds the carbon quantity of SOM taken up for the CO2 mineralization 
(Table 6, R). It means that microbial transformation of oil hydrocarbons into products 
available as substrates for other living systems may be a peculiar source of organic 
fertilizers. In addition, there is more and more evidence that the bioremediation of oil-
polluted soils is companied by plant growth stimulation.   

4. Conclusion  
With the proviso that crude oil carbon content no more than 1.4-fold higher than the SOM 
carbon amount, the soil microbiota is able to mineralize up to 17 % of crude oil 
hydrocarbons and 15 % of SOM during the 67-day experiments. Using mass isotope balance 
and differences between the 13C values of SOM and oil hydrocarbons, the quantities of CO2 
produced during microbial mineralization of SOM and oil hydrocarbons have been 
determined. According to the highest depletion of 13C in CO2 evolved from soil during the 
initial time of the exposure with crude oil, it is suggested that at this time the aliphatic oil 
fraction predominantly participates in mineralization. Microbial consumption of oil 
hydrocarbons activates the process of SOM mineralization and demonstrates the presence of 
PE of oil hydrocarbons. During a 67-day period of the crude oil exposure in soil, the average 
values of PE reached over 150 % in soil with native soil microbiota and over 180 % in soil 
with the mixture of native microbiota and introduced bacteria P. aureofaciens 



 
Management of Organic Waste 

 

84

BS1393(pBS216) containing the plasmid pBS216 which controls naphthalene and salicylate 
biodegradation and able to utilize aromatic oil hydrocarbons. It has been found 
experimentally that in the total emission of carbon dioxide from soil to atmosphere, about 38 
% СО2 was produced as a result of SOM mineralization and about 62 % was formed from oil 
hydrocarbons as anthropogenic pollutant. The soils polluted with oil hydrocarbons undergo 
the change of SOM by replacement of part native organic substances on the newly 
synthesized products in the course of oil biodegradation and the increase of the residual oil 
share in the total pool of organic matter in soil. Within 6-month time, the quantity of the 
microbial newly synthesized organic products (carbon of cell biomass and exometabolites) 
nearly 1.6-fold exceeds the carbon quantity of SOM taken up for the CO2 microbial 
mineralization. After partially microbial consumption of oil hydrocarbons, the substrate 
characteristics of residual oil are rather different from crude oil and can be considered as 
waste oil in the soil.  
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1. Introduction 
Earthworms are terrestrial invertebrates belonging to the Order Oligochaeta, Class 
Chaetopoda, Phylum Annelida, which have originated about 600 million years ago, during 
the pre-Cambrian era (Piearce et al., 1990). Earthworms occur in diverse habitat, exhibiting 
effective activity, by bringing about physical and chemical changes in the soil leading to 
improvement in soil fertility. An approach towards good soil management, with an 
emphasis on the role of soil dwellers like earthworms, in soil fertility, is very important in 
maintaining balance in an ecosystem (Shuster et al., 2000). 

The role of earthworms in soil formation and soil fertility is well documented and 
recognised (Darwin, 1881; Edwards et al., 1995; Kale, 1998; Lalitha et al., 2000). The main 
activity of earthworms involves the ingestion of soil, mixing of different soil components 
and production of surface and sub surface castings thereby converting organic matter into 
soil humus (Jairajpuri, 1993). Earthworms play an important role in the decomposition of 
organic matter and soil metabolism through feeding, fragmentation, aeration, turnover and 
dispersion (Shuster et al., 2000). 

Earthworms were referred by Aristotle as “the intestines of earth and the restoring agents of 
soil fertility” (Shipley, 1970). They are biological indicators of soil quality (Ismail, 2005), as a 
good population of earthworms indicates the presence of a large population of bacteria, 
viruses, fungi, insects, spiders and other organisms and thus a healthy soil (Lachnicht and 
Hendrix, 2001).  

The role of earthworms in the recycling of nutrients, soil structure, soil productivity and 
agriculture, and their application in environment and organic waste management is well 
understood (Edwards et al., 1995; Tomlin et al., 1995; Shuster et al., 2000; Ansari and Ismail, 
2001a, b; Ismail, 2005; Ansari and Ismail, 2008; Ansari and Sukhraj, 2010). 

2. Ecological strategies of earthworms 
Lee (1985), recognised three main ecological groups of earthworms, based on the soil 
horizons in which the earthworms were commonly found i.e., litter, topsoil and sub soil. 
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Bouché (1971, 1977), also recognised three major groups based on ecological strategies: the 
epigeics (Épigés), anecics (Anéciques) and endogeics (Éndogés). Epigeic earthworms live on 
the soil surface and are litter feeders. Anecic earthworms are topsoil species, which 
predominantly form vertical burrows in the soil, feeding on the leaf litter mixed with the 
soil. Endogeic earthworms preferably make horizontal burrows and consume more soil than 
epigeic or anecic species, deriving their nourishment from humus.  

2.1 Distribution of earthworms 

Earthworms occur all over the world, but are rare in areas under constant snow and ice, 
mountain ranges and areas almost entirely lacking in soil and vegetation (Edwards and 
Bohlen, 1996). Some species are widely distributed, which are called peregrine, whereas 
others, that are not able to spread successfully to other areas, are termed as endemic 
(Edwards and Lofty, 1972). 

2.2 Factors affecting earthworm distribution 

The distribution of earthworms in soil is affected by physical and chemical characters of the 
soil, such as temperature, pH, moisture, organic matter and soil texture (Edwards and 
Bohlen, 1996). 

2.3 Temperature 

The activity, metabolism, growth, respiration and reproduction of earthworms are all 
influenced greatly by temperature (Edwards and Bohlen, 1996).  

2.4 pH  

pH is a vital factor that determines the distribution of earthworms as they are sensitive to the 
hydrogen ion concentration (Edwards and Bohlen, 1996; Chalasani et al., 1998). pH and factors 
related to pH influence the distribution and abundance of earthworms in soil (Staaf, 1987). 
Several workers have stated that most species of earthworms prefer soils with a neutral pH 
(Jairajpuri, 1993; Edwards and Bohlen, 1996). There is a significant positive correlation between 
pH and the seasonal abundance of juveniles and young adults (Reddy and Pasha, 1993).  

2.5 Moisture 

Prevention of water loss is a major factor in earthworm survival as water constitutes 75-90% 
of the body weight of earthworms (Grant, 1955). However, they have considerable ability to 
survive adverse moisture conditions, either by moving to a region with more moisture 
(Valle et al., 1997) or by means of aestivation (Baker et al., 1992). Availability of soil moisture 
determines earthworm activity as earthworm species have different moisture requirements 
in different regions of the world. Soil moisture also influences the number and biomass of 
earthworms (Wood, 1974). 

2.6 Organic matter 

The distribution of earthworms is greatly influenced by the distribution of organic matter. 
Soils that are poor in organic matter do not usually support large numbers of earthworms 
(Edwards and Bohlen, 1996). Several workers have reported a strong positive correlation 
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between earthworm number and biomass and the organic matter content of the soil (Doube 
et al., 1997; Ismail, 2005). 

2.7 Soil texture 

Soil texture influences earthworm populations due to its effect on other properties, such as 
soil moisture relationships, nutrient status and cation exchange capacity, all of which have 
important influences on earthworm populations (Lavelle, 1992). 

2.8 Effect of earthworms on soil quality 

Earthworms, which improve soil productivity and fertility (Edwards et al., 1995), have a 
critical influence on soil structure. Earthworms bring about physical, chemical and 
biological changes in the soil through their activities and thus are recognised as soil 
managers (Ismail, 2005). 

2.9 Effects on physical properties of soil 

Soil structure is greatly influenced by two major activities of earthworms:  

1. Ingestion of soil, partial breakdown of organic matter, intimate mixing of these fractions 
and ejection of this material as surface or subsurface casts. 

2. Burrowing through the soil and bringing subsoil to the surface. 

During these processes, earthworms contribute to the formation of soil aggregates, 
improvement in soil aeration and porosity (Edwards and Bohlen, 1996). Earthworms 
contribute to soil aggregation mainly through the production of casts, although earthworm 
burrows can also contribute to aggregate stability since they are often lined with oriented 
clays and humic materials (Lachnicht and Hendrix; 2001). Most workers have agreed that 
earthworm casts contains more water-stable aggregates than the surrounding soil and by 
their activity influence both the drainage of water from soil and the moisture holding 
capacity of soil, both of which are important factors for plant productivity (Edwards and 
Bohlen, 1996; Lachnicht and Hendrix; 2001). 

2.10 Effect on chemical properties of soil 

Earthworms bring about mineralisation of organic matter and thereby release the nutrients 
in available forms that can be taken up by the plants (Edwards and Bohlen, 1996). Organic 
matter that passes through the earthworm gut is egested in their casts, which is broken 
down into much finer particles, so that a greater surface area of the organic matter is 
exposed to microbial decomposition (Martin, 1991). Earthworms have major influences on 
the nutrient cycling process in many ecosystems (Edwards and Bohlen, 1996). These are 
usually based on four scales (Lavelle and Martin, 1992): 

1. during transit through the earthworm gut, 
2. in freshly deposited earthworm casts, 
3. in aging casts, and 
4. during the long-term genesis of the whole soil profile. 

Earthworms contribute nutrients in the form of nitrogenous wastes (Ismail, 2005). Their 
casts have higher base-exchangeable bases, phosphorus, exchangeable potassium and 
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manganese and total exchangeable calcium. Earthworms favour nitrification since they 
increase bacterial population and soil aeration. The most important effect of earthworms 
may be the stimulation of microbial activity in casts that enhances the transformation of 
soluble nitrogen into microbial protein thereby preventing their loss through leaching to 
the lower horizons of the soil. C: N ratios of casts are lower than that of the surrounding 
soil (Bouché, 1983). Lee (1983) summarised the influence of earthworms on soil nitrogen 
and nitrogen cycling. According to him, nitrogenous products of earthworm metabolism 
are returned to the soil through casts, urine, mucoproteins and dead tissues of 
earthworms. 

3. Earthworms and microorganisms 
There is a complex inter-relationship between earthworms and microorganisms. Most of the 
species of microorganisms that occur in the alimentary canal of earthworms are the same as 
those in the soils in which the earthworms live. The microbial population in earthworm casts is 
greatly increased compared with the surrounding soil (Haynes, et al., 1999). Earthworm casts 
usually have a greater population of fungi, actinomycetes and bacteria and higher enzyme 
activity than the surrounding soil (Lachnicht and Hendrix, 2001). Microbial activity in 
earthworm casts may have an important effect on soil crumb structure by increasing the 
stability of the worm-cast-soil relative to that of the surrounding soil (Edwards and Bohlen, 
1996). Earthworms are very important in inoculating soils with microorganisms. Many 
microorganisms in the soil are in a dormant stage with low metabolic activity, awaiting 
suitable conditions like the earthworm gut (Lachnicht and Hendrix, 2001) or mucus (Lavelle et 
al., 1983) to become active. Earthworms have been shown to increase the overall microbial 
respiration in soil, thereby enhancing microbial degradation of organic matter. 

4. Earthworms and plant growth 
Earthworms prepare the ground in an excellent manner for the growth of plants (Darwin, 
1881). Darwin’s findings that earthworms play a beneficial role in soil fertility that is important 
for plant growth have been acknowledged by many workers (Lee and Foster, 1991; Alban and 
Berry, 1994; Nooren et al., 1995; Decaens et al., 1999). Earthworms have beneficial effects on soil 
and many workers have attempted to demonstrate that these effects increase plant growth and 
yields of crops (Decaens et al., 1999; Lalitha et al., 2000;). Earthworms release substances 
beneficial to plant growth like auxins and cytokinins (Krishnamoorthy and Vajranabhaiah, 
1986). The beneficial effect of earthworms on plant growth may be due to several reasons apart 
from the presence of macronutrients and micronutrients in vermicast and in their secretions in 
considerable quantities (Lalitha et al., 2000; Ismail, 2005). Reports suggest that certain 
metabolites produced by earthworms may be responsible for stimulating plant growth. 

5. Earthworms and land reclamation 
The success of land reclamation by conventional techniques is often limited by poor soil 
structure and low inherent soil fertility, and even in productive soils, a marked deterioration 
in the botanical composition of the sward can occur within a number of years (Hoogerkamp 
et al., 1983). A number of studies indicate that earthworms play an important part in 
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improving reclaimed soils (Boyle et al., 1997; Butt, 1999). Some experiments on improving 
impoverished soils by stimulating earthworm populations have been reported (Butt et al., 
1997).  A successful introduction of earthworms in reclaimable soil could be achieved by 
overcoming factors like unfavorable moisture conditions, excessive fluctuation of surface 
temperature and lack of suitable food (Satchell, 1983). 

6. Earthworms and organic solid waste management 
In recent years, disposal of organic wastes from various sources like domestic, agriculture 
and industrial has caused serious environmental hazards and economic problems. Burning 
of organic wastes contributes tremendously to environmental pollution thus, leading to 
polluted air, water and land. This process also releases large amounts of carbon dioxide in 
the atmosphere, a main contributor to global warming together with dust particles. Burning 
also destroys the soil organic matter content, kills the microbial population and affects the 
physical properties of the soil (Livan and Thompson, 1997). It has been demonstrated that 
earthworms can process household garbage, city refuse, sewage sludge and waste from 
paper, wood and food industries (Kale et al., 1982; Muyima et al., 1994; Edwards and Bohlen, 
1996; Ismail, 2005). In tropical and subtropical conditions Eudrilus eugeniae and Perionyx 
excavatus are the best vermicomposting earthworms for organic solid waste management 
(Kale, 1998). The use of earthworms in composting process decreases the time of 
stabilisation of the waste and produces an efficient bio-product, i.e., vermicompost. 

Organic farming system is gaining increased attention for its emphasis on food quality and 
soil health. Vermicompost and vermiculture associated with other biological inputs have 
been actually used to grow vegetables and other crops successfully and have been found to 
be economical and productive (Ismail, 2005; Ansari and Ismail, 2008).In this regard, 
recycling of organic waste is feasible to produce useful organic manure for agricultural 
application. Compost is becoming an important aspect in the quest to increase productivity 
of food in an environmentally friendly way. Compost is becoming an important aspect in 
the quest to increase productivity of food in an environmentally friendly way. 
Vermicomposting offers a solution to tonnes of organic agro-wastes that are being burned 
by farmers and to recycle and reuse these refuse to promote our agricultural development in 
more efficient, economical and environmentally friendly manner. Both the sugar and rice 
industries burn their wastes thereby, contributing tremendously to environmental pollution 
thus, leading to polluted air, water and land. This process also releases large amounts of 
carbon dioxide in the atmosphere, a main contributor to global warming together with dust 
particles. Burning also destroys the soil organic matter content, kills the microbial 
population and affects the physical properties of the soil (Livan and Thompson, 1997). 
Therefore organic farming helps to provide many advantages such as; eliminate the use of 
chemicals in the form of fertilizers/pesticides, recycle and regenerate waste into wealth; 
improve soil, plant, animal and human health; and creating an ecofriendly, sustainable and 
economical bio-system models (Ansari and Ismail, 2001a). 

6.1 Vermitechnology 

Vermitechnology is the use of surface and subsurface local varieties of earthworm in 
composting and management of soil (Ismail, 2005). Darwin (1881) has made their activities 
the object of a careful study and concluded that ‘it may be doubted if there are any other 
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animals which have played such an important part in the history of the world as these lowly 
organized creatures’. It has been recognized that the work of earthworms is of tremendous 
agricultural importance. Earthworms along with other animals have played an important 
role in regulating soil processes, maintaining soil fertility and in bringing about nutrient 
cycling (Ismail, 1997). Earthworms have a critical influence on soil structure, forming 
aggregates and improving the physical conditions for plant growth and nutrient uptake. 
They also improve soil fertility by accelerating decomposition of plant litter and organic 
matter and, consequently, releasing nutrients in the form that are available for uptake by 
plants.  

6.2 Vermicomposting 

Vermicomposting is the biological degradation and stabilization of organic waste by 
earthworms and microorganisms to form vermicompost. This is an essential part in organic 
farming today. It can be easily prepared, has excellent properties, and is harmless to plants. 
The earthworms fragment the organic waste substrates, stimulate microbial activity greatly 
and increase rates of mineralization. These rapidly convert the waste into humus-like 
substances with finer structure than thermophilic composts but possessing a greater and 
more diverse microbial activity. Vermicompost being a stable fine granular organic matter, 
when added to clay soil loosens the soil and improves the passage for the entry of air. The 
mucus associated with the cast being hydroscopic absorbs water and prevents water logging 
and improves water-holding capacity. The organic carbon in vermicompost releases the 
nutrients slowly and steadily into the system and enables the plant to absorb these nutrients. 
The soil enriched with vermincompost provides additional substances that are not found in 
chemical fertilizers (Kale, 1998). Vermicomposting offers a solution to tonnes of organic 
agro-wastes that are being burned by farmers and to recycle and reuse these refuse to 
promote our agricultural development in more efficient, economical and environmentally 
friendly manner. The role of earthworms in organic solid waste management has been well 
established since first highlighted by Darwin (1881) and the technology has been improvised 
to process the waste to produce an efficient bio-product vermicompost (Kale et al., 1982; 
Ismail, 1993, Ismail, 2005). Epigeic earthworms like Perionyx excavatus, Eisenia fetida, 
Lumbricus rubellus and Eudrilus eugeniae are used for vermicomposting but the local species 
like Perionyx excavatus has proved efficient composting earthworms in tropical or sub-
tropical conditions (Ismail, 1993; Kale, 1998). The method of vermicomposting involving a 
combination of local epigeic and anecic species of earthworms (Perionyx excavatus and 
Lampito mauritii) is called Vermitech (Ismail, 1993; Ismail, 2005). The compost prepared 
through the application of earthworms is called vermicompost and the technology of using 
local species of earthworms for culture or composting has been called Vermitech (Ismail, 
1993). Vermicompost is usually a finely divided peat-like material with excellent structure, 
porosity, aeration, drainage and moisture holding capacity (Edwards, 1982, 1988). The 
nutrient content of vermicompost greatly depends on the input material. It usually contains 
higher levels of most of the mineral elements, which are in available forms than the parent 
material (Edwards and Bohlen, 1996). Vermicompost improves the physical, chemical and 
biological properties of soil (Kale, 1998). There is a good evidence that vermicompost 
promotes growth of plants (Lalitha et al., 2000) and it has been found to have a favourable 
influence on all yield parameters of crops like wheat, paddy and sugarcane (Ismail, 2005). 
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Vermiculture is the culture of earthworms and vermicast is the fecal matter released by the 
earthworms (Ismail, 2005). Many agricultural industries use compost, cattle dung and other 
animal excreta to grow plants. In today’s society, we are faced with the dilemma of getting 
rid of waste from our industries, household etc. In order for us to practice effective waste 
management we can utilize the technology of vermicomposting to effectively manage our 
waste. This process allows us to compost the degradable materials and at the same time 
utilize the products obtained after composting to enhance crop production and eliminate the 
use of chemical fertilizers. As indicated by Ansari and Ismail (2001), the application of 
chemical fertilizers over a period has resulted in poor soil health, reduction in produce, and 
increase in incidences of pest and disease and environmental pollution. In order to cope 
with these trenchant problems, the vermin-technology has become the most suitable 
remedial device (Edwards and Bohlen, 1996; Kumar, 2005). 

6.3 Vermiwash 

Vermiwash is a liquid that is collected after the passage of water through a column of worm 
action and is very useful as a foliar spray. It is a collection of excretory products and mucus 
secretion of earthworms along with micronutrients from the soil organic molecules. These 
are transported to the leaf, shoots and other parts of the plants in the natural ecosystem. 
Vermiwash, if collected properly, is a clear and transparent, pale yellow coloured fluid 
(Ismail, 1997). Vermiwash, a foliar spray, is a liquid fertilizer collected after the passage of 
water through a column of worm activation. It is a collection of excretory and secretory 
products of earthworms, along with major micronutrients of the soil and soil organic 
molecules that are useful for plants (Ismail, 1997). Vermiwash seems to possess an inherent 
property of acting not only as a fertilizer but also as a mild biocide (Pramoth, 1995). 

7. Conclusion 
Environmental Hazards are compounded by accumulation of organic waste from different 
sources like domestic, agricultural and industrial wastes that can be recycled by improvised 
and simple technologies. Vermicompost could be effectively used for the cultivation of 
many crops and vegetables, which could be a step towards sustainable organic farming. 
Such technologies in organic waste management would lead to zero waste techno farms 
without the organic waste being wasted and burned rather then would result in recycling 
and reutilization of precious organic waste bringing about bioconservation and 
biovitalization of natural resources. 
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1. Introduction  
Organic waste and waste water sludges can be stabilized both in anaerobic and in aerobic 
processes. The advantage of the anaerobic treatment of the waste is that biogas develops 
during the degradation process. Instead of energy consumption which is a usual 
characteristic of aerobic-processes it is accompanied with energy production, which can be 
utilized as energy source (Kayhanian & Tchobanoglous, 1992; Cout et al., 1994). 

The anaerobic processes can be further classified according to the dry mater content and the 
feeding of the fermenting reactor. According to Tchobanoglous (1993) and his work team, 
we can talk about semidry procedures in the range of 15-20% dry matter contents. If the dry 
matter content is high, only batch reactors operated with the principle of filling and 
emptying can be applied, in order to avoid difficulties due to the continuous feeding. 

On waste water treatment plants of small and medium capacity, the waste water sludge 
can not be economically stabilized by the conventional anaerobic treatment of low dry 
matter content and continuous feeding. Thus, the sludge is usually stabilized by 
composting in that cases. At waste water treatment plants of great capacity, the sludge is 
stabilized by anaerobic treatment of liquid, continuous technology which is often 
followed by composting, in order to achieve better material characteristics of the end 
product. 

The municipal waste management directives require that the organic content of the wastes 
to be dumped should be reduced. The realization of the waste management goals requires 
the stabilization of municipal organic wastes, where generally composting is applied. The 
sewage sludge and the organic fraction of municipal solid waste, called vegetable, fruit and 
garden (VFG) waste are different from each other regarding their materials and quality, yet 
for their stabilization, combined treatment is more and more often applied. The quantity 
and quality of the VFG varies with time and space, depending on the season, the structure 
of the settlement and the standard of living. 

The novel dry batch BIOCEL technology was introduced for the treatment of municipal 
solid organic waste in the Netherlands.  It has the advantage that it is simple to operate, and 
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its specific reactor volume projected to the treated material flow is low (Brummeler et al., 
1991; Brummeler, 2000; Simon, 2000). The investment costs of the dry batch BIOCEL 
technology are lower by 40% than those of the continuous anaerobic systems (Brummeler et 
al., 1992). Its advantage over composting by state-of-the-art technology comes from a 
simpler technical solution and a more economical operation. 

We assume that the dry batch anaerobic treatment could be used for combined anaerobic 
treatment of VFG wastes and municipal sewage sludge. When treating the waste water 
sludge and other municipal organic wastes together by anaerobic method, the possible too 
high easily degradable organic content of the VFG might be a problem, because in lack of 
sufficient seeding material, it can lead to acidification of the system. A number of 
literature reports about the anaerobic treatment of different organic wastes separately 
(Brummeler, 1993), but there are no results available regarding co-digestion by dry 
anaerobic treatment. 

The effective anaerobic conversion of organic substances into methane depends on the 
activity of miscellaneous microbial populations. A diagram of the consecutive metabolic 
stages, which can be distinguished in anaerobic digestion, is shown in figure 1.  In well 
balanced digestion, all products of a previous metabolic stage are converted into the next 
one. The overall result is a nearly complete conversion of the biodegradable organic material 
in the waste into end products such as methane, carbon dioxide, hydrogen sulphide, 
ammonia, etc. without significant build-up of intermediate products.  

The products of the fermentation vary depending on quality of raw material and 
environmental conditions applied. Low pH values decreases the relative amount of acetic 
acid and increases the relative amount of propionic acid (Breure & van Andel, 1984).  Partial 
pressure of hydrogen in the gas phase can significantly influence the kind of products 
formed by fermentative bacteria (Wolin & Miller, 1982). Hanaki et al. (1981) stated that β-
oxidation of long-chain fatty acids is thermodynamically unfavourable unless the hydrogen 
partial pressure is maintained at a very low level. The dependence of a low hydrogen partial 
pressure makes, that long chain fatty acids degradation can be inhibited indirectly by 
inhibition of hydrogen consuming organisms (Koster, 1989).  

The high substrate affinity of the hydrogen-consuming micro organisms makes it possible to 
maintain low hydrogen concentrations. According to Robinson & Tiedje (1982), the 
Michaelis-Menten half-saturation constant (Km) for hydrogen is in the range of 5.8-7.1 µM. 
Zehnder et al. (1982) stated, that in a well balanced methane fermentation, the hydrogen 
partial pressure does not exceed 10-4 atm and in most cases approximately 10-6 atm.  

Macro and micro nutrients contents of the treated raw material effects the yield of micro 
organisms. Lettinga et al. (1981) advised for macro nutrients a COD to nitrogen to 
phosphorus ratio in a range of 350 : 5 : 1 – 1000 : 5 : 1.    

The precondition of the efficient application of the anaerobic batch reactors is the 
establishment of the balance between the acid production and the methane production, in 
the absence of the reactor getting acidified (Benedek, 1990). During the anaerobic 
degradation of the organic material, four consecutive metabolic steps can be distinguished: 
hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Batstone et al., 2002). 
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Fig. 1. Metabolic stages and products in anaerobic digestion of complex organic material 

Among them, the usual rate-limiting factor of the whole procedure is the methagonesis 
(Gosh & Klass, 1978). The rate of the acid production is great compared to that of the 
methane production. At a balanced anaerobic degradation process, the elimination rate of 
the biologically degradable organic dry material is almost equal to that of the methane 
production (Gujer & Zehnder, 1983), because the biomass production is negligible. 

The research and the thermodynamic calculations show that 70% of the methane is 
generated during the decarboxylation of the acetic acid, and the remaining 30% comes from 
the reduction of the carbon dioxide (Jeris & McCarthy, 1965; Kaspar & Wuhrmann, 1978). 

CH3COOH → CH4 + CO2   (∆G° = - 39,5 kJ) 

CO2 +4 H2 → CH4 + 2  H2O  (∆G° = - 145 kJ) 

So, the efficiency of the methane production is characterized not only by measuring the 
methane content, but also by determining the hydrogen content. In case the hydrogen is 
accumulated and is not converted to methane, then the accumulated hydrogen will 
immediately inhibit the oxidation of the propionic acid and the accumulated acetic acid. 
This will result in decrease in pH and, thus, in acidification of the reactors. This again will 
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affect the oxidation of the hydrogen, decreasing the reaction efficiency and increasing the 
partial pressure of the hydrogen (Gujer & Zehnder, 1983). 

To keep the degradation process balanced, seeding material is needed. A significant effect in 
balancing the process can be achieved by properly setting the ratio of the methanogen 
seeding material. However, the determination of the optimal amount of the seeding material 
is a complex issue which is of great importance to the operation of batch reactors being 
economical. Low seeding material ratio, in extreme cases, can lead to acidification of the 
reactor or, in better cases, moderates the process rate. This can be compensated by extending 
the retention time associated with increased reactor volume. 

The increase of the biogas production and the decrease of the treatment time can be 
achieved also by increasing the quantity of the seeding material since this way a more 
effective degradation can be counted on. However, increasing the quantity of the seeding 
material can result in the increase of the reactor volume, too. 

The optimal waste to seeding material ratio in the case of municipal solid organic wastes is 
1:2.3 in laboratory, while less than 1 : 1 in full scale conditions (Brummeler, 1993). According 
to related literature data, the duration of the treatment in cases of municipal organic waste is 
around 30-36 days (Brummeler et al., 1991, 1992); however in cases of a low seeding material 
ratio, the duration of the treatment can be 50 days or more (Brummeler et al., 1992). There is 
no published data about seeding material demand for the dry, batch anaerobic co-treatment 
of the biowaste and waste water sludge. 

We assume that the combined dry batch treatment of VFG waste generated on settlements 
and of sewage sludge has many advantages. As a result of the co-digestion, because of the 
different easily degradable organic contents of the sewage sludge and VFG, we can count on 
the increase of the gas yield projected to reactor volume, compared to a separate treatment 
of the VFG and sludge. We can assume as an advantage that a more balanced quality of the 
sewage sludge can have a positive effect on the co-digestion with organic wastes having 
quality varying with time and space. A further advantage can be, from the aspect as a 
potential of anaerobic treatment of the sewage sludges generated on smaller settlements, 
that the increased waste flow with VFG can make it economical. Nevertheless, it is necessary 
to investigate the appropriate seeding material ratio, the determination of which does not 
depend only on the achievable methane yield but on the required duration of the treatment 
and on the targeted stabilization goal of organic material, too. 

Our aim is to study the combined dry batch treatment of VFG and sewage sludge. Our goal 
is to evaluate the aspects of determination of the optimal seeding material ratio, besides the 
study of the avoidance of acidification of the reactors, the achievable greater degradation 
rate of organic material and the maximal gas yield. 

2. Materials and methods 
In order to achieve our goals, we carried out laboratory experiments with dry batch reactors. 

2.1 Materials 

To ensure the repeatability of experiments, we modelled the biowaste (mixture of sewage 
sludge and VFG) generated in the settlements with a material mixture of fixed ratio as 



Co-Digestion of Organic Waste 
and Sewage Sludge by Dry Batch Anaerobic Treatment 101 

follows: 50% municipal excess sludge, 50% VFG consisting 25% fresh grass and 25% kitchen 
waste. The excess sludge came from the activated sludge technology of a municipal waste 
water plant, which can be characterized with a 20-day sludge retention time. The kitchen 
waste consisted of 25% potato peel, 15% lettuce, 15% bread, 15% cucumber peel, 10% 
cabbage, 10% paper and 10% coffee grounds. 

The amount of total solids (furthermore as TS), volatile solids (furthermore as VS) and the 
value of chemical oxygen demand (furthermore as COD) of the waste and the sludge are 
presented in Table 1. 

Materials Total solids 
(TS %) 

Volatile solids 
(VS %) 

Chemical oxygen demand (COD ) 
(g O2 . kg TS-1) 

methanogenic seed 
(digested sludge) 24.54 56.86 667 

excess sludge 28.87 48.22 556 
fresh grass 31.30 92.20 985 
potato peel 18.51 94.33 1 074 
lettuce 7.69 85.67 1 193 
bread 65.35 97.36 1 094 
cucumber peel 4.82 84.44 1 486 
cabbage 8.79 90.98 1 086 
paper 92.49 98.98 1 288 
coffee grounds 34.30 99.28 1 145 

Table 1. Characteristics of waste and sludge used for the experiment 

To characterize the seed, we defined its stability and methanogenic activity. The seed was 
not stable, it could be degraded by a further 13%. The organic degradation occurred mostly 
within the first 30 days. The digested sludge came from a completely stirred tank reactor 
operated with 20 days hydraulic retention time. The methanogenic activity of the seed was 
0.026 CH4-COD . g VS-1 . d –1, which shows the maximum methane production measured in 
chemical oxygen demand (COD) of digested sludge for a unit of volatile solid in a unit of 
time. 

2.2 Methods 

The TS content and the volatile solids (VS) content of the samples were determined by 
drying and burning to constant weight at a temperature of 105°C and 650°C, respectively. 
The chemical oxygen demand (COD) of the sludges was measured by the standard method 
MSZ 21976-10:1982. 

The amount of biogas generated, was measured by an „A1” type, Schlumberger wet gas 
meter. The methane and hydrogen content of biogas was measured by a Shimadzu 2014 gas 
chromatograph. The temperature of the column was 60°C, the temperature of the injector 
was 170°C, and the temperature of the detector was 250°C. As carrier gas we used nitrogen 
with 20 mL/min gas flow. In the 3.0-m long, 3.00-mm internal diameter glass column, 
Supelco Molecular sieve filling was put. The detection was done with TCD detector. We 
measured the quantity and the methane content of the biogas every day at the beginning, 
and then, when the amount of the biogas decreased, every other and then every fifth day. 
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To determine the methanogenic activity of the seeding material we used neutralized acetic 
acid as a substrate. To decrease the retardatory effects we added macro- and micro-nutrients 
(Biotechnion, 1996), and incubated the samples on the temperature of 35°C. We used liquid-
phased mixed reactors to decrease the substrate-gradient. The amount of biogas generated, 
was calculated on the basis of pressure changes in the head-part of the 1.5 dm3 reactors. To 
remove the generated CO2, NaOH pellets were placed in the heads-part of the reactors. 
Specific methanogenic activity of the seed was calculated on the basis of cumulative 
methane production graphs by taking the tangent of the deepest slope of the curve. 

The acidity of the sludge was checked by a pH meter (340i WTW) pH/mV measuring 
device, to which a SenTix 41 type electrode was connected. 

2.3 The experimental setup 

We performed the examination of the effects of the seeding material on the dry batch 
anaerobic treatment by a series of reactors of a total capacity of 6 dm3, which consisted of 4 
reactors, each of a capacity of 1.5 dm3, connected in parallel. By these set ups, the disturbing 
effects (opening of reactors) occurring during the pH measurements were reduced (Figure 
2). The reactors were connected to gas-collecting bags. 

 
Fig. 2. Set of dry batch anaerobic reactors  

As experimental variable we checked five different seeding material ratios. We set the 
organic waste to seeding material ratios projected to the quantity of dry organic material, to 
these values: 1:0.5; 1:1; 1:1.5; 1:2, and 1:3. We measured the gas production of the seeding 
material (digested sludge) in a control reactor, thus, the degradation rate of the biowaste 
could be calculated separately. We compared the treatments when the sewage sludge is 
treated alone and when is co-digested with VFG waste, with the 1:1 seeding material ratio 
usually applied in the practice for the anaerobic treatment of municipal organic wastes. We 
kept the reactors in a room of a constant temperature of 34°C. 
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Each reactor was filled with an equal amount and quality (TS=22%) of waste. In order to 
prevent the disturbing effects caused by the oxygen, we flushed the heads of the reactors 
with nitrogen gas after the sampling. The diluting effect of the head-space was considered at 
the calculation of the results. 

2.4 The quantification of anaerobic degradation 

The COD of methane produced in the anaerobic degradation of organic substrate 
corresponds with the COD of the removed organic mass (Lettinga & Hulshoff Pol, 1990). 
The amount of organic matter removed during the anaerobic treatment, the degree of 
degradation, was determined by measuring the total amount of methane produced during 
the period (T), which was converted to COD, taking into account that 1 Ndm3 methane is 
equivalent to 2.86 g CH4-COD. Based on this, the degree of degradation of the organic 
material was defined by the formula below: 

 DT% = (∑CH4 CODT / sludge COD) × 100 (1) 

We fitted a logistic function-relation (DT% = Dmax / (1 + e-k(t-t0))) to the measuring results 
with SPSS 14.0 software. We used sludge as seeding material and the substrate for the tests 
after storing at 5°C, therefore we had to calculate with the lag phase in the beginning by 
choosing the logistic function-relation. The logistic curves take into consideration the start-
up phase, pursuant to the Monod and the Briggs-Haldane model. 

We determined the value of maximum degradation (Dmax) in case of biowaste and sludge   
for the fitting as 65% and 50% respectively, which values were based on our former own 
measuring results (Rózsané et al, 2011) and on technical literature data (Haug, 1980). We 
determined the k invariant of reaction speed and the t0 time defining the inflexion point in a 
way that the function-relation would have the best fit (R2) of the measuring results. 

In the case of methane production projected to the volume of reactor, we did not deduce the 
methane production of the seeding material, but we used the results for the whole volume 
of the mixture of waste and seeding sludge. In case of the measuring results used for the 
volume of the reactor, we fitted the function-relation in a way identical with the previous, 
where the maximal degree of methane production (CH4max) was determined with the 
account of substrate to seeding material mixing rates and the maximal degradability. To 
characterize the speed of the degradation process, in the case of both measuring results, we 
determined the values of the starting v10d and v30d degradation speed as the direction 
tangent to the fitted curves. 

3. Results and evaluation 
We assumed that the balance of the multi-stage anaerobic digestion process can be 
influenced by setting the ratio of the seeding material which results in greater degradation 
of the organic content of the treated waste, as well as in greater methane production. 

We evaluated the experimental results based on two aspects: 

- based on the degradation of the organic material achievable with different seeding 
material ratios; and 
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- based on the gas production achievable during the treatment, referred to the unit of 
reactor volume. 

3.1 The results of the organic matter degradation 

The actual methane production of different mixtures of organic wastes and seed, referred to 
one unit of treated organic material, is shown in Figure 3. The methane production of the 
seeding material present in the reactor was deducted from the methane production of the 
mixture of the waste and seeding material. As a result, because of the relatively high 
degradability of the seeding material, in the case of unbalanced reactors caused by low 
seeding material ratios, we had even negative methane production in the first 20 days which 
was indicated as zero value. 

 
Fig. 3. Actual methane production referred to one unit of treated organic material 

We reached the highest methane yield with the 1:3 biowaste to seed ratio. With the increase 
of the seed ratio, the methane production grew, too. The methane yield was very low in the 
case of 1:0.5 and 1:1 biowaste to seed ratios. Due to the low seed ratio, the waste became 
acidified (pH 5.5-5.8), so thus the process of methane production was also inhibited. Since 
our goal was to determine the optimal seeding ratio, we carried out the test in these reactors 
only for 15 days. The maximal methane production of the seeding material (digested sludge) 
occurred on day 10, however its extent was one eighth of that of the balanced reactors and 
the methane production decreased to zero after the 30 days. 

Having compared the treatability of the sewage sludge and of the biowaste, with the 1:1 
seed ratio applied in practice, we can state that in the case of the sewage sludge, a more 
balanced reactor performance can be observed. The results suggest that in the case of reactor 
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containing VFG as well, the easily degradable organic material content was higher than in 
the case of the reactor containing only sewage sludge. The fatty acid accumulated the in 
reactor containing VFG which led to the acidification of the reactor, in the end. Against the 
acidification of the biowaste, in the case of the sludge, the values of pH and hydrogen 
concentration were better than the critical level even in the initial critical phase of the 
treatment. This calls the attention to that, because of the varying quality of VFG waste, the 
determination of the seeding material ratio has to be estimated case by case in each practical 
application. 

We can calculate the degradation of organic material of the waste from the quotient of the 
methane production totalled in the time and of the chemical oxygen demand of the waste 
mixture. Figure 4 shows the rate of degradation against time for different seeding rates and 
substrates (the methane production of the seeding material is deducted). Onto the 
measurement results we fitted the logistic function describing biological processes (Dt% = 
Dmax / (1 + e -k(t-t0)). The reaction kinetic parameters are shown in Table 2. The value of k 
reaction rate constant rose with the increase of the seeding material ratio which resulted in 
decrease of the value of t0. Significant differences cannot be detected in the values of k and t0 
of the 1:1.5 and 1:2 mixing ratios. 

 
Fig. 4. The degradation rate of organic wastes against time 

According to our measurement results, with a 60-days treatment with 1:3 biowaste to seed 
ratio, 54% organic material degradation can be achieved. In the case of biowaste to seed 
mixtures of 1:1.5 and 1:2 ratios, only 41-43% of the organic material became decomposed 
during the same period of time. Thus, when increasing the amount of seeding material with 
improving the initial conditions of the treatment, a considerable impact in the degradation 
rate of organic material can be achieved for the whole treatment period. 
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The description of the sample k 
(1 . d-1) 

t0 

(d) R2 v10d 

(D% . d-1) 
v30d 

(D% . d-1) 
1:1.5 biowaste:seed 0.055 44.33 0.936 0.424 0.788 
1:2 biowaste:seed 0.054 42.58 0.918 0.453 0.782 
1:3 biowaste:seed 0.078 28.29 0.939 0.820 1.256 
1:1 sludge:seed 0.060 31.38 0.876 0.526 0.749 

Table 2. Kinetic parameters of the degradation process  

Considering the rates of actual methane production, we can see that the actual rates 
measured on day 10 significantly increase with the growth of the amount of seeding 
material. At the values related to day 30, the effect of seed ratio onto the methane 
production can be still well detected. The actual rate of the methane production further 
increased from day 30 also in each cases, which suggests that we can count on a 
considerable degree of degradation even after day 30. This is confirmed by the t0 value, as 
well. 

To characterize the process of the anaerobic degradation, we checked the hydrogen content 
of the biogas, as well as the temporal evolution of the pH of the reactors in the most critical 
initial phase of the treatment (Table 3). The hydrogen content of the biogas was above the 
value of the detection limit only in the first 9 days. 
 

Type of the reactor 
2nd day 3rd day 5th day 7th day 9th day 

H2
(%) pH H2

(%) pH H2
(%) pH H2

(%) pH H2 
(%) pH 

1:0.5 biowaste:seed 9.66 5.47 0.38 5.51 1.08 5.55 0.08 5.65 0.06 5.70 
1:1 biowaste:seed 4.27 5.70 0.19 5.80 0.13 5.75 0.02 5.78 0.02 5.83 

1:1.5 biowaste:seed 3.58 5.90 0.14 5.84 0.10 6.13 0.02 6.06 0.01 6.34 
1:2 biowaste:seed 1.40 6.27 0.04 6.32 0.02 6.34 0.01 6.43 0.01 6.59 
1:3 biowaste:seed 0.37 6.10 0.05 6.23 <dl 6.45 0.01 6.65 0.01 6.72 
1:1 sludge:seed 0.62 6.68 <dl 6.94 <dl 7.09 <dl 7.28 <dl 7.37 

Table 3. The hydrogen content of biogas and the pH of wastes in the case of different wastes 
and seeding ratios 

It is seen in the case of biowaste that, by the increase of seeding ratio, the hydrogen content 
of the biogas decreases and the pH of the waste in reactors increased. During the test period, 
the hydrogen content of the biogas also decreases and then, following day 9, it is under the 
value of detection limit. The critical hydrogen concentration, above the 0.01 % as calculated 
based on the literature (Zehnder et al., 1982), measured in the first 5 days had a negative 
effect on the methane production in the case of each seeding ratio (Figure 3). By the increase 
of the seeding, above the ratio of 1:1.5, the hydrogen concentration decreased below the 
critical value from day 9 and the methane production started to increase. The unfavourable 
values of hydrogen and pH measured in the case of 1:0.5 and 1:1 ratios led to the 
acidification of the reactors. The pH of the reactors increased during the test which resulted 
in the rise of biogas production. During the anaerobic treatment of the sewage sludge, we 
did not measure significant hydrogen quantity in the biogas even in the case of 1:1 sludge to 
seed mixing ratio. This can be explained by that there is less easily degradable organic 
material in the sewage sludge than in the tested biowaste which is responsible for the 
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accumulation of hydrogen and volatile fatty acids. At sewage sludge digestion, often the 
hydrolysis appears as the process limiting step (Koster, 1989) which could contribute to the 
more favourable values measured in the case of sludge. 

We compared our measurement results with the operation data of a full scale BIOCEL plant 
(Brummeler, 1993) (Table 4.). The literature refers the biogas quantities to wet waste mass, to 
standard condition. For comparability we recalculated the literature data to the CH4-COD g . 
kg VS-1 unit used by us. 

 

Time 
(d) 

Cumulative methane production 
(CH4-COD g . kg VS-1) 

Degradation of the organic material 
(D%) 

Full scale 
BIOCEL 

plant1 

Laboratory scale Full scale 
BIOCEL 

plant2 

Laboratory scale 
1:3 seed to 
biowaste2 

1:1 seed to 
sludge 

1:3 seed to 
biowaste2 

1:1 seed to 
sludge 

5 110.0 22.9 18.4 7.7 1.2 1.6 
10 297.7 157.2 98.1 20.9 13.4 8.4 
20 660.0 278.7 173.9 46.3 23.7 14.9 
40 - 453.5 286.5 - 38.6 24.6 
60 - 551.6 325.9 - 47.0 28.0 

1Value calculated according to Brummeler (1993),  450 m3 reactor, waste TS 36%, VS 65% 
2Methane production together with the methane production of the seeding material 

Table 4. Comparison of the laboratory results with the operation data of a full scale BIOCEL 
plant treating VFG 

The results of Table 4 show that the results of the methane production referring to VFG 
waste reviewed in the literature, at the same moment, significantly exceed the results of the 
co-digestion of the biowaste with sewage sludge. In our experiment, the difference resulting 
from the lag phase as well as the lower degradability of the biowaste containing sludge and 
VFG can be definitely pointed. In our experiment half of the waste mixture was sewage 
sludge. The sewage sludge applied by us was less degradable than the biowaste, thus, the 
degradability of one unit of waste mixture (and so the amount of methane production from 
it, too) was lower. 

The results of Table 4 show that higher gas yield referred to one unit of organic matter can 
be reached in the case of co-digestion of VFG and sewage sludge than in the case of sewage 
sludge digestion alone. 

3.2 The results of methane production referred to reactor volume 

We assume that the seed ratio, as a result of two opposing effects, influences the methane 
production per reactor volume unit. The increase of the seed ratio makes the anaerobic 
process balanced but at the same time decreases the amount of degradable organic matter 
per reactor volume unit. That is a question, to what extent the already digested material 
should be recycled for seeding. Another question is how the co-digestion of the easily 
degradable VFG and sewage sludge affects the gas production of the reactors. To answer the 
question, we checked the values of the totalled methane production referred to reactor 
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volume unit for the sewage sludge and biowaste (consisting of 50% sludge and 50% VFG) at 
seed ratios shown in Figure 5. 

 
Fig. 5. Summarized, specific methane production on the basis of reactor volume against time  

Figure 5 shows that in the case of methane production referred to reactor volume, the 
methane production of the sewage sludge above 30-day retention time is lower than that of 
the combined treatments, so thus, we can achieve higher gas yield from one unit of reactor 
volume when the sewage sludge and the biowastes are treated together than in case the 
sewage sludge is applied alone. We achieved maximal methane production with co-
digestion at the 1:1.5 waste to seed ratio, this is followed by the 1:3 and 1:2 waste to seed 
ratios, however, significant difference between the measurement results cannot be detected. 
The increase of the seed ratio, in spite of the more inert material filling up the reactor 
volume, did not considerably reduce the methane production projected to reactor volume 
unit until day 30 of the treatment. A great increase of the amount of the seeding material, 
however, results in increase of the reactor volume necessary to the actual treatment capacity 
which, at the same time, is associated with the same rate of increase in gas production. 
Taking into consideration also the goal of stabilization, based on the comparison of Figures 4 
and 5, we can state that is may be worth to count on the reduction of the retention time 
while increasing the seed ratio, for the purpose of optimization of the gas yield, degradation 
and volume demand. 

The reaction kinetic parameters of results referred to the reactor volume are shown in Table 
5. It is apparent from the results of the table that the values of the maximal methane 
production are nearly the same, no significant differences can be detected. The value of k 
reaction rate constant is the highest in the case of 1:1.5 biowaste to seed ratio and its value 
equals to the k value relating to the sewage sludge. 
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Type of the reactor CH4 produced 
(CH4-COD g . dm-3)

v10d 

(CH4-COD g . dm-3 . d-1)
v30d 

(CH4-COD g . dm-3 . d-1) 
k 

(1 . d-1) 
t0 

(d) 

1:1.5 biowaste:seed 23.56 0.529 0.503 0.143 20.85 
1:2 biowaste:seed 21.68 0.505 0.485 0.123 20.59 
1:3 biowaste:seed 22.26 0.586 0.442 0.127 18.75 
1:1 sludge:seed 19.97 0.578 0.305 0.144 17.49 

Table 5. Kinetic parameters of summarized methane production appertaining to the volume 
of the reactor 

In the case of the values of actual methane production relating to day 10, we did not gain in 
each case higher v10 value when increasing the seeding ratio. The v30 value relating to day 30 
is in all cases less than the v10 value which indicates the decrease of methane production. In 
the case of v30 values, we experienced that, when increasing the seeding, the value of actual 
methane production referred to reactor volume unit and relating to day 30 decreased. 

We assume that the treatment period (retention time) affects the gas production of the 
reactor. The question is, taking into account the enhancement of gas production in the 
reactor and at the same time the degradation rate indicating the efficiency of the treatment, 
what retention time the reactors ought to be designed to. Figure 6 shows the average 
methane production determined for the treatment period (specific methane production 
referred to time and volume unit) depending on the duration of the treatment.  

Figure 6 clearly shows the differences between the sewage sludge and the biowaste 
containing VFG, too. At the biowaste, as a result of the higher proportion of the easily 
degradable organic material due to the VFG, with the reduction of the retention time from 
30 to 10 days, the gas yield grew in the case of 1:2 and 1:3 seeding ratios. At the 1:1.5 seeding 
ratio, because of the initial unfavourable conditions (pH, hydrogen), this effect occurred 
later between day 20 and 40. Because of the sludge being less degradable, the methane 
production gradually increased until day 40. 

 
Fig. 6. Average methane production in the case of different biowaste : seed ratios 
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Figure 6 shows that in each case of waste to seed mixture, the average methane production 
reaches its maximum after day 10 and then after day 30 it starts to decline. This means that 
the retention time has to be minimum 30 days in the case of a combined dry batch treatment 
of VFG waste and sewage sludge. In the case of higher seeding ratios, following 30-40 days, 
the average methane production is almost the same in the case of each seeding, so thus, the 
effect of the seeding prevails less. Figure 6 confirms, that optimizing the anaerobic 
treatment, it is worth to check, together with the increase of the seed ratio, the option of 
reducing the retention time. It can be stated that the application of the seeding in 1:3 ratio 
has no negative impact on the gas production of the reactors even above a 40-day retention 
time assuring high grade stabilization. 

4. Conclusion 
Based on the test results we stated that the sewage sludge can be well degraded also 
through co-digestion by dry batch treatment together with VFG waste. We stated that in the 
case of 1:0.5 and 1:1 biowaste to seed ratios, the reactors became acidified. Even in the case 
of higher seeding ratios 9-day initial „lag” phase can occur. The hydrogen content of the 
biogas and the pH in the reactors indicate an initial accumulation of fatty acids in the 
reactor. We measured the highest, 54% organic material degradation in the case of 1:3 
biowaste to seed ratio. Comparing our measurement results with literature data, it can be 
stated that the total methane production projected to one unit of organic material and the 
organic material degradation is nearly the same in total. Our laboratory-scale experiment, 
however, was influenced by the relatively long „lag” phase. Based on our tests it can be 
stated that it is a complex task to determine the optimal seeding ratio and retention time 
where a universal value cannot be given. In practice, the optimal values have to be 
determined one by one, taking into consideration the degradation target together with the 
specific gas yield projected to the reactor. From the aspects of costs reduction regarding the 
investment and operation, based on the values of the gas productions referred to the reactor 
volume, the 1:1.5 biowaste to seed ratio seemed to be the most efficient. This lets the 
conclusion be drawn that it is not worth to recycle the seeding material in the reactors in a 
higher ratio than this. According to the above, the compromising waste to seed ratio taking 
into consideration the different aspects is minimum 1:1.5 which takes into account the 
higher degradation of the organic material, as well as the quantity of the methane 
producible from one unit of reactor volume and the demand for low investment costs. 

In the case of the same seed ratio, we experienced great difference in the efficacy of the 
treatment in case of biowaste containing VFG and the sewage sludge. During a co-digestion 
of sewage sludge and VFG wastes, because of the VFG waste having a quality varying in 
space and time, it is advisable to determine the suitable seed ratio through degradation tests 
in advance. 
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1. Introduction 
Separate collection of urban waste can be defined as a specific collection system that allows 
recoverable materials in waste to be separated. The human factor is very important in this 
new collection model, as the citizen now plays an active rather than a passive role as a 
processor of materials at source.  

Various solutions for separate collection have emerged in order to fulfil all the objectives 
stipulated by legislation and local authorities in various countries for the recovery of 
municipal waste. Germany uses the Dual System, in which packaging waste is collected 
separately by a network belonging to companies selling consumer products. Separation of 
the organic fraction is mandatory in the Netherlands. In France and Spain, the governments 
are the responsible for designing mechanisms to implement the separate collection of 
packaging waste and achievement of the goals stipulated by European legislation. In the 
USA and Canada in the early 1990s, many cities with residential areas containing single-
family homes began pilot schemes for separate collection, with waste separated at source 
into two, three and four fractions. 

The large number of factors involved in establishing a separate collection system (economic, 
social, environmental, legal, etc.) means that there is no single solution or alternative. This 
has given rise to studies of citizens' behaviour with regard to the various collection systems: 
the level of participation, quality of the waste collected, financial incentives, etc. (White et al., 
1995; Wang et al., 1997, Gallardo, 2000, Martin et al., 2006, Shaw et al., 2006, Dahlén et al. 
2007). Other authors have analysed the various demographic, logistic and economic factors 
influencing citizens' participation, and assessed the quantities collected, generation and 
composition data for certain indicators based on these factors (Daskalopoulos et al. 1998, 
Emery et al., 2003, González-Torre & Adenso-Díaz, 2005).  

Separate collection of organic waste has been implemented in countries in northern Europe 
for several years, and is now relatively well established there. It is not yet widespread in 
Spain or others countries in southern Europe, but there are experiences in many 
autonomous regions at local or regional level which have had varying degrees of 
implementation and success. The Framework Directive on Waste (Directive 2008/98/EC) 
introduced the concept of biowaste and the need to recover this type of waste. The organic 
fraction of urban waste is considered biowaste, and it accounts for 36% (UE, 2011) of urban 
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waste. As such, its separate collection is expected to be enhanced in all European Union 
countries, in order to use it and minimize its deposit into landfill.  

2. Legislation 
When planning the management of municipal solid waste in a particular area or region, the 
various actions and initiatives must be arranged hierarchically in accordance with the needs 
imposed by the environment. The hierarchy thus established will essentially depend on the 
policies of each region or state at a particular moment in time. Under Directive 2008/98/EC, 
European Union member states must observe the following hierarchy in waste 
management; it can be also used as a list of priorities for legislation and policies concerning 
waste prevention and management: 

 Prevention 
 Preparing for re-use 
 Recycling 
 Other recovery, e.g. energy recovery 
 Disposal 

However, the Directive also states that when this waste hierarchy is applied, the member states 
shall take steps to foster the options that provide the best overall environmental outcomes. This 
could mean that certain waste streams have to be removed from the hierarchy when a life cycle 
approach to the global impacts of waste generation and management calls for it. 

As far as the evolution of the legislation on packaging and packaging waste is concerned, 
the recovery targets in the first Directive passed on this subject (Directive 94/62/EC) were: 

 Recovery of 50-65%, by weight, of packaging waste before 2001. 
 Recycling of 25-45%, by weight, of packaging waste, with a minimum of 15% for each 

material, before 2001. 

The following Directive (Directive 2004/12/EC) is far stricter and raised the recovery targets 
to be achieved in 2008, which now stand at: 

 Recovery: minimum 60% by weight (includes incineration with energy recovery) 
 Recycling: between 55-80%, by weight, of the total amount of packaging waste. With the 

following minimum values: 
 60% by weight of glass 
 60% by weight of paper/cardboard 
 50% by weight of metal 
 22.5% by weight of recyclable plastic 
 15% by weight of wood 

The progressive changes introduced into the legislation have meant that town councils have 
also had to evolve in terms of the separate collection methods and programmes they use in 
order to adapt to the new limits established by the legislation.  

3. Urban waste separate collection systems 
Separate collection is part of the comprehensive urban waste management system, which 
covers everything from collection to disposal (Tchobanoglous et al., 1994), but which can be 
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studied as a separate subsystem consisting of the pre-collection and collection stages (Figure 
1). When studied separately, it can be considered an independent system, in which the input 
consists of a stream of urban waste and the output is several streams of selected materials, 
which go to the next management stage where it is subjected to different recovery methods. 
Separate collection is influenced by a number of environmental factors that influence the 
choice of the alternatives in the two elements of the system. 

 
Fig. 1. Separate collection diagram. 

Pre-collection includes handling, processing and storage of urban waste by citizens before it 
is deposited at the collection points, where there are different types of containers (Figure 2). 
After it has been deposited and stored at these points, the waste is collected and transported 
to the next facility in the urban waste management system. Most recovery methods, such as 
recycling or incineration, require separation into different fractions at source in order to 
achieve the minimum quality levels required in these processes. To that end, there is a wide 
range of fractioning at source, which can range from level zero, i.e. unfractioned or "all in 
one" collection, to a high level of specific separation of materials (Table 1).  

  
Fig. 2. Urban waste collection containers in Spain. 
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Without fractioning 

Total urban waste 

Two fractions: organic and mixed 
waste 

                Mixed           Organic   

Three fractions: organic, 
lightweight and mixed waste 

    Mixed         Organic     Lightweight 

Specific separation: mixed and 
specific waste 

   Mixed                            Specific 
 

Table 1. Types of fractioning at source. 

Once the waste has been separated, the question is what to do with it until it is collected. It is 
usually stored at home or at collection points located on the street (Figure 2). There are several 
levels of storage, depending on the distance travelled by the citizen to the deposit point: 

 The door to door system. The bins or containers are located at each door, courtyard or 
other area accessible from the home or building. The distance that the citizen has to 
travel to deposit the waste is minimal. 

 The kerbside system. The deposit points are no longer located at the door, but every 50-60 
m on kerbsides. Citizens do not have to travel very far and acceptance is good. This 
system is applied in cities with high population densities.  

 The drop-off points system. Collection points are located at greater distances in order to 
reduce management costs. The areas may have a range of between 100 and 300 m. The 
system relies on citizens' willingness to travel longer distances on foot. Figure 3 shows 
two drop-off points for dropping off paper-cardboard, glass and lightweight packaging 
(plastic, metal and liquid packaging board) separately. 

 Deposit at establishment level. Some establishments (shops, public institutions, etc.) 
collaborate in the separate collection of some types of waste, particularly hazardous 
waste such as batteries, fluorescent lamps and drugs.  

 Deposit at facility level. Deposit points are located in facilities away from the residential 
area. These facilities are called "Clean points", "Ecoparks" and "Recovery and Recycling 
Centres" (Household Waste Recycling Centres in the United Kingdom). They are able to 
selectively collect all types of waste, especially those that are not collected at other 
levels. An ecopark in Spain is shown in Figure 4. 

Combining the different types of separation at source with storage levels can create a wide 
range of pre-collection systems. At one extreme is "all in one" pre-collection and the "door to 
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door" level, which is the most convenient alternative from the citizen's standpoint. The 
managing agent is responsible for separation and recovery, which is more expensive and 
very inefficient in terms of recovery of materials. At the other extreme is collection with 
specific fractioning (paper, glass, packaging, batteries, etc.) at establishment and facility 
level. In this case, citizens have greater responsibility for separation, and materials with 
added value for the manager are obtained. 

 
Fig. 3. Collection at drop-off points in Switzerland (left) and Spain (right). 

 
Fig. 4. Ecopark or clean point in Spain. 

3.1 Efficiency indicators 

In order to determine the level of efficiency of a separate collection system, it is necessary to 
define some indicators. This efficiency has been defined in terms of the level of recovery of 
clean materials at source, deposited in the container, which is in turn expressed in terms of a 
series of indicators (Gallardo et al. 2010): 

 Fractioning Rate (FRi): the ratio between the amount by weight of the raw material 
separated and the total amount of urban waste. This rate is used to measure the various 
collection streams. 

               
·100(%)

       i
Gross amount of wastecollected incontainer for iFR

Total amount of urban waste
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Where i is p, g, lp, o or uw depending on whether the FR is for paper, glass, packaging, 
organic waste or household waste, respectively. Raw material refers to material 
contaminated to a greater or lesser extent by other unwanted materials (also called 
improper materials). 

 Separation Rate (SRi): the ratio between the amount by weight of raw material separated 
and the total amount of material in the urban waste. 

               
·100(%)

         i
Gross amount of wastecollected incontainer for iSR

Total amount of i waste generated
  

For example, to find out the SR of the paper-cardboard in the paper container, we 
divide the amount of separated paper by the total paper in the waste. 

 Quality in Container Rate (QCRi): the ratio between the amount of net recyclable 
materials deposited in a container and the gross amount deposited in them.  

               
·100(%)

               i
Amount of wastecollectedcorrectly incontainer for iQCR

Gross amount of wastecollected incontainer for i
  

A good system would be one with a high SR with high quality materials, i.e. a low 
proportion of improper materials. These indicators are a necessary tool for evaluating the 
efficiency of the infrastructure of the separate collection system implemented. They provide 
direct information on the total quantities and products obtained in each type, in comparison 
with the potential amount of recyclable materials present in urban wastes. They are also 
useful for a diagnosis of the situation of the separate collection programme implemented 
and for finding out whether the poor quality of the materials collected separately is due to 
low participation, poor performance in collection or a lack of public information, for 
example.  

3.1.1 Factors affecting the separation rate 

The SR is directly related to the public's participation in separate collection programmes. 
This participation depends on several factors, which Wang et al. (1997), grouped into two 
categories: factors related to the citizen's attitude and factors associated with the 
characteristics of the collection programme. Few studies have been carried out in this area 
(Noehammer et al., 1997), although some researchers have found interesting results that 
relate the SR to various factors: 

 The economic factor. Noehammer et al. (1997), in a study on the impact of free separate 
collection bins on the degree of participation, concluded that providing bins in voluntary 
programmes has a positive effect. However, they were unable to confirm anything for 
compulsory programmes. They also showed that if the fee paid directly for the collection 
of municipal waste falls, the level of participation increases. Gilnreiner (1994) presents the 
results of a survey conducted in Vienna in which "reward systems" are clearly preferred 
by consumers over "punitive systems" such as ecotaxes and packaging taxes. Another way 
to increase the degree of participation is through the introduction of tax benefits (Bolaane, 
2006) or by lowering the fees paid for collection (Harder & Woodard, 2007) 

 Size of housing. Participation in high-rise housing, which is usually small in area, is 
lower than in single-family homes, which are generally larger. On the other hand, it is 
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easier to monitor who is participating in separation in the latter, while in a block of flats 
this is more difficult. Following this argument, in the Netherlands it has shown that 
occupants of tall buildings are more reluctant to participate (White et al., 1995). 

 Frequency of collection. If collection is infrequent, citizens' motivation declines, while if 
frequency is appropriate and in line with the rate containers are filled, participation 
increases (White et al., 1995).  

 Number of fractions. The level of participation falls as the number of fractions into which 
urban household waste is divided increases. Noehammer et al. (1997) studied the 
influence of the number of separations on the degree of participation in 104 separate 
collection programmes and found that for a separation into two fractions, participation 
is between 75-95%, while for more than four fractions the range was 49 -92%. Another 
conclusion they obtained was that in mandatory programmes, there was no clear 
correlation between the level of participation and the number of separations. However, 
when the programme was voluntary, the level of participation declined as the number 
of fractions increased. 

 Distance to the deposit point. Participation falls as the distance to the deposit point 
increases. In Spain, the SR for glass in kerbside collection was 40% (distance to 
container 50 m), while at drop-off points, with a range of between 100-160 m, the 
average is 22% (Gallardo et al., 1999). 

 Compulsory separate collection. Compulsory separate collection programmes have a 
higher level of participation than voluntary programmes, providing that they are 
accompanied by certain incentives. Noehammer et al. (1997) found in their study that in 
compulsory programmes the level of participation had a range of 49-100%, while in 
voluntary collection it ranged between 11% and 92%, and concluded, as did the other 
authors that they cite, that compulsory programmes are more successful provided that 
they are accompanied by a high level of information, financial incentives, an adequate 
collection frequency, free containers, etc.  

 Socioeconomic level. Gandy (1994) and Belton et al. (1994), in two studies on the 
relationship between socioeconomic level and the degree of participation in the drop-
off points, found that there was participation clearly increased among people with a 
higher socioeconomic level. However, Lober (1996) in a study of reduction at source 
and recycling, found that in the various recycling programmes he studied, the 
socioeconomic factor was not significantly correlated with the degree of participation.  

 Education and promotion. The level of information received by the public influences the 
degree of participation and quality of the separated materials. Gallardo (2000) showed 
that in Spain the SR of glass and paper-cardboard at the drop-off point level was higher 
in cities where citizens were better informed, for the same range. 

 Sociodemographic characteristics. These characteristics have become a basic tool for many 
researchers when evaluating the profiles of a participatory individual compared to 
another person who does not participate in collection programmes. This classification 
also makes it possible to take education and awareness-raising action among groups 
with low participation (Rojas et al. 2008). Nationality, socioeconomic status, age and 
gender, among other factors, correlate strongly with separation behaviour (Rojas et al., 
2008). In Preston (England), Perry & Williams (2006) conducted research on 
participation in separate collection programmes, including the factor of nationality, 
because ethnic minorities now constitute a significant proportion of the town's 
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population. The study found that nationality that anticipated most in the recycling 
programme was the Indian-British minority (95.2%), followed by the British (78%) and 
the category of "other ethnic groups" (56.3%). The authors note that the reasons for the 
differences shown are unclear and require further investigation. 

3.1.2 Factors affecting the quality in container rate 

High levels of contamination can lead to considerable variations in the real quantities of 
material collected separately, its quality and its market price. To improve the QCR in pre-
collection, the design of educational and social awareness campaigns and initiatives may be 
helpful. The input of contaminating materials may be due to different causes, of which the 
most common are: 

 Deposit of waste in the wrong container. 
 Deposit of the correct material but in the wrong format, such as depositing plastic toys 

in a container for plastic packaging. 
 Deposit of dirty material, such as glass packaging with metal caps. 

As with the SR, the QCR is also affected by numerous factors. The most important of these 
are: 

 The number of products separated together. The fewer the different materials deposited in 
the same container, the higher the QCR achieved. The highest levels are reached in 
specific or single-material containers. Paper-cardboard containers in Spanish cities can 
achieve a QCRp of 99.5% (Gallardo et al., 2010). Kelleher (1996), in a study on the QCR in 
door to door collection with four fractions (organic, glass, paper-cardboard and 
packaging) found that the packaging fraction (plastic, metal and cardboard packaging) 
had 35% of improper materials while the paper fraction only had 2%. 

 Degree of complexity in separation. Citizens are more sensitive to generic concepts than 
specific details, and as such the more specifications asked for in the separation, the 
lower the QCR obtained. This was confirmed in the Mancomunidad (Commonwealth of 
Municipalities) of Pamplona (Spain) (MCP 1997), which specified what type of plastic 
had to be put in the packaging container, and only 34% of the plastic was in fact the 
type specified.  

 The pre-collection characteristics. When materials are presented in open bins, 
contamination levels are lower (5-8%) as the fact that the containers are open means 
that their contents can be inspected. When closed containers or bags are used, 
contamination levels rise to 27-36% (White et al., 1995). Ayerbe (2000) presented a study 
conducted in a Spanish city which compared the quality of packaging collected in 1100 
liters containers with an open lid and a closed lid (a system in which the container has 
an opening the size of a rubbish bag) and showed that in the former, the amount of 
improper materials (QCRlp= 50%) was much higher than in the latter (QCRlp= 74%)  

 Degree of public information. Information campaigns have a major effect on the QCR. 
Various experiences have shown that if clear guidance is given to citizens on how to 
make the selection, they separate the different categories of waste perfectly. In the case 
of the Commonwealth of Pamplona (MCP, 1997), when there is separate collection in 
two fractions (recyclable materials and mixed waste), in 1995 the rural area had a QCR 
in recyclable material containers of 58%. A year later, after an information campaign 
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designed specifically for them, this had increased to 64%. According to Kimrey (1996), 
the information-education programme must be targeted at the entire family as if not, it 
is possible that not all members will collaborate in separate collection. 

4. Separate collection systems in Europe 
Since there are new European standards that must be complied with in terms of recycling 
targets, local authorities in countries belonging to the European Union have hastened to 
develop new collection models. As a result, a wide variety of separate collection systems can 
be found throughout Europe. This has given rise to their study and comparison in the 
different countries where they have been implemented. For example, in Sweden, Dahlén et 
al. (2007) conducted a study that compared 3 systems. The first consists of kerbside 
collection of recyclables and organic waste, including a specific case in which fees are paid 
for the collection of mixed waste. The second involves kerbside collection of recyclables, and 
the third the collection of recyclables at drop-off points. After the study, it was concluded 
that in municipalities with a kerbside collection system for recyclables, the mixed waste 
container has a higher QCR due to the proximity of the containers to the public. The 
introduction of the fee payment system for the collection of mixed waste led to this waste 
from many homes being burnt or dumped in the wrong place. In fact, in the municipality 
where this system was in place, the level of improper materials was 12% compared to 4% in 
one of the municipalities where this model was not implemented.  

Mattsson et al. (2003) produced a study that compared separate collection systems in both 
single family and multifamily property close areas in Sweden and England. They used 6 
Swedish examples and one recently introduced case in the United Kingdom as examples. 
The cases analysed showed that although the technical details were almost identical, they 
differed in terms of how they had been developed. The aspects taken into account for their 
different developments were: cooperation between the municipality and producers, the 
efficiency in collection using appropriate vehicles, the quality of the materials collected, 
Agenda 21 and environmental awareness. 

In the United Kingdom, Woodard et al. (2001) analysed waste collection in a district before 
and after the introduction of a new plan. Under the old system, mixed waste was collected 
in black bins and recyclables (paper, cardboard and metal) in a box, every week in both 
cases. The new plan (CROWN: Composting and Recycling our Waste Now) added a green 
container for the collection of biowaste every two weeks. The frequency of mixed waste 
collection declined and became fortnightly, like biowaste. The container volumes and 
satisfaction of citizens was noted in a sample of households in a residential area. The result 
was a 55% reduction in waste sent to landfill sites, an increase from 5.5 to 17.7 liters in the 
average amount of deposited recyclables per household per week, and a rise in participation 
from 40% to 78%. Wilson and Williams (2007) subsequently  analysed the implementation of 
a new collection system in a northern town in the United Kingdom. Two samples with 
different collection frequencies were used to see which system worked better: in one the 
mixed waste and recyclables were collected in alternate weeks, and in the other the mixed 
waste was collected weekly and the recyclables fortnightly. The proportion of containers 
brought to the street for collection compared to the total number of containers available was 
analysed in each sample, as was the level of material recovery in each sample. Both 
calculations produced better results in the first sample. 
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In Cappanori (Italy) four fractions are collected door to door: organic, multi-material, paper-
cardboard and mixed waste. All the fractions are collected by the same truck on different 
days, so that each time one fraction is collected. In this way, you save considerably on 
transport  (Connett, 2011). 

In Portugal, Gomes et al. (2008) produced an economic comparison of three alternatives in 
terms of the collection of biowaste. The alternatives were: collection of biowaste without 
separation, separation of biowaste in the whole municipality and the separation of biowaste 
in the main urban centres and home composting in the rest. The costs of collection and 
transportation in the three stages were quantified and it was found that compared to the 
first, which was the one used in the study area, in the second the costs would not necessarily 
be higher, and costs could even be lower with the third. 

In Spain, Ayerbe and Pérez (2005) analysed three lightweight packaging collection systems. 
The first consisted of collection from drop-off points. The second consisted of kerbside 
collection, next to the mixed waste container, using open top containers. The third was the 
same as the second but used closed lid containers (The closed lid has a hole with the size of 
a rubbish bag). A comparative analysis was performed of QCR, the yield of the packaging 
selection plant (the ratio between packaging material entering and leaving the plant). As for 
the QCR, the worst system was the open top, which obtained a proportion of improper 
materials of over 50%. In terms of performance on the ground, the best system was the first 
(73.4%) followed closely by the closed lid system (68.7%). Berbel et al. (2001) carried out a 
similar study in Cordoba. They compared two types of collection of lightweight packaging: 
with a container exclusively for this type of waste and a container for inert waste (packaging 
and other inert materials). The results showed that more mixed waste was collected from 
containers with the second system. Gallardo et al. (2010) conducted a study to determine the 
separate collection systems in place in Spanish towns with over 50,000 inhabitants, and their 
efficiency. They found that there are four different systems (Figure 5) and the most common 
is separation into four fractions: paper-cardboard, glass, lightweight packaging (plastic, 
metal and liquid packaging board) and mixed waste: mixed waste is collected at kerbside, 
while the paper-cardboard, glass and packaging are collected at drop-off points. They also 
found the FR for the four models. The main difference was that in the FR for packaging, this  

 
Fig. 5. Pre-collection models implemented in Spanish cities. 



 
Separate Collection Systems for Urban Waste (UW) 

 

125 

index is greater when lightweight packaging is deposited in kerbside bins (System 2), due to 
the fact that citizens have to travel a shorter distance to dump it. Furthermore, the materials 
left in System 2 contain a higher percentage of unwanted materials than when they are 
collected at drop-off points (System 1 and System 4), i.e. the QCRlp is lower. This is due to 
the proximity to the mixed waste bin and to the fact that when it is filled to overflowing, 
citizens leave their waste in the lightweight packaging bin. In addition, in the collection of 
paper/cardboard, glass and lightweight packaging at drop-off points (System 1 and System 
4), the SR of these fractions varied depending on the distance that people had to travel to 
deposit their waste; in specific terms, the greater the distance the lower the SR. 

5. Separate collection systems for biowaste 
An average of 520 kg of urban waste was generated per capita in the European Union in 2005 
(Blumenthal, 2011) and this figure is expected to rise to 562 kg by 2020 (EU, 2011). If we 
consider this prediction to be correct, 290 million tons will be generated in 2020, of which 
36% will be organic waste, and as such the amount would rise to 104.4 million tons. This is a 
very significant amount, and as such one would expect that the technology and the number 
of facilities for the use of this material would be greatly enhanced.  

The organic fraction of urban waste consists of biodegradable materials (food scraps, spoiled 
food, gardening waste, etc.). European Union legislation, in the Framework Directive on 
Waste (Directive 2008/98/EC) defines "biowaste" as "biodegradable garden and park waste, 
food and kitchen waste from households, restaurants, caterers and retail premises and 
comparable waste from food processing plants", meaning that the organic fraction can be 
classified as biowaste, like wood, sewage sludge, and agricultural and forestry waste. This is 
very important from a legal standpoint, since this Directive requires EU member countries 
to implement separate collection and recovery, thereby reducing greenhouse gas emissions, 
the recovery of biowaste as biogas and compost, and a reduction in the amount of waste 
dumped at landfill sites. 

The main objective of the separate collection of the organic fraction of urban waste is to 
convert it into high quality compost. This material can be used as fertilizer for agriculture, 
gardening or landscape restoration work. The critical factor is the percentage of improper 
materials accompanying the organic fraction of urban waste. It is therefore essential that this 
operation is carried out under the best possible conditions. 

The greatest difficulty in establishing a separate collection system is designing the pre-
collection, to make it as convenient as possible for citizens and not unduly expensive for 
the Council. Two aspects depend on public participation: the amount of waste collected 
and its quality. The former justifies the system's existence and the latter prevents 
composting centres from receiving waste that is more similar to the mixed waste fraction 
than the organic fraction, as occurs in some cases. Another important external factor that 
can affect the system is the existence of a potential market which guarantees the 
destination of the compost in the territory of the composting plant. If this market does not 
exist, alternatives such as biomethanation or incineration after drying can be considered. 
In order to minimize the energy costs of drying, biological drying systems (biodrying), 
solar drying or a combination of both can be used (Adani et al., 2002, Velis et al., 2009, 
Zhang et al., 2009). 
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The systems that can be applied to the collection of the organic fraction of urban waste are 
the same as those mentioned above. As described above, special attention must be paid to 
the pre-collection, which consists of separation in an organic waste bin, preferably in 
compostable bags, such as those made of corn starch. The bags are then deposited in special 
containers for transport to composting plants. In order to minimize the amount of improper 
materials appearing in the containers, initial campaigns and information maintenance 
initiatives are carried out, and biodegradable bags are often given away. It is also quite 
useful to conduct a pilot test in one part of the city, in order to gain experience and roll out 
the service to the rest of the city. 

In order to increase the amount collected and reach more generation points, the collection of 
material can also be arranged according to its origin (Marrero, 2010): 

 Household (fruit and vegetable peelings, food scraps, fish scraps, meat bones and 
scraps, spoiled food, grass cuttings, small prunings, etc.). 

 Restaurants, bars, schools and public buildings. 
 Waste from markets, shops and services. 
 Waste from parks, gardens and cemeteries. 

After a separate collection system for the organic fraction of urban waste that meets the 
needs of the population concerned has been established, its main advantages are: 

 It generates higher quality compost than the mixed waste fraction, which needs prior 
treatment. 

 Reduced costs of subsequent treatment of the compost (compost refining). 
 It minimizes the problem of landfill leachate. 
 It complies with regulations currently in force. 
 Biocompartmentalized containers are available, making savings during collection 

possible. 

6. Case study: Efficiency of separate collection of the organic fraction in 
Spain 
In order to meet European targets on waste (Directive 2004/12/EC) and comply with 
Spanish law, which requires councils in towns with over 5,000 people to implement separate 
collection systems, Spanish councils have had to design new collection models to adapt to 
these laws. For this reason, there is a wide variety of collection systems in Spain. 

We present the results of a research paper which analyses separate collection systems for 
organic waste in Spanish towns with between 5,000 and 50,000 inhabitants. The systems and 
their efficiency are studied using the indicators Fractioning Rate and Quality in Container Rate 
and Separation Rate.  

In the year taken into account in this study (2008), the population of Spain rose from 
46,765,807 inhabitants in 2008 (INE, 2008a). In addition, according to data released by the 
Spanish National Institute of Statistics, 24,240,470 tonnes of municipal solid waste were 
collected in the year 2008, and the per capita collection rate was 611.82 kg (INE, 2008b). 

The number of municipalities with between 5,000 and 50,000 inhabitants in 2008 was 1,145 
(INE, 2008a). Studying this entire population would be a difficult task and would entail 
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considerable time and effort. To that end, a representative sample of that population (279 
towns) was defined according to a number of statistical variables. Each one was sent a 
survey by mail, requesting the following information: 

 General information about the municipality: number of inhabitants, area and collection 
system in place. 

 For each of the waste fractions collected separately: tonnes collected annually; 
composition; the year separate collection was implemented; the number of containers 
and frequency of collection. 

After the entire information gathering process, data was available for 115 towns (41% of the 
towns in the sample), in 14 of the 17 Spanish regions.  

Of all the towns for which information was available, 29.5% collect the organic fraction of 
urban waste, the majority are in the region of Catalonia, as the legislation there requires this 
type of collection. Such a low percentage is due to the fact that collection of the organic 
fraction of urban waste is still voluntary, and as such the majority of the towns have not yet 
implemented it. According to the study, there are 6 different collection systems, with the 
following characteristics: 

 SYSTEM A: separation into 4 fractions (mixed waste, organic waste, paper-cardboard 
and glass). Mixed waste and biowaste is collected at kerbside, while paper-cardboard 
and glass are collected at drop-off points. 

 SYSTEM B: separation into 5 fractions (mixed waste, organic waste, paper-cardboard, 
glass and lightweight packaging). Mixed waste and biowaste is collected at kerbside, 
while paper-cardboard, glass and lightweight packaging are collected at drop-off points. 

 SYSTEM C: separation into 5 fractions (mixed waste, organic waste, paper-cardboard, 
glass and lightweight packaging). Mixed waste and biowaste is collected at kerbside, 
while paper-cardboard, glass and lightweight packaging are collected at drop-off 
points. The collection of biowaste is partially implemented and collected door to door. 
This is a variation on System 4. 

 SYSTEM D: separation in 4 fractions (mixed waste, organic material, glass and multi-
product1). Mixed waste and biowaste are collected at kerbside, while multi-product and 
glass are collected at drop-off points. 

 SYSTEM E: separation in 4 fractions (mixed waste, organic material, glass and multi-
product). Mixed waste, biowaste and multi-product are collected door to door, while 
glass is collected at drop-off points. This is a variation on System D. 

 SYSTEM F: separation into 5 fractions (mixed waste, organic waste, paper-cardboard, 
glass and lightweight packaging). All fractions are collected at the kerbside. 

The diagram of the 6 collection systems can be seen in Figure 6. Table 2 shows the towns 
that have implemented each of the systems above. 

Table 2 shows how system B is used in most of the municipalities studied. There is a new 
fraction, multiproduct, in systems E and F, in order to optimize collection. This fraction is 
not very widespread, and is not found in large Spanish towns (Gallardo et al., 2010). Figures 
7-12 shows the different FRo obtained by each system and Table 3 shows the QCRo and SRo 
for organic waste. 

                                                 
1 Multi-product: light packaging and paper-cardboard 
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Fig. 6. Diagram of separate collection systems. 

 
SYSTEM No. cities 

A 7 

B 16 

C 2 

D 2 

E 2 

F 1 

 

Table 2. Towns with between 5,000 and 50,000 inhabitants with each system. 

 
Fig. 7. System A Fractioning Rates. 
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Fig. 8. System B Fractioning Rate 

 
Fig. 9. System C Fractioning Rate 

 
Fig. 10. System D Fractioning Rate 

Using the FRo and QCRo calculated, it can be seen which system works best from the point of 
view of collection of the organic fraction of urban waste. The best FRo results are obtained in 
system E, which also has the best QCRo. The collection is door to door, which is very 
convenient for citizens, who do not have to travel any distance to deposit their waste. This 
system is suitable for towns in which the containers can be located inside buildings or homes. 
The worst FRo and QCRo results are for systems C and A respectively. The low FRo is because 
the public participation is very low, as people prefer to deposit their waste in kerbside 
containers. Despite the low FRo in system C, its QCRo is high, which means that the few people 
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Fig. 11. System E Fractioning Rate 

 
Fig. 12. System F Fractioning Rate 

System A B C D E F 
QCRo (%) 68.51 83.82 93.12 90.80 97.67 92.96 
SRo (%) 71.51 24.50 12.92 33.44 76.22 37.85 

Table 3. QCRo and SRo obtained in each system. 

who do participate in this collection do it properly. The reason behind the low QCRo in 
system A is the proximity to the mixed waste container, as if the mixed waste container 
overflows, or even in cases of confusion, mixed waste can be deposited in the organic waste 
container. The mixed waste container in system A contains approximately 40% of organic 
waste, meaning that information campaigns are required so that citizens are more aware of 
this type of collection.  

Regarding the SRo, it can be seen how system E has the highest value, which leads us to 
conclude that this is the best system. The proximity of the container to the citizen and a 
higher level of fractioning are undoubtedly factors in obtaining good results in the separate 
collection of organic waste.  
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1. Introduction 
The agricultural system in Nigeria and most developing countries has been dominated by 
the use of inorganic fertilizers as nutrient sources and synthetic pesticides for the 
management of pests and diseases. However the prices of these agro-chemicals have been 
skyrocketing beyond the reach of the rural poor farmer. Associated with this is their 
availability which is very highly unpredictable, thereby exposing the farmers to undue 
hardships in the crop production chain. Due to the high prices and unpredictable nature of 
the availability of these inputs, the rural poor farmers have resorted to utilizing organic 
materials /wastes principally as nutrient sources. These wastes however, have been shown 
to control a number of pests and diseases. 

The term’ waste’ can be loosely defined as any material that is no longer of use, useless, of 
no further use to the owner and is, hence discarded or unwanted after use or a 
manufacturing process. These materials include agricultural wastes in the form of farm 
yard manure and dry-crop residues, sewage sludge, municipal refuse, industrial by-
products, such as oilcakes, sawdust and cellulosic waste. Others are animal wastes such as 
feathers, bone meal, horn meal, and livestock wastes. Most discarded wastes, however, 
can be reused or recycled. This is the basis of the rag picking trade, the rifting through 
refuse dumps for recovery and resale of some materials. Today, heaps of refuse dump 
sites are disappearing in Nigeria because farmers evacuate them for use on their farms as 
organic fertilizers. Fortunately, these have been found to control phyto-parasitic 
nematodes among other diseases (Abubakar and Adamu, 2004; Abubakar and Majeed, 
2000; Akhtar and Alam, 1993; Chindo and Khan, 1990; Hassan et al., 2010). This is 
becoming an unconscious but well organized economically important waste management 
practice in Nigeria and many West African countries with attendant environmental 
benefits.  
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In recent years, there has been tremendous increase in public awareness on environmental 
pollution and climate change associated with pesticide toxicity and residues. This resulted 
in the shift in pest control strategies from chemical to the environmental era in the late 
1980s. Since then several workers have reported that waste materials either of animal, plant 
or industrial origin have nematicidal and plant growth promoting properties (Akhtar and 
Alam, 1993; Chindo & Khan, 1990; Kimpinski et al., 2003. This has been exploited as an 
alternative means of nematode control (Abubakar and Adamu, 2004; Abubakar and Majeed, 
2000; Hassan et al., 2010; Nico et al., 2004; Nwanguma and Awoderu, 2002;). The beneficial 
effects of organic incorporation have been generally considered to be due to increase in soil 
nutrients, improvement in soil physical and chemical properties (Huang and Huang, 1993; 
Hungalle, et al., 1986; Kang et al, 1981), direct or indirect stimulation of predators and 
parasites of phyto-parasitic nematodes (Kumar, 2007; Kumar et al, 2005; Kumar and Singh, 
2011), and release of chemicals that act as nematicides (Akhtar and Alam, 1993; Sukul, 1992). 
Very often, when there was a decrease in the soil-pathogen population, there was a 
consequent increase in crop yield. (Akhtar, 1993; Akhtar and Alam 1993; Chindo  and Khan, 
1990).  

Given the high cost and unpredictable supply of inorganic fertilizers and synthetic 
nematicdes, the best way to overcome such condition in the developing economies is to 
utilize waste resources for sustainable crop production and plant disease management. 
Given the importance of organic wastes highlighted above, this chapter intends to: 

i. put together the research works published on the utilization of organic wastes for the 
management of plant disease with special reference to phyto-parasitic nematodes,  

ii. examine the prospects of their usage in modern day agriculture,  
iii. look at the challenges posed in the utilization of these wastes particularly in large scale 

agriculture, and  
iv. attempt to proffer suggestions towards addressing these challenges. 

2. Deployment of organic wastes for the management of phyto-parasitic 
nematodes  
The food and agricultural organization (FAO) of the United Nations defines sustainable 
agriculture as a practice that involves the successful management of resources for agriculture 
to satisfy human needs while, maintaining or enhancing the quality of the environment and 
conserving natural resources (FAO, 1989). The system does not unduly deplete the resource as 
it makes best use of energy and materials, ensure good and reliable yields, and benefit the 
health and wealth of the local population at competitive production costs (Wood, 1996). 
Organic wastes perfectly fit into this definition. Being products of crop farms, domestic use, 
animal or industrial wastes, they are often recycled from the soil to farm produce thereby 
ensuring conservation of resources and environmental cleanliness. In addition, indirect 
benefits of pest and disease management are achieved. Numerous examples of these benefits 
on the management of phyto-parasitic nematodes have been reported by several workers.  

2.1 Wastes from plants and plant origin 

Compost made of agricultural and industrial wastes have been widely used as 
amendment in soil for the management of soil-borne diseases (Hoitink and Boehm, 1999; 
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Shiau et. al., 1999). In particular, several authors have reported suppression of diseases 
caused by root-knot nematodes with composted agricultural wastes (McSorely and 
Gallaher, 1995; Oka and Yerumiyahu, 2002). McSorely and Gallaher (1996) reported 
reductions in populations of the nematodes Paratrichodorus minor, M.incognita, 
Criconemella spp and Pratylenchus spp following applications of yard waste compost on 
maize (Zea mays) in Florida, USA. Forage yield of maize was increased by 10 to 212% 
when compared with the control. 

In Spain, Andres, et al. (2004) using different composted materials at different rates in 
potting mixtures for the management of Meloidogyne species, found that root galling and 
final nematode populations of M. incognita race1 and M. javanica in tomato and olive plants 
were reduced. Increasing the rate of the test materials exponentially reduced galling and 
final population density of M.incognita by 40.8 and 81.9%, respectively (Table 1). Similar 
results were obtained for M. javanica. In south western Nigeria, Olabiyi et al. (2007) found 
that both decomposed and un-decomposed manure applied as organic amendment caused 
significant reduction in the soil population of Meloidogyne spp. Helicotylenchus sp. and 
Xiphinema sp. on cowpea. The organic manure resulted in a significant reduction of root 
galls on the cowpea (Table 2). 
 

 
Source; Andres, et al. (2004). 
 

Table 1. Effects of composited amendments of potting mixtures on the root galling and finl 
population of Meloidogyne incognita race I and M. javanica on tomato and olive planting 
stock. 
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Source; Olabiyi, et al., 2007 

Table 2. Soil Nematode Population in 200 ml soil sample at planting (initial population) and 
harvest (final population), percentage reduction of  nematodes and root gall index. 

2.2 Use of plant parts 

Numerous plant parts used as organic amendments have been shown to control phyto- 
parasitic nematodes. Neem (Azadirachta indica) is the best known example that act by releasing 
pre-formed nematicidal constituents into soil. Neem products, including leaf, seed kernel, seed 
powders, seed extracts, oil, saw dust and particularly oil cake, have been reported as effective 
for the control of several nematode species (Egunjobi and Afolami, 1976, Akhtar, 1998 ). Neem 
constituents, such as nimbin, salanin, thionemone, azadirachtin and various flavonoids, have 
nematidal effects; triterpene compounds in neem oil cake inhibit the nitrification process and 
increase available nitrogen for the same amount of fertilizer (Akhtar and Alam, 1993).  

Akhtar (1998) reported the effect of two neem-based granular products, Achook and Sunneem 
G, urea and compost manure incorporated in the soil. These treatments were found to decrease 
the number of phyto-parasitic nematodes with increasing doses of plant products. Combination 
of both neem with urea were reported to be the most effective in suppressing this pathogen.  

2.3 Use of animal and industrial wastes 

Several animal and industrial wastes have been found to be very efficacious in the 
management of phyto-parasitic nematodes when applied to the soil. For instance steer and 
chicken manures reduced number of cyst and citrus nematodes and resulted in increased 
yields of potato and citrus (Gonzalez and Canto-Saenz, 1993). Chindo and Khan (1990) 
reported a significant reduction of root-knot nematode populations and root gall index 
following application of poultry manure on tomato (Table 3).  

Hassan et al. (2010) reported the use of refuse dump (RD), saw dust (SD) and rice husk (RH) 
for nematode control with attendant increases in crop yield in tomato in northern Nigeria.  
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Source; Chindo and Khan, 1990 

Table 3. Effect of soil amendment with four levels of poultry manure on the development of 
M. incognita and growth of tomato cv. Enterpriser in the greenhouse. 

Refuse dump was found to perform best compared to rice husk (RH) and sawdust (SD) and 
this was attributed to the lower C: N ratio of the RD compared to SD and RH (Table 4&5).  

 
Table 4. Effect of soil amendment with three organic wastes on the number of galls, egg 
masses and populations of Meloidogyne spp. on tomato in the villages of Arewaci and Kurmi 
Bomo of Zaria, Nigeria 

This is in conformity with the report of Miller et al., (1973) that availability of more nitrogen 
enhances the ability of the organic amendment to control nematodes. Similar achievements 
of nematode control through the use of several organic amendments have been reported by 
other workers (Abubakar and Adamu, 2004; Abubakar and Majeed, 2000; Khan and Shaukat 
2002; Nwanguma and Awoderu, 2002; Nico et al., 2004). The abundance of refuse dump, 
industrial sawdust and rice husk all over Nigeria and most developing countries makes 
them very suitable candidates for deployment as soil organic amendments for the 
management of phyto-parasitic nematodes. 
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Source; Hassan, et. al., 2010 

Table 5. Effect of soil amendment with three organic wastes on the yield and growth of 
tomato in the villages of Arewaci and Kurmi Bomo of  Zaria, Nigeria 

The beneficial effects of organic wastes are both direct and indirect. They affect the 
nematodes directly by releasing toxic products (after decomposition) that kill or inactivate 
the nematodes (Bello et al., 2006). They indirectly control nematode effects by increasing soil 
fertility to the advantage of the crop (Boehm et al., 1993). In addition to soil fertility, soil 
amendment with organic matter may also alter soil physical and chemical properties, and 
thereby affecting soil microflora (Huang and Huang, 1993).  

Nematodes are important participants in the underground energy transfer system. They 
consume living plant material, fungi, bacteria, mites, insects and each other and are themselves 
consumed in turn. Some fungi do capture nematodes with traps, sticky knobs and other 
specialized structures (Dropkin, 1980; Jaffe et al., 1998; Kumar et al., 2011) (Table 6 &7).  

There is substantial evidence that the addition of organic matter in the form of compost or 
manure will decrease nematode populations and associated damage to crops (Akhtar and 
Alam, 1993; Oka and Yerumiyahu, 2002; Stirling and Smith, 1991; Walker, 2004).  

The fungus, Arthrobotrys species is a nematode-trapping fungus, which produces 
constricting rings for capturing and killing nematodes. The biocontrol efficiency of this 
fungus in reducing the population of Meliodogyne javanica was described by Galper et al. 
(1995). However, excellent control of root knot nematodes of vegetables following the 
application of granular formulations of A. dactyloides in pot and field was obtained by 
Sterling et al. (1998)  and Sterling and Smith (1998). Hoffmann –Hergarten and Sikora (1993) 
also reported that the efficacy of A. dactyloides and some other Arthrobotrys spp. was 
enhanced with mustard as green manure and barley straw as soil amendment against early 
penetration of rape roots by Heterodera schachtii. Kumar and Singh (2005) reported that A. 
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dactyloides with cow dung manure reduced infection of plants for 10 weeks due to well 
developed roots that protected the initial stage of infection by capturing and killing of 
nematodes by this fungus. These findings are in consonance with similar reports by Sterling 
et al., (1998), and Stirling and Smith (1998) where formulation of A. dactyloides caused 57 - 
96% reduction in number of root-knots and 75- 80% reduction in number of nematodes per 
plant in tomato in pot and field experiments, respectively.  
 

 
Source; Kumar et.al., 2011 

Table 6. In vitro trapping of plant parasitic nematodes by direct formed rings of five isolates 
of Dactylaria brochopaga after 12 h of  inoculation. 
 

 
Source; Kumar et.al., 2011 

Table 7. Development of Dactylaria brochopaga in some important phytonematodes. 

Generally, refuse dump, composts and some industrial wastes are abundant all over the 
major cities in the developing world. With support from governments and some private 
organizations, the abundance of these wastes can be channeled into our agricultural systems 
for the management of plant parasitic nematodes and other plant diseases. 
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2.4 Deployment of allelopatic plants in the management of phyto-parasitic nematodes 

Production of allelopathic chemicals that function as nematode antagonistic compounds has 
been demonstrated in many plants such as castor bean, chrysanthemum, velvet bean, 
sesame, jack bean, crotalaria, sorghum-sudan, indigo, tephrosia, neem, Tamarindus indica, 
flame of the forest. These chemicals include saponins, tannins, polythienyls, glucosiniolates, 
cyanogenic glucosides, alkaloids, lipids, terpenoids, triterpenoids and phenolics, among 
others. When grown as allelopathic cover crops, bioactive compounds are exuded during 
the growing season or released during green manure decomposition. Sunn hemp, a typical 
legume, and sorghum-Sudan, a prolific grass plant grown for its biomass, are popular 
nematode-suppressive cover crops that produce the allelochemicals known as 
monocrotaline and dhurrin, respectively (Chitwood, 2002, Grossman, 1988, Hackney and 
Dickerson, 1975. Ball-Coelho et al., 2003) found that using forage pearl millet (Canadian 
Hybrid 101) and marigold (rakerjack) as rotation crops with potatoes resulted in fewer root 
lesion nematodes and increased potato yield than rotation with rye.  

2.5 Deployment of plant extracts in the management of phyto–parasitic nematodes 

The use of plant extracts is one of the promising tools being investigated for the 
management of nematode diseases. They are relatively cheap, easy to apply, with minimal 
environmental hazards and have the capacity to structurally and nutritionally improve the 
soil health. Several parts of neem tree and their extracts are known to exhibit nematicidal 
activities (Bello et al., 2006 ((Fig.1&2), Mojundar, 1995, Raguraman et. al., 2004, Suresh et al., 
2004), and many neem based pesticidal formulations have been developed and marketed.  

 
Fig. 1. Effect of water-soluble fraction of seed (S) extracts of Tamarindus indica (P1), Cassia 
siamea (P2), Isoberlinia doka (P3), Delonix regia (P4) and Cassia sieberiana (P5) on egg hatch of 
Meloidogyne incognita at different concentrations and time 
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Source; Bello et. al., 2006 

Fig. 2. Effect of water-soluble fraction of the leaf (L) extracts of Tamarindus indica (P1), 
Cassia siamea (P2), Isoberlinia doka (P3), Delonix regia (P4) and Cassia sieberiana (P5) on 
egg hatch of Meloidognye incognita at different concentrations and time 

The extracts of five organic waste of citrus (cv. Late Valencia), cocoa bean testa, rice husk, 
poultry manure and oil palm bunch were reported to have inhibitory effect in the egg masses 
of M. incognita (Osei et al., 2011). Adegbite and Adesiyan (2005) reported that the root extracts of 
Siam weed, neem, lemon grass and castor bean were found to have nematicidal properties. 
Rakesh et al. (2000) determined the efficacy of essential oils in Cymbopogon martinii, Mentha 
aivensis and Ociumum basilicum on the production potential of root-knot nematode, M. 
incognita and growth of black henbane, Hyoscyamus niger. Reduction of population of 
M.incognita by all the oils was achieved. The effect of aqueous leaf extracts of seven plants 
species on hatching and mortality of second stage juneniles of M. incognita were tested. There 
was a great reduction in hatching and an increase in nematode mortality with Murraya koenigii 
(curry leaf), Jasminum sambac (Jasmine), Citrus aurantifolis (sour orange), Zizyphus jujuba (ber), 
Hibiscus rarasieusis (China rose), and Justicia gandurosa (J. gendaussa) leaf extracts (Padhi et al., 
2000). Bello et al. (2006) and Bello (2010) reported mortality of M. incognita following the use of 
water extracts of A. indica, Tamarmdus indica, Cassia sieberiana,  Cassia siamea, and Delonix regia 

Bharadwaj and Sharma (2007) observed that higher concentration levels of Carica papaya 
inhibited hatching of M. incognita. Similarly. The plant extract of stored pulpified peels of 
lemon, orange and grape fruit demonstrated significant nematicidal activity against M. 
incognita second stage juveniles after 48 hours of exposure (Tsai, 2008). Also, root exudates 
of Gaillardia pulchella were reported to be lethal to J2 of M. incognita and inhibitory to egg 
hatch at the concentration of 250 ppm or higher (Tsay, et al., 2004). 
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Chemical based conventional systems of agricultural production have created many sources 
of pollution that either directly or in indirectly contribute to degradation of the environment 
and destruction of our natural resource - base. In this situation  organic waste could be 
utilized both for the control of plant parasitic nematodes and other plants pathogenic 
diseases and improvement of soils and maintenance of a productive environment. For 
sustainability of agriculture in the developing economies, farmers should divorce 
themselves from the synthetic pesticides strategy for phyto-parasitic nematode management 
and marry the phytochemical option which is non-toxic to man and its environment. Most 
of these plants are richly available, biodegradable and affordable to the peasant farmers in 
the developing world.  

3. Challenges and prospects in the utilization of organic wastes for the 
management of phyto-parasitic nematodes 
The deployment of organic materials for the management of phyto-parasitic nematodes in 
modern day agriculture is pregnant with several challenges. These include among others 
initial fear of the unknown, dosage labour requirement and financial constraints 

3.1 Fear of the unknown 

The adoption of any new farming technology is often received by farmers with a lot of 
skeptism because of fear of the implications of the new technology on the productivity of 
their crops. Thus, adoption of such technologies is often slow until when fully convinced 
of its advantages over the traditional systems. Experience has shown that the transition 
from conventional agriculture to nature farming or organic farming can involve certain 
risks, such as initial lower yields and increased pest problems (James, 1994). However, 
once the transition period is over, which might take several years, most farmers find their 
new farming systems to be stable, productive, manageable, and profitable. In this case, the 
use of organic wastes will be beneficial through abundance of beneficial micro-organisms 
(characteristic of organically amended soils) which can fix atmospheric nitrogen, 
decompose organic wastes and residues, detoxify pesticides, suppress plant diseases and 
soil-borne pathogens, enhance nutrient cycling and produce bioactive compounds such as 
vitamins hormones and enzymes that stimulate plant growth (Higa, 1995). Besides, 
amendments may increase soil populations of micro-organisms antagonistic to 
nematodes, but are also known to release several toxic compounds during their 
decomposition in soil that act directly by poisoning the phyto-parasitic nematodes (Oka 
and Pivonia, 2002).  

3.2 Dosage/Application rate 

The quantities of organic wastes usually required per unit area are large.This poses 
problems of acquisition transportation and application particularly in large scale farms. 
Fortunately, in Nigeria and other developing countries, these wastes are in abundance. 
Large quantities of refuse dump sites, rice and other cereal straws, industrial wastes such as 
saw dust, rice husk, by-products of breweries, agro-processing plants etc abound. Concerted 
efforts by governments, organizations, non-governmental organizations (NGOs), research 
centers etc. are needed to mobilize these resources for use either directly or transformed into 
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other products that can be utilized more easily by the farmers. In Taiwan for instance, 
fertilizers and organic wastes have been transformed into different products that are used to 
control plant diseases including nematodes (Huang and Huang, 1993; Huang and Kuhlman, 
1991; Huang et al., 2003). 

3.3 Labor requirement 

Traditionally organic farming is labor and knowledge – intensive whereas conventional 
farming is capital intensive, requiring more energy and manufactured inputs (Halberg, 
2006). This, however, is not a serious drawback in most developing economies .There is 
abundance of idle labour which can be readily deployed to the movement and application of 
these wastes to work in farms thereby mitigating the myriad of social ills that is often 
associated with such idle minds. 

3.4 Financial constraints 

Research and development in organic farming is normally constrained by scarce funding 
from government and large commercial stakeholders, and smaller commercial players are 
generally unable to allocate funds for research and development. In order to have a 
breakthrough, research organizations such as the Colloquium of Organic Research in the 
United Kingdom (UK) and the Scientific Committee for Organic Agriculture Research in the 
USA should be formed in the developing countries such as Nigeria to boost agriculture and 
provide employment for the increasing population. 

Organic agriculture in developing economy can be improved upon with adequate funding, 
removal of production subsidies that have adverse economic, social and environmental 
effects, investment in agricultural science and technology that can sustain the necessary 
increase of food supply without harmful tradeoffs involving excessive use of water, 
nutrients or pesticides.  

4. Conclussion  
In view of the foregoing, it is clear that synthetic pesticide-based conventional system of 
agricultural production which has created many sources of pollution either directly or 
indirectly, contributed to degradation of the environment and destruction of our natural 
resource needs to be critically examined. This is with the view to minimizing usage of these 
compounds and deploying much more effective, cost effective and environmentally friendly 
strategies that will ensure good health of our people and enhance the stability of our 
agricultural soils. An area that appears to hold the greatest promise for technological 
advances in crop production, crop protection and natural resource conservation is that of 
organic wastes and organic materials. The generation of solid waste has been increasing 
steadily after the past ten  years due to rising population, urbanization and industrialization 
in Nigeria and most developing countries. In the early 1970s, prior to the discovery of oil in 
Nigeria, municipal wastes were managed as compost manure and used as organic 
amendments. The onset of oil wealth changed lifestyle patterns leading to increased 
generation of varied components of municipal solid wastes which can be channeled towards 
improvement in crop production. 
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1. Introduction 
In 2009, the United States generated 243 million tons of municipal solid waste equaling 1.97 
kg per person per day. Approximately 54% or 131.9 million tons of municipal solid waste 
was landfilled, with a similar percentage in 2008 and 2007, which is equivalent to a net per 
capita landfilling rate of 1.07 kg per person per day. Municipal solid waste includes 
commercial waste but does not include industrial, hazardous, or construction waste (US 
EPA, 2010). Therefore, approximately 7.6 million additional tons of industrial wastes are 
disposed of in landfills in the United States each year (EPA, 2011a).  In 2003, New Jersey (a 
state located in the Northeast of the United States) alone generated 19.8 million tons of solid 
waste, with 9.5 million tons sent for disposal (NJDEP, 2006). 

Landfills are the ultimate disposal of waste after recovery (i.e. recycling and reuse) and 
combustion, and the most acceptable and used form of solid waste disposal in the United 
States and throughout the world due to low costs in terms of exploitation and capital costs  
(Renou et al, 2008). However, municipal, commercial, industrial, hazardous, and construction 
materials contain nonhazardous and hazardous waste such as cleaning fluids and pesticides. 
Hazardous waste is harmful to the health of humans and the environment, exhibiting one of 
the following characteristics: toxicity, reactivity, ignitability, or corrosivity (EPA, 2011b). Non-
hazardous waste includes all materials thrown in the garbage, sludge from wastewater, water, 
and air treatment plants, and wastes discarded from industrial, commercial, community, 
mining, and agricultural activities (EPA, 2011a). In the early 20th century, nonhazardous and 
hazardous wastes were regularly burned (Hansen & Caponi, 2009) and/or placed in unlined 
landfills coming into direct contact and polluting the air, water, and surrounding land (Duffy, 
2008). To remedy the pollution caused by landfilling, appropriate remediation options should 
be performed. The most common methods for the remediation of landfills include excavation 
to recover recyclable materials, capping to reduce leachate generation, air sparging and soil 
vapor extraction to capture and remediate gases, and pump-and-treat of the leachate-
contaminated plume. In contrast, modern landfills minimize the amount of landfill 
contamination cause through liner systems, leachate collection, and caps. The government 
controls landfills to ensure that they are properly operated, maintained, designed, closed, and 
monitored (Environmental Industry Association, 2011). 
                                                                 
1 Corresponding Author 
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As the human population, along with the industrial, municipal, and commercial sectors, 
continues to grow exponentially, the amount of waste generated will significantly increase 
over the years (Renou et al, 2008). The number of municipal landfills and amount of waste 
landfilled have declined combined with an increase in recycling and composting rates over 
the past 40 years in the United States (EPA, 2010). However, the majority of waste is already 
located in landfills (Environmental Industry Association, 2011) and landfills are still the 
most common form of waste disposal in the United States (EPA, 2010). As of 2003, 
approximately 21.3 years of landfill capacity remained in the United States, and less than ten 
years of capacity left in New Jersey (Hansen & Caponi, 2009). 

2. Background 
2.1 Environmental impacts 

2.1.1 Impacts of Landfills on water, land, and air 

Environmental impacts from landfills, principally caused by leachate generation and gas 
production, include air emissions, climate change, groundwater pollution by leachate, and 
relevant nuisance issues (i.e. odor, litter, vectors, and dust) (Hanson & Caponi, 2009).  

When landfills consisted mainly of excavated pits, the waste would come directly into 
contact with and contaminate the surrounding surface and groundwater. During a 
precipitation event, water percolates through the landfill system creating leachate, which is 
highly contaminated wastewater. The composition of leachate can be categorized into four 
main groups: dissolved organic matters (mainly volatile fatty acids or humic-like 
substances); inorganic macrocomponents  such as calcium, magnesium, sodium, potassium, 
ammonium, iron, magnesium, chloride, sulfate, and hydrogen carbonate; heavy metals like 
cadmium, chromium, copper, lead, nickel, and zinc; and xenobiotic organic compounds 
such as chlorinated organics, phenols, and pesticides  (Kjeldsen et al, 2002; Renou et al, 
2008). The surface runoff creates gullies and erosion, washing debris, contaminants, and 
sediment into nearby surface water bodies (Duffy, 2008). Landfill leachate harms surface 
water bodies by depleting dissolved oxygen (DO) and increasing ammonia levels altering 
the flora and fauna of the water body  (Kjedsen et al, 2002).  

Air pollution is caused via two routes, the open burning of garbage and the anaerobic 
degradation of the organic fraction in solid waste. The open burning of garbage creates 
smoke, polluting the air and producing open debris. The natural, anaerobic decomposition 
by microorganisms transforms the waste organic fraction into methane and carbon dioxide, 
which are two primary greenhouse gases (Hanson & Caponi, 2009) and may kill the 
surrounding vegetation. The decomposition rate and amount of gas production depend 
heavily on the temperature and precipitation of the area (Duffy, 2008). Methane is a potent 
greenhouse gas that is 23 more time potent than carbon dioxide. Even though landfills are 
not the leading source of greenhouse gas production, they are the primary contributor to 
anthropogenically produced methane. (Hanson & Caponi, 2009)  Volatile organic 
compounds (VOCs) are also released into the air directly from the products themselves such 
as cleaning fluids (NSWMA, n.d).  

The produced gas and generated leachate from landfills must be properly collected and 
treated before they move offsite and further affect environmental and human health 
(NSWMA, n.d.)  Of note, the leachate generated from the landfill bridges solid waste with 
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the hydrosphere (particularly groundwater) and lithosphere (i.e. soil), while the landfill 
gases connect solid wastes to the atmosphere. Therefore, it is vital to understand that landfill 
engineered sites have a potential to pollute more than one of the Earth’s spheres.  

2.1.2 Decomposition of solid waste in landfills 

Typically, solid waste within landfills undergoes four stages of decomposition: an initial 
aerobic phase, an anaerobic acid phase, an initial methanogenic phase, and a stable 
methanogenic phase. The initial aerobic phase lasts only the first couple of days as oxygen in 
the voids is quickly depleted without any replenishment when the waste is covered. 
Therefore, an aerobic biodegradation of organic fraction of solid waste solely occur during a 
very short period, in which carbon dioxide is produced as a product and the temperature of 
the waste is increased. Leachate produced during this phase comes from direct precipitation 
or released from the moisture content of the waste itself (Kjeldsen et al, 2002). With the 
depletion of oxygen, the landfills quickly become anaerobic, and aerobic microbes dominate 
within the landfills, allowing fermentation to take place. Therefore, in the following 
anaerobic acid phase, the complex organic molecules are mostly degraded to volatile fatty 
acids, leading to a pH decrease. The initial methanogenic phase begins when methanogenic 
microorganisms grow in the waste, further transforming the volatile fatty acids to methane 
and carbon dioxide (Renou et al, 2008). The consumption of the organic acids raises the pH 
of the waste. During the stable methanogenic phase, the pH continues to increase. Methane 
production peaks and then declines as the amount of soluble materials decreases. The 
remaining waste is mainly refractory, non-biodegradable compounds like humic-like 
substances. The overall decomposition rates can be accelerated by a high moisture content 
and an initial aeration of the waste (Kjeldsen et al, 2002).  

During different organic waste decomposition phases, landfill leachate and landfill gases 
may exhibit different characteristics. When volatile organic compounds dominate in the acid 
phase, leachate pH is typically at 3.0-4.0, under which heavy metals, such as calcium, 
magnesium, iron, and manganese, largely exist in leachate. Meanwhile, a huge number of 
biodegradable organic compounds are present in leachate, and 5-day biochemical oxygen 
demand (BOD5) and chemical oxygen demand (COD) may reach a few tens of thousands of 
mg/L. And the organics are highly biodegradable characterized by a high BOD5/COD 
(typically > 0.6). However, with the further decomposition into methangoenic phase and 
subsequent reduction in the concentration of organic acids, the leachate pH is raised to a 
neutral range, and the leachate organic content is significantly reduced. COD may drop to a 
few hundreds or thousands of mg/L, and the organic compounds are refractory with a low 
BOD5/COD (typically < 0.3). And the concentrations of heavy metals in leachate greatly 
decrease as a result of precipitation more readily occurring at a high pH. When the landfill 
condition transform from aerobic to anaerobic condition, sulfate may be microbiologically 
reduced to hydrogen sulfide, so that the sulfate level is decreased with the landfilling time. 
Chloride, sodium, and potassium do not show a significant change in their concentrations 
throughout the decomposition, thus exhibiting an inert behavior. Ammonia-nitrogen 
concentrations remain high during all phases of decomposition, and thought to be the 
largest issue in landfill management for the long term. In leachate, monoaromatic 
hydrocarbons (e.g., benzene, toluene, ethylbenzene, and xylenes) and halogenated 
hydrocarbons are the most common xenabiotic organic compounds found. They are 
relatively recalcitrant. The concentrations of xenabiotic organic compounds vary broadly 
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depending on the landfill, with respect to age and restrictions of dumping hazardous waste 
(Kjeldsen et al, 2002). Recently, some emerging leachate contaminants, such as 
perfluorinated chemicals, pharmaceuticals, and engineered nanomaterials, at trace levels 
have been paid special attention to. However, their fates in leachate are poorly understood. 
For landfill gases, oxygen and nitrogen gases predominate in the initial phase because they, 
trapped from air, are buried together with solid waste, reflecting the composition of air. 
However, carbon dioxide and methane will gradually take over as products of anaerobic 
degradation of organic wastes. VOCs and ammonia may be present in landfill gases. 
Particularly, ammonia-nitrogen exists in forms of ammonium ions and dissolved ammonia 
gas in leachate. During methanogenic phases, leachate pH is back to neutral and even basic, 
and the fraction of dissolved ammonia will be increased. Therefore, the content of ammonia 
in landfill gases will be relatively high at these phases, and it can be quantitatively analyzed 
using the Henry’s law that governs the distribution of dissolved ammonia gas in leachate 
and ammonia gas in landfill gases.  

2.2 Landfill designs 

Almost everything humans do creates wastes. However, waste did not become a problem 
until humans left the nomadic lifestyle and starting living in communities. As the world 
population has increase and changed from a rural agrarian society to a urban industrial 
society, the disposal of waste has become more concentrated. Dumping trash in the middle 
of cities was common practice in the United States until scientists linked human health 
problems to sanitary conditions in the early 1800’s. In the early 20th century North America, 
cities began to collect garbage and either incinerated it at a landfill or home, or placed it in 
an unlined landfill (NSWMA, n.d.; Duffy, 2008). One of the first landfills was created in 
California in 1935, which consisted of a hole in the ground occasionally covered with soil 
(NSWMA, n.d.). Dumps were usually small and scattered affecting many areas (Duffy, 
2008). Approximately 85% of U.S. sanitary landfills are unlined (Pipkin et al, 2010) and 
many are not covered, coming into direct contact with and polluting the air, groundwater 
and soil. Open dump burning was a common practice to reduce the volume of waste and 
increase the remaining capacity. When a landfill was closed, soil of varying thickness and 
slopes were placed over the waste (Duffy, 2008).  

After the passage of laws and regulations that banned open burning at dumps, waste was 
spread into layers and regularly compacted to reduce the total volume, increase stability, 
and extend the life of the landfill. Modern landfills are located, operated, designed, closed, 
and monitored to ensure that the environment is appropriately protected (Environmental 
Industry Association, 2011). Newer landfills are restricted from being built in floodplains, 
wetlands, fault zones, and seismic impact zones unless the landfills have structural integrity 
and protective measures in place to protect human and environmental health. Protective 
operational procedures include rejecting hazardous and bulk materials, non- containerized 
liquids, the restriction of open burning, securing site access, and keeping up-to-date records 
on groundwater, surface water, and air monitoring results. Landfills are now designed with 
leachate collection and liner systems to prevent the migration of leachate off-site. A liner of 
low permeability materials such as clay, geotextiles, or plastic, with a leachate collection and 
recovery system placed on top of the liner. The leachate collected are either treated on or off-
site at a wastewater treatment plant, while the gases produced are burned or converted into 
energy (i.e. electricity, heat, steam, replacement of natural gas, or vehicle fuel). Waste is 
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layered above the leachate collection system, compacted, and covered daily to reduce odors, 
vectors, fires, and blowing litter. When the landfill reaches a permitted capacity and then is 
closed, a final cap is placed on the top of the landfill to prevent precipitation seeping 
through the waste. The final cap consists of a low permeability material such as clay or 
synthetic material (NSWMA, n.d.). Storm water channels are constructed on and around the 
landfill to direct rainwater to retention ponds for erosion control and reduce surface water 
contamination. Lastly, a long-term monitoring plan is implemented to ensure the liner and 
gas/leachate collection systems are operating properly, and the surrounding or underlying 
groundwater is not contaminated (Environmental Industry Association, 2011). Properly 
designed landfills can be inexpensive means of disposal (Hanson & Caponi, 2009), but many 
landfills are older, poorly designed and not managed, thus causing numerous 
environmental impacts (NJDEP, 2006). 

3. Regulations 
The Solid Waste Disposal Act of 1965 was the first regulation on waste disposal in the 
United States, and formed the national office of solid waste. Within the following 10 years, 
every state had regulations on the management of solid waste, varying from the banning of 
open burning to requiring permits and regulations on design and operational standards 
(NSWMA, n.d.). 

The Resource Conservation and Recovery Act (RCRA), passed by Congress in 1976, and the 
RCRA Hazardous and Solid Waste Amendments in 1984 granted the US Environmental 
Protection Agency regulatory control over the disposal of waste (Hanson & Caponi, 2009).  
The program was implemented to assess the problems associated with an increasing 
amount of municipal and industrial wastes that the nation was confronted with. RCRA 
separated hazardous and non-hazardous waste and mandated the Environmental Protection 
Agency to create design, operational, locational, environmental monitoring standards, to 
close or upgrade existing landfills, and secure funding for long-term assessment of the 
landfill  (NSWMA, n.d.).  

The solid waste program, under Subtitle D, requires states to create management plans, set 
criteria for solid waste, and restrict the use of open dumping. Subtitle D’s regulations lead to 
the creation of larger, regional landfills and waste management companies, which improves 
environmental and economical integrity relative to the small, scattered dumps of the past. 
Larger waste management facilities are more cost effective in terms of capacity, volume, and 
operational resources (i.e. staff and equipment) to meet the increasing volume of waste 
(Duffy, 2008). 

The Resource Conservation and Recovery Act addresses only active and future landfill sites, 
while the Comprehensive Environmental Response, Compensation, and Liability Act 
(CERCLA), otherwise known as Superfund, focuses on abandoned or historical sites (EPA, 
2011). The Environmental Protection Agency, through the Superfund program, holds the 
parties responsible for clean up or if no responsible party can be identified, the Agency uses 
money from a special trust fund. This program is a complex, long-term cleanup process 
involving assessment, placement on the National Priorities List (NPL), and implementation 
of appropriate cleanup plans (EPA, 2011). The National Priority List is a list of the sites 
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contaminated by hazardous waste and pollutants in the United States, eligible for long-term 
remedial action financed under the federal Superfund program, and guides the 
Environmental Protection Agency to which sites need further environmental assessments 
(EPA, 2011). 

4. New Jersey landfills 
Although the area of New Jersey ranks No. 47 in the 50 states of the United States, New 
Jersey is the most densely populated (462/km2) with a population of approximately 8.4 
million residents  This state is faced with an increasing trend in volume of waste 
generation, combined with a declining trend in recycling rates, and a scarcity of open 
spaces to site new landfills. Compounding the problem is the large quantity of legal 
uncertainty regarding the permissible regulation of solid waste collection and disposal, 
and a marketplace that makes identifying additional disposal capacity difficult (NJDEP, 
2006). 

For the past thirty years, the Solid Waste Management Act has guided New Jersey in terms 
of the collection, transportation, and disposal of solid waste. The development of facility 
siting and recycling plans are the responsibility of twenty-one counties and the New Jersey 
Meadowlands District, and each municipality ensures the collection and disposal of solid 
waste adhere to the county plan  (NJDEP, 2006).  

In 2006, the Statewide Solid Waste Management Plan was updated from the 1993 version. 
Since 1993, New Jersey has undergone significant changes in terms of solid waste 
management including declining recycling rates, the loss of a variety of funding sources due 
to numerous taxes, invalidation of waste flow rules by the Federal Court, the partial 
deregulation of solid waste utility industry, and the state adopted the federal hazardous 
waste program. Two Federal Court decisions, “Atlantic Coast” and “Carbone”, left many 
once financially secure disposal facilities with significant debt. After “Atlantic Coast” and 
deregulation of state control on regulatory flow, several counties controlled their waste and 
initiated an intra-state flow plans allowing waste to leave the state, but if the waste remains 
in New Jersey, it is sent to a facility in that county. Due to these changes, the resources 
needed to plan and execute an environmentally protective solid waste management 
program are not available (NJDEP, 2006). 

In the mid 1970’s, as old dumps were being closed and the generation of waste increased, 
the formation of environmentally friendly landfills could not maintain the increased waste, 
resulting in New Jersey becoming a net exporter of waste to neighboring states. Therefore, 
the state embarked on a mission to increase recycling rates while creating environmentally 
sound landfills for the remainder of the waste (NJDEP, 2006).    

Some counties choose to create facilities using funds from revenue bonds backed by the 
guaranteed flow of waste to the publicly owned facility. By 1990, thirteen new facilities were 
built creating billions of dollars of public debt. However, a Federal Court ruling in “Atlantic 
Coast” invalidated this waste flow system. The public funded facilities could not modify 
their systems as easily as the counties that contracted with private entities and still pay for 
the acquired debt. These facilities have higher rates due to several aspects: the scarcity of 
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open spaces in such a densely populated state, having to accept even the unprofitable 
segment of the waste, the numerous taxes and surcharges supporting recycling programs, 
and the need for the proper closure of landfills in the future. In certain counties, the state 
decided to subsidize the debt payments and cleared certain loans related to solid waste 
management (NJDEP, 2006).    

4.1 County plans 

The Statewide Waste Management Act amended in 1975 mandated districts to establish 
solid waste management systems with emphasis on resource recovery such as recycling, 
composting, and incineration to minimize the disposal of waste in landfills. In the beginning 
of the 1980’s, New Jersey Department of Environmental Protection (NJDEP) permitted the 
solid waste management plans for the 22 solid waste management districts, which include 
the 21 counties in New Jersey and the New Jersey Meadowland Commission. Currently, 
New Jersey contains 16 operating landfills, five of which have resource recovery facilities  
(NJDEP, 2006). 

+The districts/ counties use four waste management systems, including non-discriminatory 
bidding flow control, intrastate flow control, market participant, and free market controls. 
The non-discriminatory bidding flow control is brought about due to the non-
discriminatory bidding process, opening the bidding of contracts to companies both in-state 
and out-of-state for the disposal of a county’s waste. The intrastate flow control system 
requires that all waste should be disposed of within the same county as it was generated, 
unless transported out-of-state for disposal. In a market participant system, a county owned 
facility is permitted to compete with in and out- of- state disposal facilitates, and the free 
market system permits the ability to make freely agreed upon terms between the 
district/county, transporter, and disposal facility. Eight districts have the non-
discriminatory bidding flow control, while the other districts  utilize either a market 
participant or free market approach for disposal of the solid waste generated within their 
borders. (NJDEP, 2006)     

4.2 Waste generation 

Figure 1 depicts the solid waste disposal trends in New Jersey from 1985 to 2003 including 
in state and out-of-state disposal statistics. These figures illustrate a steady rise in solid 
waste generation during this period. This increase may be attributed to a strong economic 
landscape in New Jersey or a population rise.  

Figure 2 shows the amounts of solid waste exported to the various neighboring states from 
1990 to 2003. The export rates steadily increase for Pennsylvania and Ohio and more 
recently Delaware. The figure clearly shows that Pennsylvania receives the majority of New 
Jersey waste if it is exported out-of-state (NJDEP, 2006). 

In 2003, New Jersey generated more than 19.8 million tons of solid waste, with 9.5 million 
tons sent for disposal. Of the 9.5 million tons disposed, sixty percent of the waste was 
disposed at facilities, including recycling facilities, in New Jersey, while forty percent or 3.9 
million tons were sent to out-of-state facilities. The amount of exported waste has been 
increasing over the years (NJDEP, 2006). 
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Fig. 1. New Jersey Solid Waste Trend Analysis (NJDEP, 2006)  
 

 
*Note: Data for 1990 through 2003 was developed from information received from solid waste transfer 
stations and transporter monthly reports submitted to the New Jersey Department of Environmental 
Protection 

Fig. 2. Solid Waste Exports from New Jersey to neighboring states (in 000’s of tons) (NJDEP, 
2006) 

The New Jersey chapter of the Solid Waste Association of North America states that about 
3.6 million cubic meters of waste was disposed of in 2004 and there is a sufficient permitted 
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capacity, 31.9 million cubic yards, remaining for the short term. This means that there is less 
than 10 years of landfill capacity left in New Jersey  (NJDEP, 2006). 

The “self sufficiency” policy of creating and preserving in state facilities that are 
environmentally protective and cost efficient for in-state generators has been limited by 
constitutional failures. Since new landfills in New Jersey are difficult to site and additional 
capacity at existing facilities are limited, this plan encourages activities for a sustainable 
landfill including leachate recirculation, use of alternative covers, and landfill mining. New 
Jersey will continue to identify and properly close all landfills, use public funds to remediate 
environmental problems, and promote brownfield redevelopment of closed landfills 
(NJDEP, 2006). 

5. Analysis of contamination by NJ landfills  
The contamination caused by active, inactive, and closed landfills in New Jersey, 
particularly landfill Superfund sites, is reviewed and analyzed. All the data on the 
landfills were acquired from US EPA, and then input into a database with regards to 
geographical location, contaminant type, pollution media, current status, and remediation 
method.  

Since there were no regulatory requirements or mandatory registration for solid waste 
landfilling activities until the 1970s, many New Jersey landfills were poorly sited, 
designed, and controlled. In addition, solid waste from neighboring states was sent to 
New Jersey in an uncontrolled manner. The solid waste was dumped with little or no 
provision for cover to prevent odor, to control birds, insects, and rodents, or to minimize 
long-term environmental impacts. Even though New Jersey has the strictest design and 
performance standards for new landfills in the nation, there are many old landfills 
throughout New Jersey. The legacy of past landfills not designed with stringent controls 
for environmental protection or closed properly remains a significant challenge facing the 
state (NJDEP, 2006). 

Most landfills established before to the mid- 1970’s lacked any leachate collection or control 
system, discharging the leachate directly to surface and groundwater causing serious water 
quality impairments. And closed landfills that do not have leachate collections systems 
require a costly retrofitting of a system to control discharges to surface and groundwater. 
Landfills, operated before the relevant environmental laws were enacted, accepted all types 
of waste, including industrial and commercial waste. Even after the laws were enacted, 
commercial and industrial waste continued to be illegally dumped at many municipal 
landfills. Therefore, many landfills may contain a variety of hazardous wastes. Nonetheless, 
municipal waste contains trace amounts of different household hazardous materials as 
homeowners dispose of paints, cleaning agents, solvents, and pesticides. As these hazardous 
materials accumulate in a landfill, a significant level of hazardous substances may result  
(NJDEP, 2006).  

The largest anthropogenic source of methane gas emissions in New Jersey is landfills, 
accounting for 72% or 13.3 million tons of methane emissions. Approximately 35% or 1.9 
million tons of methane emissions is released from only forty-seven landfills, both open and 
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closed.  These sites should use energy recovery systems to capture and use the greenhouse 
gas as a renewable resource.  Additional revenue is obtained when the methane gas is resold 
or used to generate electricity (NJDEP, 2006).  

New Jersey implements energy recovery facilities at several large landfills. At one landfill, 
revenue is generated from the electricity sales and the carbon dioxide emission credits. All 
suitable landfills in New Jersey, both large and small, should develop these energy-to-
recovery systems and assist in the funding to properly close the landfill and monitor gas 
emissions after closure (NJDEP, 2006). 

In New Jersey, even if landfills do not receive wastes, they are not technically closed due to 
financial issues since final closure is expensive. All closure plans involve some degree of 
grading, landscaping, re-vegetation, site securing, drainage control, capping, and 
groundwater monitoring. Based upon historical experience in the solid and hazardous 
waste management program of the NJDEP, the following financial estimates are made. For a 
facility that requires the most limiting measures of closure may costs of up to $180,000 per 
acre, while a more detailed closure involving an impermeable cap with a single synthetic 
geo-membrane could cost up to $225,000 per acre. Finally, a full capping scenario of a 
remediation case, where substantial contamination has been identified and a 24-inch clay 
cap and synthetic membrane was used, the cost of closure increased up to $ 700,000 per acre 
(NJDEP, 2006). 

The NJDEP has more than 400 registered landfills and 200 additional sites suspected not to 
be registered. Before January 1, 1982, landfills were not required to submit detailed closure 
and post closure care plans. Therefore, out of the 400 registered landfills, 166 operated after 
1982 submitting detailed plans under the "Sanitary Landfill Facility Closure and 
Contingency Fund Act" (Closure Act), N.J.S.A. 13:1E-100. The Closure Act places regulatory 
control upon closure and collects taxes on the landfills, which is reserved for final site plans  
(NJDEP, 2006).  

Among the 146 NJ Superfund sites, namely NPL sites, 45 were, at least partially, 
contaminated by municipal and industrial landfill activities, of which only 10 have been 
completely remediated. The polluted media, in terms of occurrence frequency, are 
groundwater (91%), soil (62%), surface water (31%), wetlands (16%), and air (11%). A 
breakdown of the primary contaminated media for landfills on the Superfund list in New 
Jersey is shown in Figure 3. Moreover, 10s-100s of thousands of people reside within 5 km 
from these sites and they are located nearby natural water and public parks. Particularly, the 
Ringwood Mines Landfill is near a major drinking water source supplied for approximately 
2 million people. Contamination of drinking water sources has been occurring but to date 
has been offset by improvements in detection and water treatment systems. Of the 45 NJ 
landfill Superfund sites, the most frequently found contaminants are volatile organic 
compounds such as benzene, contaminating 84% of the sites, and heavy metals like lead are 
found in 80% of the cases. Figure 4 shows the primary contaminants of landfills on the 
Superfund list in New Jersey.  

Landfill leachate from the most landfills contain the common contaminants at different 
levels such as biochemical oxygen demand (BOD), chemical oxygen demand (COD), 
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Fig. 3. Percentages of New Jersey landfill superfund sites in terms of different contaminated 
media 

 
 

Fig. 4. Percetages of NJ landfill superfund sites where certain contaminants are found. 
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Fig. 5. New Jersey Landfills listed on the Known Contaminated Site List and the National 
Priority List 
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ammonia, heavy metals, and chlorinated hydrocarbons.  However, due to old landfills 
accepting all types of waste and illegal dumping, the leachate from these landfills may 
contain uncommon pollutants (e.g. PCBs) derived from hazardous substances such astar, 
paint sludge, waste oils, drummed industrial waste, and medical waste. These old landfills 
with mixed solid wastes are usually the ones considered for redevelopment, which poses 
many problems with remediation (Wiley and Assadi, 2002). 

New Jersey landfills listed on the Known Contaminated Site List and the National Priority 
List are shown in Figure 5. It would be noted that the known contaminated sites include all 
sites on the National Priorities List (Superfund sites) and other contaminated sites (e.g. 
brownfields). The majority of the landfills are concentrated the areas of New Jersey close to 
New York City and Philadelphia area, with a band connecting the two areas in central New 
Jersey. The counties with the most landfills are Atlantic, Middelsex, and Morris, with 9, 7,  
and 6 landfills, respectively, most likely as a result of  high population density, urbanization, 
and industrialization.  

6. Remediation methods 
The frequently used remediation methods for landfills on the National Priority List in New 
Jersey include excavation to recover recyclable material, capping to reduce leachate 
generation, air sparging and soil vapor extraction to capture and remediate gases, and 
pump-and-treat the leachate plume . 

Since siting new landfills is a lengthy, expensive endeavor and the community raises 
opposition to landfills nearby, New Jersey may not have suitable areas for a new landfill. 
Additionally, existing, operating landfills cannot adequately expand new cells. Therefore, 
the Statewide Waste Management Plan promotes the use of “sustainable landfills” 
implementing innovative technologies to extend the lifetime of the landfills. In addition to 
the methods mentioned above, New Jersey is researching alternative daily covers, deterring 
bulky wastes, landfill surcharging, and redevelopment opportunities (NJDEP, 2006). 

6.1 Excavation/ landfill mining 

Landfill mining consists of excavating and the subsequent processing of landfilled wasted. 
This procedure recovers recycled materials, cover soil, and a combustible fraction to free 
landfill space. The excavation techniques for landfill mining have not changed since the 
1950’s and resembles surface mining. The excavated mass is processed through a series of 
screens for sorting. The amount recovered depends heavily on the physical and chemical 
properties of the waste, types of mining technologies used, and the efficiencies of the 
applied technologies 

However, if the separated materials are contaminated or have a poor quality, the viability of 
recovering recyclable items from old landfills in New Jersey is reduced. Landfill mining 
would be most advantageous when the waste is fully decomposed and stabilized such as 
after either aerobic or anaerobic bioreactor (NJDEP, 2006).  

6.2 Landfill caps 

Capping a landfill involves three layers: an upper vegetative (topsoil) layer, a drainage 
layer, and a low permeability layer made of a synthetic material covering two feet of 
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compacted clay. Capping has a life span of about 50-100 years, but the performance of the 
cap depends on the site’s environmental conditions. Cracking and erosion of caps can occur 
due to fluctuations in air temperatures and precipitation, and if the site is prone to 
subsidence and earthquakes. The cap must be adequately thick to prevent frost, and 
accommodate vegetative roots and burrowing animals (Vasudevan et al, 2003). 

The use of temporary caps, instead of a final cap, on a filled landfill cell increases landfill 
space because the feet of soil typically used in a final cap is replaced with a synthetic 
membrane held down by removable items, like tires rather than soil. Temporary caps may 
be used in conjunction with leachate recirculation and active gas extraction. They are readily 
removable, and do not occupy much space like soil when the landfill is reopened for  
future landfilling activities. Some landfills are using temporary tarps to cover the waste 
instead of daily soil covers, increasing landfill capacity. Soil-like materials, like spray foam, 
can substitute soils as daily or intermediate cover material frees landfill space (NJDEP, 
2006). 

6.3 Landfill surcharging 

When a landfill reaches final elevation levels, landfill surcharging may be implemented. The 
surcharging of a landfill involves the placement of a large amount of weight on top of the 
landfill for 6-12 months. The added weight to the top of the landfill causes enhanced 
settlement of the waste and increased capacity, which is recognized after the surcharge 
material is taken away. Clean soil is usually used as the surcharge material, which may be 
used elsewhere in the landfill after the surcharging process is completed (NJDEP, 2006). 

6.4 Soil vapor extraction and air sparging 

Soil vapor extraction (SVE) and air sparging are in-situ remediation techniques to remove 
vapors from polluted soil and plume, respectively (Vasudevan et al, 2003). Usually,  SVE 
and air sparging are concurrently used in a site (EPA, 2001).Solvents, fuels (EPA, 2001), and 
volatile organic compounds (Vasudevan et al, 2003) are readily removed through these 
methods. Two types of wells are installed around the landfill, extraction wells and air 
injection wells. An extraction well creates a vacuum to draw the vapors to the surface, while 
an air injection well pumps air into the ground. The air injected stimulates the growth of 
aerobic microbes to enhance microbial decomposition. If the injected air is heated, the 
evaporation of the chemicals is accelerated. 

SVE and air sparging are safe but may take years to reach full remediation depending on the 
size and depth of pollution, type of soil, and concentration of chemicals in the soil and 
groundwater. However, these methods are quicker than just relying on natural processes 
(EPA, 2001). 

6.5 Co-treatment of landfill leachate with sewage in a wastewater treatment plant 

Leachate management involves discharging to a wastewater treatment plant, pre-treatment 
before discharging to a wastewater treatment plant, or treatment onsite and following 
discharging to a nearby stream. The connection with a nearby sewer line is the most 
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common practice in the United States. Most of municipal wastewater treatment plants use 
aerobic biological treatment (e.g. activated sludge process), and were specially designed to 
aim at biodegradable organic matters and suspended solids in sewage. Therefore, refractory 
organics and emerging pollutants in leachate may be poorly removed. Although much large 
sewage, relative to leachate, can dilute the persistent pollutants from leachate, it should be 
noted that these leachate pollutants are not truly removed or eliminated. Moreover, toxic 
chemicals in leachate (e.g. ammonia and heavy metals) may disturb microbial activities and 
cause unusual operation in wastewater treatment plants. In addition, sewer lines may be 
unavailable, be of insufficient capacity, or be disallowed for some reasons for connection to 
nearby treatment plants. (Spengel and Dzombak, 1991).  

6.5.1 Bioreactor landfills 

The recirculation of leachate back into filled cells is an essential step in a bioreactor landfill, 
in which microbial activities are intentionally enhanced. The recirculation of leachate 
provide moisture and/or oxygen to stimulate the microbial degradation of solid wastes and 
simultaneously reduce the amount of leachate needed for treatment. A bioreactor landfill 
may be either aerobic or anaerobic, to reclaim landfill space. Aerobic bioreactor landfills 
inject both air and leachate into the waste, while anaerobic bioreactor landfills only inject 
leachate into the waste. The aerobic bioreactor increases microbial digestion rates, thereby 
resulting in quicker settlement of the waste compared to anaerobic bioreactor landfills. In 
contrast, anaerobic bioreactor landfills generate more methane gas. Thus, it is a promising 
candidates for energy recovery projects. However, the recirculation is not commonly 
accepted practice among the waste management community or is not favored by regulations 
(NJDEP, 2006).  

6.6 Deterring bulky waste 

Many landfills discourage the acceptance of bulky waste since bulky waste results in large 
voided spaces in a landfill due to the inert, or inability, to decompose in a landfill, which is 
an inefficient way to use a landfill especially when this material could be recycled. Bulky 
waste such as tree parts, construction and demolition debris, tires, carpets, are deterred from 
a landfill by implementing higher fees for this material or to build recycling and recovery 
facilities at the landfill to reduce the amount of material landfilled. Landfills can use crushed 
tires or construction and demolition debris for alternatives to covers or stone (NJDEP, 2006).  

6.7 Brownfield redevelopment  

Brownfield redevelopment remediates and preserves existing contaminated sites, like old 
landfills, for use in the future. Brownfield redevelopment provides economic development 
by establishing new areas for businesses and industry to expand, and gives people the 
opportunity to gather, visit, shop, recreate, or work in different places. Brownfield 
redevelopment not only provides economic advantages but also brings communities 
together in New Jersey. However, the redevelopment of landfills is a challenge due to a 
variety of contaminants involved and the geological issues of building above a landfill 
(Wiley and Assadi, 2002). The issues associated with landfill redevelopment projects 
include: the size of the landfill, contaminants’ types, the size and depth of plume, type and 
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depth of waste, avoidance of open water areas, utilization of recyclable material for 
remediation and development, land value, finding a willing developer, regulatory 
guidelines, engineering designs, and financial incentives (NJDEP, 2006).  

Depending on the end use for the site and landfill conditions, some sites may just need a 
traditional final cap and clean fill over the waste, while other sites may need to move and 
consolidate the waste into a more appropriate, controlled location. Some landfill 
redevelopments use residual materials such as contaminated sludge and recyclables to re-
contour the site and surcharge the waste, which is cheaper than using several meter-deep 
clean fill soil. All brownfield redevelopment projects must acquire all needed permits by 
multiple layers of government; conduct remedial investigations of the degree of 
contamination, gas, and leachate contamination; investigate natural constraints such as 
wetlands and discharges into surface water; study public and environmental health and 
safety; and identify the stability and serviceability of the development structures (NJDEP, 
2006). 

The larger the site, the more the redevelopment project is going to cost due to the 
probability of more natural constraints and illegal dumping of hazardous waste, thus 
increasing the costs of remediation. The remedial cost per acre reaches a plateau at 130 acres 
or more (NJDEP, 2006).The NJDEP supports private developer’s landfill closures and third 
party landfill closure projects. The 1996 Gormely Bill offers up to 75% in state tax credits for 
remediation costs, and other financial and legal incentives are provided under the 1998 
Brownfield Law  (NJDEP, 2006). 

There are several examples of successful brownfield redevelopments projects in New Jersey. 
One of the largest redevelopment projects is the EnCap Golf Holdings, LLC, where several 
closed landfills were capped and remediated for the construction of a golf course, 
commercial development, and residential areas in Bergen County. Another example of a 
brownfield redevelopment of old landfills is the Borgata Casino on the Atlantic City Landfill 
(NJDEP, 2006). 

7. Conclusion 
In this study, the data review and analysis show that amount of municipal, industrial, and 
commercial waste are continuing to grow, continuously shrinking the remaining landfill 
space in New Jersey. Landfilling waste remains the best option for disposal, but New Jersey 
is a densely populated state without much capacity or areas to expand and create landfills. 
Even though landfill designs have improved significantly, many old landfills continue to 
pollute the air, groundwater, surface water, and soil. Cost benefit analysis followed by an 
appropriate cleanup strategy should be carefully implemented to clean up each 
contaminated site. While New Jersey implements innovative technologies to recover landfill 
space and remediate contaminated sites for redevelopment opportunities, most of these 
techniques continue to require many years of execution 
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1. Introduction 
Driven by climate change and population growth, increasing human pressure on land forces 
conversion of natural landscapes to agricultural fields and pastures while simultaneously 
depleting land currently under agricultural use (Lal, 2009). Consequently, a vicious circle 
develops; further aggravating climate change, soil degradation, erosion, loss of soil organic 
matter (SOM) and leaching of nutrients. Therefore, sustainable concepts for increased food 
production are urgently needed to lower pressure on soils, in order to reduce or prevent the 
negative environmental impacts of intensive agriculture. A key for such strategies is the 
maintenance or increase of SOM level inducing positive ecosystem services such as 
increased productivity, nutrient and water storage, intact filter capacity, rooting, aeration 
and habitat for soil organism etc. (Fig. 1). In summary, SOM improves soil fertility and C 
storage (C Sequestration). 

Soil quality = f(AWC, SOM, Rd, CEC, clay)t

 Soil fertility increase
 C-Sequestration  

Fig. 1 Soil quality is a function (f) of available water holding capacity (AWC), soil organic 
matter level (SOM), root density (Rd), cation exchange capacity (CEC), clay content (clay) 
and time (t). The most important factor is SOM as it improves other variables such as AWC, 
Rd and CEC. 

One efficient way to increase SOM level is compost application, produced especially from 
biomass wastes. During the last decades, attention was paid at the professionalization of 
composting due to several trends in today's society: On the one hand, growth of livestock 
breeding and intensification of crop production has occurred while an increasing shortage of 
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resources, i.e. fossil fuels, fossil nutrients stocks and arable land, can be recognized. On the 
other hand, urbanization and growing population interconnected with an increased amount 
of waste output is responsible for environmental hazards and pollution. Therefore, 
composting became an efficient means of waste processing, soil amelioration and general 
environmental improvement.  

However, up to now reported C sequestration potential due to compost management is 
limited in terms of C use efficiency and long-term C preservation even combined with 
organic farming and no till management. Therefore, new concepts for C sequestration 
combating against further raise of atmospheric CO2 emissions are urgently needed. One 
promising option is using the “terra preta concept” combining biochar and composting 
technologies. This concept could enhance quality and material properties of compost 
products leading to a higher added value and to a much better C sequestration potential due 
to the long-term stability of biochar. 

We hypothesize that composting of biochar together with other biogenous materials 
containing labile organic matter and nutrients can be an appropriate tool to produce a 
substrate with similar properties as terra preta such as enhanced soil fertility and C 
sequestration. Current available literature will be reviewed on these aspects. 

2. Compost 
Composting is the biological decompozition and stabilisation of organic matter derived from 
plants, animals or humans through the action of diverse microorganisms under aerobic 
conditions (Smith & Collins, 2007). The final product of this biological process is a humus-like, 
stable substrate, being free of pathogens and plant seeds which can be beneficially applied to 
land as an agent for soil amelioration or as an organic fertilizer. Although historical traditions 
such as those of Ancient Egyptians or Pre-Columbian Indians of Amazonia suggest that 
composting is an ancient method for soil amelioration, fundamental scientific studies of this 
biological process were published only in the past four decades. Process engineering and the 
knowledge about the dependence and interaction of numerous competing forces and factors 
within a composting matrix have been just recently established (Haug, 1993). 

Multiple composting methods and systems have been developed, varying from small, 
home-made reactors used by individual households, over medium-sized, on-site reactors 
operated by farmers, to large, high-tech reactors used by professional compost producers. In 
spite of different process techniques, the fundamental biological, chemical and physical 
aspects of composting remain always the same. This concerns for example the suitability of 
different input materials and amendments as well as their appropriate composition, 
substrate degradability, moisture control, porosity, free air space, energy balance as well as 
decomposition and stabilization (Haug, 1993; Bidlingmaier et al., 2000).  

2.1 What is compost and how is it produced? 

All proper composting processes go through four stages: (1) mesophilic, (2) thermophilic, (3) 
cooling, finally ending with (4) compost maturation (Fig. 2). The duration of each stage 
depends on the initial composition of the mixture, its water content, aeration and quantity 
and composition of microbial populations (Neklyudov et al., 2006; Smith & Collins, 2007).  
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Fig. 2. Different stages during composting as function of time, appearance and succession of 
compost biota, temperature and further processes (based on Lechner et al., 2005 and Smith 
& Collins, 2007). 

During the mesophilic phase, labile C-rich substrates are rapidly metabolized by a mixture 
of bacteria, actinomycetes and fungi preferring moderate temperature typically between 15 
and 40 °C. Due to this aerobic metabolism, heat is generated. Turning the material leading to 
aeration temporarily decreases temperature, resulting in a rapid decomposition of further 
available material and thus, temperature increases again (Fig. 2). During the termophilic 
phase, temperature rises above 40 °C, favouring mainly actinomycetes and thermophilic 
bacteria such as Bacillus. When labile C compounds of the feed substrates decline, a gradual 
decrease in temperature occurs leading to the cooling phase (Fig. 2). Especially fungi have a 
preference for the remaining and more complex and thus degradation-resistant lignin and 
cellulose compounds. In addition, actinomycetes have a major importance when humic 
materials are formed from decomposition and condensation reactions Smith & Collins, 
2007). The final maturing phase is characterized by even lower temperature below 25 °C and 
reduced oxygen uptake rates of aerobic microorganisms. During this stage, degradation of 
the more refractory organic compounds continues and soil meso and macro fauna enters. 
Organisms of this stage have beneficial influence on compost maturation as well as plant 
diseases suppression as they are able to metabolize phytotoxic compounds (Gottschall, 1984; 
Haug, 1993). Thus, compost quality increases especially during the last phase. Compared to 
the starting feed mixture, the final compost is attributed by a lower C/N ratio of 15 – 20 and 
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a higher pH value (Smith & Collins, 2007). It can contain considerable amount of plant-
available NO3- while NO4+ content is generally decreasing (Fig. 2). Furthermore, odour 
potential from compost is significantly reduced (Haug, 1993). But of utmost importance 
seems the fact that the organic matter has been stabilized, thus containing fairly resistant C 
compounds (Smith & Collins, 2007). Its application to the land influences several biological, 
chemical and physical soil properties in a positive and sustainable way which is outlined in 
Fig. 1 and which will be discussed in the following in more detail. 

2.2 How does compost influence soil properties and plant growth? 

Numerous publications provide evidence on the multiple benefits of compost application to 
soil. Effects range from soil stabilization and amelioration to phyto-sanitary impacts of 
mature compost. Feedstock, compost maturity and compost quality can influence intensity 
and degree of effects on soil physical, chemical and biological properties. Application may 
trigger short-term improvements such as increasing microbial activity. Long-term effects on 
soil properties could be achieved by preservation and increase of the stable SOM pool 
(Amlinger et al., 2007). 

2.2.1 Can soil organic matter be maintained or increased upon compost application? 

Soil organic matter is of essential importance for maintaining soil quality by improving 
biological, physical and chemical soil conditions (Fig. 1). It consists of a variety of simple 
and complex carbon compounds. While the stable SOM pool is characterized by hardly 
decomposable organic compounds with several beneficial, long-term effects for soil 
amelioration and conservation, the labile pool of SOM provides easily accessible food for 
soil organisms and nutrients for plant growth (Termorshuizen et al., 2005). Soil fauna, 
notably earthworms (Lumbricidae), in turn, positively influence a wide variety of different 
physico-chemical properties. These positive effects are especially caused by their feeding 
behaviour, bioturbation and the production of droppings consisting of organo-mineral 
complexes. The latter is of main importance for the formation of stable SOM pools in soils.  

Even though the importance of SOM for the ecological functionality, efficiency and 
performance of soils is obvious, its worldwide reduction due to intensive agriculture gives 
cause for concern (Lal, 2009). According to Termorshuizen et al. (2005), this reduction has 
multiple reasons, but increased SOM mineralization rates due to intensive soil tillage and 
use of mineral fertilizers, which has often resulted in decreased application of organic soil 
conditioners and fertilizers, are among the most important ones. 

In order to sustain agricultural productivity in the long term, SOM needs to be maintained 
by continuous addition of organic residues and amendments. Soil organic matter 
reproduction rate increases in the order green manure, leaves 15%, slurry, straw, liquid 
digestate 20 – 30%, fresh compost, stable manure, solid digestate 35 – 45%, mature compost 
> 50% (Table 1). The main factors for SOM enrichment are quantity, type and humification 
degree of compost and soil properties such as soil type and clay content. Mature composts 
increase SOM much better than fresh and immature composts due to their higher level of 
stable C (Bundesgütegemeinschaft Kompost e. V. [BGK] & Bundesforschungsanstalt für 
Landwirtschaft [FAL], 2006). There are few trials which show no significant differences in 
SOM level by the application of diverse C sources (straw, manure, compost). But the 
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majority of studies of different authors have unambiguously proven a better humus 
reproduction for composted materials (Amlinger et al., 2007). 

According to Amlinger et al. (2007), the average SOM demand of agriculturally used soils 
can be met by applying 7 – 10 Mg (dry matter) compost ha-1 a-1. Therefore, for a long-term 
increase of SOM, however, more than 10 Mg dry matter compost ha-1 a-1 is required. 

Organic fertilizer Organic matter (dm) Organic C (dm) Humus reproduction TOC increase [Mg ha-1]
Green manure, leaves 90% 52% 15% 0,4
Slurry, straw, liquid manure 75% 44% 20-30% 0,5
Fresh compost, stable manure, solid digestate 50% 50% 35-45% 1,0
Mature compost 36% 50% >50% 1,3  
Table 1. Organic matter and SOM reproduction of different organic fertilizers when applied 
at 10 Mg ha-1 a-1 (Data from BGK & FAL, 2006). 

2.2.2 How are physical soil properties influenced? 

Reduction of Bulk Density: Compost application generally influences soil structure in a 
beneficial way by lowering soil density due to the admixture of low density OM into the 
mineral soil fraction. This positive effect has been detected in most cases and it is typically 
associated with an increase in porosity because of the interactions between organic and 
inorganic fractions (Amlinger et al., 2007). 

Increase of aggregate stability: In general, soil structure is defined by size and spatial 
distributions of particles, aggregates and pores in soils. The volume of solid soil particles 
and the pore volume influences air balance and root penetration ability. As a general fact the 
more soil structure is compacted, the more unfavorable are the soil conditions for plant 
growth. By incorporation of compost into the soil, aggregate stability increases most 
effectively in clayey and sandy soils. Positive effects can be expected by well humified 
(promoting micro-aggregates), as well as fresh, low-molecular OM (promoting macro-
aggregates). Macro-aggregates are mainly stabilized by fungal hyphen, fine roots, root hair 
and microorganisms with a high portion of easily degradable polysaccharides (Amlinger et 
al., 2007). Subsequently, the importance of stronger degraded organic compounds for the 
stabilization of smaller aggregates increases with time of transformation periods ranging 
from some few to several thousand years (Kong et al., 2005; Lützow et al., 2008; Marschner 
& Flessa, 2006). In this respect, the aromatic structure of inert organic compounds seems to 
play an important role in stabilizing micro-aggregates in the range of 2 – 20 µm as well as 20 
– 250 µm by polyvalent cation bridges with clay minerals (Tisdall & Oades, 1982). Besides 
clay minerals and oxides, fine roots, hyphen networks as well as glue-like polysaccharides 
originated from root and microbial exudates significantly contribute to the formation of 
micro-aggregates. 

Furthermore, aggregate and pore properties of soils are associated with specific “active” 
surface area influencing several storage and exchange processes in soil. The higher the 
specific surface area, the more intensive interactions can occur between soil fauna, 
microorganisms and root hairs under optimum conditions (e.g. sufficient humidity). As a 
result, a high specific surface area can create the prerequisite for an optimal soil formation 
(Amlinger et al., 2007).  

Improvement of pore volume and hydraulic conductivity: Hydraulic conductivity is the 
percolation rate in soils per area and time unit depending on (i) actual soil moisture tension 
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and (ii) number, size and form of soil pores (pore size distribution). Organic matter applied 
by compost improves water conductivity of soils (Carter et al., 2004) by providing a food 
source for soil organisms which contribute to the formation of macro-pores, in turn. 
Additionally, it has a direct structure-stabilizing effect for soil. A resulting increase of 
hydraulic conductivity is of main importance, especially for clayey soils. 

Increase of field capacity, secondary pore structures and improved water retention: Field 
capacity (FC) is defined as the amount of water which a water-saturated soil can retain 
against gravity after 2 – 3 days. It is mainly influenced by pore volume and pore size 
distribution because only pores below a pore diameter of 50 µm (corresponding to pF 1.8) 
can retain water against gravity due to higher capillary force. However, adhesive force of 
pores with a diameter below 0.2 µm is so high that this water is not available for plants 
(permanent wilting point or PWP corresponding to pF 4.2). Field capacity and available 
water holding capacity (AWC, pF 1.8 – 4.2) are generally influenced by the particle size, 
structure and content of OM. Several studies confirm a significant, positive impact of OM 
amendment to soils on FC (Evanylo et al., 2008; Tejada et al., 2006; Carter et al., 2004). 
Amongst others, this effect results from the improved formation of secondary pore 
structures which can be mainly ascribed to root and animal tubes. This is important for soils 
with low portions of primary meso-pores. In this respect, compost increases the portion of 
meso- and macro-pores because of an improved aggregation and stabilization of soil 
significantly initiated by various soil organisms (Liu et al., 2007). In addition, organic matter 
(OM) is able to take up 3 to 20 times more water compared to its own weight. Considering 
these effects, an increase of total organic carbon (TOC) content from 0.5% to 3% resulted in a 
duplication of AWC (Hudson, 1994).  

Improved air balance: The portion of air in soils results from the difference between total 
pore volume and the pores filled with water (Amlinger et al., 2007). Air permeability and air 
exchange in soils predominantly depends on pores > 50 µm. While sandy soils are 
characterized by a high portion of primary macro pores resulting in a proper aeration, 
clayey or compacted soils have few macro pores which may cause lack of oxygen 
availability. For these latter soils, OM applied by compost has a significant ameliorating 
effect by improving porous soil structure and its stabilization, stimulating the formation of 
secondary macro pores especially by roots and animals tubes. 

Reduction of soil erosion and run-off: Reduced erosion is mainly related to the improved 
soil structure by the addition of compost which, in turn, is pointed out by better infiltration 
rate, pore volume and enhanced stability through aggregation (Diacono & Montemurro, 
2010). According to Amlinger et al. (2007), experimental trials showed a clear correlation 
between increases of SOM, reductions of soil density, soil loss and water run-off. The effect 
of compost on soil erosion has been quantified in detail by Strauss (2003). Five years long 
compost application resulted in 67% reduced soil erosion, 60% reduced run-off, 8% lower 
bulk density and 21% higher OM content compared to control plots. Similar results were 
observed by Hartmann (2003) in a wind tunnel experiment by testing the resilience of 
compost application against wind erosion for two different soil types: By the incorporation 
of compost, loss of soil particles from the topsoil was reduced to a maximum of 61 % for a 
podzol and 71 % for a luvisol.  

Improved heat balance of soils: Soil temperature influences the reaction rate of chemical, 
metabolic and biological growth processes of organisms. While temperature fluctuations 
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mainly depend on climate, radiation absorption can be influenced by color. Composts are 
dark-colored resulting in higher light absorption and thus lower albedo (reflection rate of 
light from a light source). Thus, higher light absorption will warm up soils supplied with 
compost faster than light-colored soils (Stöppler-Zimmer et al., 1993). This will promote 
germination of seeds, especially during spring. However, as temperature increases in 
summer, uncovered dark soils can heat up extremely. As a result, soil can dry out due to a 
higher evaporation which, in turn, affects plant growth and soil biology negatively. In such 
case, compost mulching systems offer a good solution because they obtain reduced 
fluctuations of soil temperature which results from the shading effect of mulch loosely 
covering the soil surface. 

2.2.3 How are chemical soil properties influenced? 

Enhancement of nutrient level: Compost contains significant amounts of valuable plant 
nutrients including N, P, K, Ca, Mg and S as well as a variety of essential trace elements 
(Seiberth & Kick, 1969; Bischoff, 1988; Lenzen, 1989; Haug, 1993; Smith & Collins, 2007). 
Thus, compost can be defined as an organic multi nutrient fertilizer (Hartmann, 2003; 
Amlinger et al., 2007). Its nutrient content as well as other important chemical properties 
like C/N ratio, pH and electrical conductivity (EC) depend on the used organic feedstocks 
and compost processing conditions (Table 2). By an appropriate mixture of these organic 
input materials humus and nutrient-rich compost substrates can be produced (Table 3) 
serving as a substitute for commercial mineral fertilizers in agriculture. However, their 
diverse beneficial properties for amelioration outreach their nutrient content.  

 
Table 2. Chemical properties of organic feedstock materials. 

However, total nutrient content of compost is not plant-available to the full extent at once. This 
can be ascribed to the existence and different intensity of various binding forms within the 
organic matrix which result in a partial immobilization of nutrients (Becker et al., 1995). On the 
one hand, this condition makes it more difficult to calculate the fertilization effect and to 
estimate the nutrient balance in advance (Becker et al., 1995). On the other hand, the fertilization 
effect will last longer due to a slow and gradual release of plant nutrients (Smith & Collins, 
2007). Therefore, with compost there is a much better protection from leaching compared to 
soluble mineral fertilizers. Especially the N fertilization effect of compost is limited due to  
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Table 3. Chemical properties of compost products. 
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low mineralization rates and microbial immobilization (Kehres, 1992, Vogtmann et al., 
1991). In the first year after compost application, only 10 – 20% of the total N content will be 
mineralized according to Becker et al. (1995). Bidlingmaier et al. (2000) reported N 
mineralization rate of 10% in the first year and 40% in total in the long term. In contrast to 
the low N availability, a higher fertilization effect for P (50%), K (100%) and Mg could be 
observed (Bidlingmaier et al., 2000). With respect to micro nutrients, an increased plant 
uptake of Cu, Mn and Zn was reported (Amlinger et al., 2007). 

Increase of cation exchange capacity (CEC): The CEC is one of the most important 
indicators for evaluating soil fertility (Fig. 1), more specifically for nutrient retention and 
thus it prevents cations from leaching into the groundwater. Kögel-Knabner et al. (1996), 
Kahle & Belau (1998) and Ouedraogo et al. (2001) proved that compost amendment resulted 
in an increase of CEC due to input of stabilized OM being rich in functional groups into soil. 
According to Amlinger et al. (2007), SOM contributes about 20 – 70% to the CEC of many 
soils. In absolute terms, CEC of OM varies from 300 to 1,400 cmolc kg-1 being much higher 
than CEC of any inorganic material.  

Increase of pH value, liming effect and improved buffering capacity: Soil pH is is an 
indicator for soil acidity or soil alkalinity and is defined as the negative logarithm of 
hydrogen ions activity in a soil suspension. It is important for crop cultivation because many 
plants and soil organisms have a preference for slight alkaline or acidic conditions and thus 
it influences their vitality. In addition, pH affects availability of nutrients in the soil. 
Compost application has a liming effect due to its richness in alkaline cations such as Ca, Mg 
and K which were liberated from OM due to mineralization. Consequently, regularly 
applied compost material maintains or enhances soil pH (Kögel-Knabner et al., 1996; Diez & 
Krauss, 1997; Kahle & Belau, 1998; Stamatiadis et al., 1999; Ouedraogo et al., 2001). Only in 
some few cases a pH decrease was observed after compost application (Zinati et al., 2001). 

Reduction and immobilization of pesticides and persistent organic pollutants (POPs): A 
contamination of soils or composts with pesticides and POPs can occur in consequence of 
environmental pollution, conventional farming practice by using chemicals and pesticides 
and by incorporation of contaminated materials into compost or soil. Therefore, unpolluted 
feedstocks should be generally preferred for composting in order to avoid critical 
concentrations of pollutants. However, pesticides and POPs can be degraded or 
immobilized during compost processing or by the properties of the final compost product. 
Based on temperature and oxidative microbial and biochemical processes, composting 
contributes to an effective reduction of organic pollutants. For instance, polychlorinated 
biphenyls (PCB) were degraded up to 45% during composting (Amlinger et al., 2007). Linear 
alkylbenzene sulphonates (LAS), Nonylphenols (NPE) and Di (2-ethylhexyl) phthalate 
(DEHP) which are mainly found in sewage sludge, are degraded almost completely under 
oxidative conditions (Amlinger et al., 2007). Furthermore, the degradation rate of 
halogenated organic compounds and pesticides is much higher than in soils, especially 
during the thermophilic stage (Amlinger et al., 2007). Mineralization rate of pollutants is 
reported to be more effective in compost soil mixtures if mature compost is applied. This 
concerns especially the degradation of polycyclic aromatic hydrocarbons (PAH) and other 
hydrocarbons (Amlinger et al., 2007). Due to the high level of humified OM, particularly 
mature composts contribute to sorption and immobilization of POPs resulting in a lower 
availability of POPs and reduced toxicity.  
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Immobilization of heavy metals: Similar to pesticides and POPs, there are several sources 
for heavy metal input. To a limited extent, heavy metals or trace elements serve as plant 
nutrients while their accumulation can cause toxicity. In this respect, OM applied by 
compost is able to adsorb heavy metals and reduce their solubility resulting in 
immobilization. Apart from some non-crystalline minerals with very high surface areas 
SOM has probably the greatest capacity to bond most heavy metals (Amlinger et al., 2007). 
The sorption strength of heavy metals to SOM generally decrease in the following order: 
Cr(III) > Pb(II) > Cu(II) > Ag (I) > Cd (II) = Co(II) = Li(II). On the other hand, significant 
correlations between the solubility of Cd, Cu, Zn, Pb and Ni and SOM content have been 
reported by Holmgren et al. (1993) for a range of soils from the USA. Organic matter applied 
by compost even effectively prevents mobilization of heavy metals for a long time after the 
cessation of compost addition (Leita et al., 2003). In order to guarantee the lowest possible 
pollutant input over time, raw materials for composting have to be separated and preferably 
unpolluted feedstocks should be used. However, the prevention of environmental pollution 
and thus the contamination with heavy metals is basically a general matter for the society 
and for politics. As long as there is an emission of pollutants by industry and society 
immission will occur including the pollution of valuable organic feedstocks. 

2.2.4 How are biological soil properties influenced? 

One of the most important effects of compost use is the promotion of soil biology. In this 
respect, the following three aspects seem essential: (i) Food supply for soil heterotrophic 
organisms by adding degradable carbon compounds with OM (Blume, 1989); (ii) 
optimization of habitat and niche properties in soil, e.g. water and air balances, increase of 
specific surfaces, retreat areas etc.; (iii) introducing compost biota into soil as an inoculant 
(Amlinger et al., 2007; Sahin, 1989; Werner et al., 1988). Compost has a stimulation effect on 
both the microbial community in the compost substrate as well as the soil-born microbiota 
of soils (Table 4). Two fractions of OM are responsible for the level of microbial activity in 
general: (i) Easily degradable organic compounds (labile OM pool) may increase microbial 
activity and biomass temporarily while (ii) a persisting increase of microbial biomass 
depends on a constant enhancement of stable OM which is particularly promoted by mature 
compost addition. 

Material Bacteria Fungi
[106 g-1 dm] [103 g-1 dm]

Pesticide containing soil 19 6
Reclaimed soil after surface mining 19-70  8-97
Fertile soil  6-46  9-46
Mature green waste compost 417 155  

Table 4. Soil bacterial and fungal biomass in soils and compost (United States 
Environmental Protection Agency - Solid Waste and Emergency Response, 1998). 

Microorganisms perform several ecological and environmental functions. With regard to 
compost, the following microbial effects seem of main importance: 

- Degradation and humification: A gradual breakdown of organic compounds is 
performed by a succession of different soil organisms over time. While at the beginning 
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easily degradable organic substances are decomposed, further decomposition and 
transformation of the remaining by-products occur, finally resulting in a stable humus-
like compost product which is subjected to only slow decomposition rates. 

- Mineralization, biological immobilization and nutrient cycling: On the one hand, 
microorganisms convert complex organic substances to low-molecular, inorganic 
substance. By this mineralization process, nutrients are released for plant growth so that 
the plant nutrients can cycle within the ecosystem. On the other hand, soil organisms 
immobilize nutrients into their own biomass. By this way, e. g. N is protected from 
leaching. 

- Aggregation: Microorganisms contribute to the formation and stabilization of aggregates 
by the synthesis of biofilms and exudates as well as by their living or dead biomass. 

- Degradation or reduction of pesticides, POPs and phytotoxic compounds: By microbial 
metabolism, several chemical compounds which are harmful for plants, can be 
decomposed, transformed or immobilized. 

- Suppression of pathogens and diseases: The diversity of microorganisms in mature 
composts exhibit suppressive effects on several pathogens and diseases which could 
harm plant life or human health (Amlinger et al., 2007). 

2.2.5 How are plant growth, plant health and crop quality influenced? 

In general, compost creates a favourable environment for plant and root growth especially by  

1. promoting a porous soil structure for optimized root penetration; 
2. decreasing soil erodibility due to the formation of stable aggregates. Consequently, 

plant roots are less exposed to direct damage caused by eroded topsoil and water can 
better infiltrate into soil. Furthermore, air exchange is less interfered by the compaction 
of subsurface soil or by the formation of a soil crust, which tends to "seal" the surface 
(Buchmann, 1972; Richter, 1979; Krieter, 1980; Fox, 1986; Löbbert & Reloe, 1991); 

3. intensifying essential interactions between root hairs, soil fauna and microorganisms 
due to an enhancement of specific surface area (Amlinger et al., 2007); 

4. improving percolation. On the one hand, this prevents waterlogging which can result in 
a decay of plant roots due to anaerobic soil conditions. On the other hand, loss of 
nutrients is reduced by decreased run-off; 

5. enhancing water storage capacity and improving water retention which helps plants 
better overcome critical climate conditions like droughts (Hartmann, 2003); 

6. providing valuable macro- and micro-nutrients in the long term (Gottschall, 1984) due 
to slow mineralization rates, better nutrient adsorption as well as enhanced storage 
capacity which prevents from leaching; 

7. improving buffering capacity which helps to maintain uniform reactions and conditions 
for better plant growth; 

8. promoting the degradation, reduction or immobilization of harmful substances like 
pesticides, POPs, heavy metals and phyto-toxic compounds which can interfere plant 
life and health; 

9. providing microbial symbionts and beneficial soil organisms a habitat which, in turn, 
has a positive influence on vitality and growth of plants; 

10. protecting plants from pathogens and diseases due to antiphytopathogenic potential of 
compost (Hoitink, 1980; Nelson & Hoitink, 1983; Hoitink & Fahy, 1986; Blume, 1989; 
Hadar et al., 1992; Bidlingmaier et al., 2000); 
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Due to its multiple positive effects on the physical, chemical and biological soil properties, 
compost contributes to the stabilization and increase of crop productivity and crop quality 
(Amlinger et al., 2007). Long-term field trials proved that compost has an equalising effect of 
annual/seasonal fluctuations regarding water, air and heat balance of soils, the availability 
of plant nutrients and thus the final crop yields (Stöppler et al., 1993; Amlinger et al., 2007). 
For that reason, a higher yield safety can be expected compared to pure mineral fertilization. 
Better crop results were often obtained if during the first years higher amounts of compost 
were applied every 2nd to 3rd year than by applying compost in lower quantities of < 10 Mg 
(DM) ha-1 every year (Amlinger et al., 2007). However, crop yields after pure compost 
application were mostly lower when compared to mineral fertilization (Amlinger et al., 
2007), at least during the first years. This can be explained by the slow release of nutrients 
(especially nitrogen) during mineralization of compost.  

Compost use does not only improve the growth and productivity of crops in terms of 
quantity but it could be also proved that quality of agricultural products is influenced in a 
positive way (Söchtig, 1964; Flaig, 1968; Harms, 1983). By examination of several crops in 
situ, an increase of beneficial and healthy ingredients and a decrease of harmful substances 
in the final crop product after compost use compared to a treatment with mineral fertilizer 
application were observed (Vogtmann et al., 1991). In addition, Fricke et al. (1990) reported 
significantly higher dry matter content of beet root as well as a lower nitrate level after 
compost amendment compared to mineral fertilized sets. In a second trial with potatoes, the 
same authors detected a higher content of starch, vitamin C and dry matter for the compost-
treated plants compared to the mineral fertilization variant. Furthermore, the portion of 
marketable potato tubers with respect to the total yield was enhanced in the compost 
treatment. 

In spite of the potential and observed beneficial effects of compost application to 
agricultural soils, this technique is not widespread across Europe and especially in Germany, 
low quality composts are produced due to inefficient waste management regulations. In 
addition, long-term C sequestration potential of compost remains insufficient with respect 
to mitigation of global atmospheric CO2 increase. Furthermore, as presented by data in 
Table 5, CO2 emission during the rotting process of compost production generally  

 

 
Table 5. Relative carbon balance in percent of initial carbon input based on data from 
Reinhold (2009) concerning composting facilities in Germany. 
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cause high total carbon losses of 35 – 55 % compared to the initial carbon input by organic 
feedstocks. This fact indicates that current composting practice may be optimized with 
respect to a more efficient carbon conservation. Therefore, additional concepts such as terra 
preta / biochar are required which will be discussed in the following. 

3. Biochar 
3.1 How can biochar improve soils? 

In central Amazonia, up to 350 ha wide patches of a pre-Columbian black earth-like 
anthropogenic soil exist, very well known as terra preta (de Indio) characterized by a 
sustainable enhanced fertility due to high levels of SOM and nutrients such as N, P and Ca 
(Glaser et al., 2001; Glaser, 2007; Glaser & Birk, 2011). However, the key for terra preta 
formation is the tremendous input of charred organic materials, known as biochar 
comprising up to 35% of SOM and on average 50 Mg ha-1 (Glaser et al., 2001). Biochar acts as 
a stable C compound being degraded only slowly with a mean residence time in the 
millennial time scale. Biochar has a high specific surface area (400 – 800 m2 g-1), it provides a 
habitat for soil microorganisms which can degrade more labile SOM. In addition, higher 
microbial activity accelerates soil stabilization as outlined in the previous section. 
Furthermore, higher mineralization of labile SOM and biochar itself provided important 
nutrients for plant growth. The general recipe of terra preta generation and the principal 
function of biochar are shown in Fig. 3. 
 

 
 

Fig. 3. Principles of terra preta formation and soil biochar interaction. 
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3.2 What is biochar exactly? 

Biochar is produced by thermal treatment at oxygen deficiency e. g. by pyrolysis or 
gasification, resulting in three products: char, gas and tarry oils. The relative amounts and 
characteristics of each are controlled by the process conditions such as temperature, 
residence time, pressure, and feedstock type. Biochar production can be chemically 
described by water elimination followed by increasing aromatic condensation, which can be 
expressed as decreasing atomic ratios of O/C and H/C along the combustion continuum 
(Fig. 4). However, biochar is no clearly defined chemical compound. Instead, it is a class of 
compounds along the combustion continuum and we need to define thresholds for 
materials which are claimed to be biochar (Fig. 4). Recently, on the basis of about 100 
biochar samples differing in feedstock and production process, the following elemental ratio 
thresholds were suggested for biochar, O/C < 0.4 and H/C < 0.6 (Schimmelpfennig & 
Glaser, 2012). 

As a consequence, the content of condensed aromatic moieties, known as black carbon, 
increases being responsible for its stability in the environment. The second important 
ecological property of biochar is presence of functional groups on the edges of the 
polyaromatic backbone (Fig. 4) which are formed by partial oxidation (Glaser, 2007). 
Therefore, biochar is an option for long-term C sequestration while maintaining or 
increasing soil fertility which was successfully proven by the terra preta phenomenon for at 
least 2,000 years (Glaser, 2007). Due to this fact, terra preta could be a model for sustainable 
resource management in the future not only in the humid tropics but also in temperate and 
arid regions around the world providing a solution for land degradation due to intensive 
land use and growing world population. In the following, we will review reported biochar 
effects on ecosystem services. 

 
Fig. 4. Combustion continuum and biochar window (red rectangle) and model for biochar 
structure being important for ecological properties. 
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3.3 How long will biochar survive in soil? 

Due to its recalcitrance against microbial degradation, biochar is very stable in soil 
compared to other OM additions, making its application to soils a suitable approach for the 
build-up of SOM and thus, for C sequestration. The prevailing scientific understanding of 
biochar degradation in soil is that some portions of it are quite readily decomposable 
(labile), while the core structure of the material is highly resistant to degradation (Fig. 4). 
Biochar in terra preta has been dated to 1,000 to 1,500 years (Glaser et al., 2000) and naturally 
occurring biochar in Australian soils to 1,300 – 2,600 years (Lehmann et al., 2008). As SOM 
decomposition rates in temperate regions are slower, mean residence time for biochar can be 
assumed to be higher in European soils. Controlled biochar decomposition experiments 
revealed a mean residence time in soils between 1,300 to 4,000 years (Cheng et al., 2008; 
Liang et al., 2008; Kuzyakov et al., 2009). Management practices such as tillage and addition 
of labile C (e.g. slurry) to soil significantly increased biochar mineralization by a factor of 0.5 
to 2, however, only in the short-term (Kuzyakov et al., 2009) so that biochar application can 
be combined with such agricultural technologies without the disadvantage of additional 
SOM and biochar degradation.  

In a range of other biochar incubation experiments, the interactive effects of biochar 
addition to soil on CO2 evolution (priming) were evaluated by comparing the additive CO2 
release expected from separate incubations of soil and biochar with corresponding biochar 
and soil mixtures. Positive (C mineralization stimulation) or negative (C mineralization 
suppression) priming effects and magnitude varied with soil and biochar type. In general, C 
mineralization was higher than expected (positive priming) for soils combined with 
biochars produced at low temperatures (250 – 400 °C) and from grasses, particularly during 
the early incubation stage (first 90 d) and in soils of lower organic C content (Zimmerman et 
al., 2011). In contrast, C mineralization was generally less than expected (negative priming) 
for soils combined with biochars produced at high temperatures (525 – 650 °C) and from 
hard woods, particularly during the later incubation stage (250 – 500 d). Obtained data 
strongly suggests that biochar soil interaction will enhance C sequestration via SOM 
sorption and organo-mineral interaction in the long term.  

3.4 How much biochar can be stored in soils? 

C sequestration with biochar addition to soils could be quite significant since the technology 
could potentially be applied in many areas including croplands, grasslands and also a 
fraction of forestlands. The maximum capacity of carbon sequestration through biochar soil 
amendment in croplands alone was estimated to be about 428 Gt C for the world (Table 6). 
This capacity is estimated according to (i) the maximal biochar amount that could be 
cumulatively placed into soil while still beneficial to soil properties and plant growth; and 
(ii) the arable land area that the technology could potentially be applied through biochar 
agricultural practice. If using also grassland soils and 30% of forest soils, a worldwide 
biochar sequestration potential of 1,126 Gt C would be possible (Table 6). 

3.5 Can we solve our climate problem with biochar alone? 

Photosynthesis captures more CO2 from the atmosphere than any other process on Earth. 
Each year, terrestrial plants photosynthetically fix about 440 Gt CO2 being equivalent to 120 
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Table 6. Potential C sequestration with biochar in soils of the world. Estimated storage 
capacity is based on a maximum of 10 weight% biochar addition to the upper 30 cm and a 
soil bulk density of 1.3 Mg m-3 and 70% stable carbon in biochar (Lee et al., 2010). 

Gt C per year from the atmosphere into biomass (Smith & Collins, 2007). This corresponds to 
about one-seventh of the CO2 stock in the atmosphere (820 Gt C). However, biomass is not a 
stable form of carbon material with nearly all returning to the atmosphere in a relatively short 
time as CO2 because of respiration and biomass decomposition. As a result, using biomass for 
carbon sequestration is no good option. Any technology that could significantly prolong the 
lifetime of biomass materials would be helpful to global carbon sequestration. A conversion of 
only about 7% of the annual terrestrial gross photosynthetic products into a stable biomass 
carbon material such as biochar would be sufficient to offset the entire amount (nearly 9.7 Gt C 
a-1) of CO2 emitted into the atmosphere annually from the use of fossil fuels (www.iwr.de). 
More realistic estimates are that annual net CO2, CH4 and N2O emissions could be reduced by 
a maximum of 1.8 Pg C a-1 without endangering world food security and soil fertility (Woolf et 
al., 2010) corresponding to 16% of current anthropogenic CO2 emissions. Therefore, biochar 
can significantly contribute to climate change mitigation but additional technologies are 
required to quantitatively offset fossil fuel-derived CO2 emissions. The substitution of fossil 
fuels by developing and extending renewable energies is another essential key factor for 
greenhouse gas emission reduction or avoidance while still meeting the basic requirements of 
electrical or thermic energy consumption demands of society. An impressive example for such 
a concept is the integrative combination of innovative technologies: a PYREG pyrolysis reactor 
unit (Gerber 2010), for instance, locally produces biochars from organic wastes in an 
environmentally friendly way, while also generating heat and electricity from renewable, 
carbon neutral resources.  

Thus, a decentralized application of this technology represents a promising and sustainable 
strategy for the future. 

3.6 Can biochar increase soil fertility and thus crop performance? 

Biochar application to soil influences various soil physico-chemical properties. Due to the 
high specific surface area of biochar and because of direct nutrient additions via ash or 
organic fertilizer amendments, nutrient retention and nutrient availability were reported 
being enhanced after biochar application (Glaser et al., 2002; Pietikäinen et al., 2000). Higher 
nutrient retention ability, in turn, improves fertilizer use efficiency and reduces leaching 
(Steiner et al., 2008; Roberts et al., 2010). Most benefits for soil fertility were obtained in 
highly weathered tropical soils but also higher crop yields of about 30% were obtained upon 
biochar addition in temperate soils (Verheijen, 2009). Furthermore, enhanced water-holding 
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capacity can also cause a higher nutrient retention because of a reduced percolation of water 
and the herein dissolved nutrients (Glaser et al., 2002).  

However, since biochar has only low nutrients contents in general, plant nutrients must be 
supplied externally (Woods & Mann, 2000; Glaser & Birk, 2011). With respect to potential 
nutrient sources, only C and N can be produced in situ via photosynthetic organisms and 
biological N fixation, respectively. All other elements, such as P, K, Ca and Mg must be 
added for nutrient accumulation (Glaser, 2007) which can be best achieved by adding 
organic fertilizers such as manure or compost (Schulz & Glaser, 2011).  

3.7 The role of soil organisms 

According to Ogawa (1994), biochar is generally characterized by a proliferation effect for 
several symbiosis microorganisms due to its porous structure providing an appropriate 
habitat for soil microbes. Steiner et al. (2004) observed a significant increase of microbial 
activity and growth rates by applying biochar to a Ferralsol. Furthermore, an increase of soil 
microbial biomass and a changed composition of soil microbial community were also 
observed after biochar amendments (Birk et al., 2009). 

While microbial reproduction rates after glucose addition in soils amended with biochar 
increased, soil respiration rates were not higher (Steiner et al., 2004). This difference between 
low soil respiration and high microbial population growth potential is one of the 
characteristics of terra preta. These results indicate that a low biodegradable SOM together 
with a sufficient soil nutrient content are able to support microbial population growth. 
According to Birk et al. (2009), these effects can be ascribed to different habitat properties in 
the porous structure of biochar. The following factors might be the reason in decreasing 
order of currently available evidence supporting them: 

 high surface area and porous structure of biochar suitable for several kinds of microbes 
as habitat and retreats; 

 enhanced ability to retain water and nutrients resulting in a stimulation of microbes; 
 formation of ‘active’ surfaces covered by water film, dissolved nutrients and substances 

providing an optimal habitat for microorganisms; these specific surfaces serve as 
interaction matrix for storage and exchange processes of water and substances between 
soil fauna, microorganisms and root hairs (Amlinger et al., 2007); 

 weak alkalinity (Ogawa, 1994); 
 preserving character against decay probably resulting in the (partial) inhibition of 

certain ‘destructive’ and pathogenous organisms while simultaneously supporting 
beneficial microbes. 

Based on these possible stimulating factors, biochar promotes the propagation of useful 
microorganisms such as free-living nitrogen fixing bacteria (Tryon, 1948; Ogawa, 1994; 
Nishio, 1996; Rondon et al., 2007). Further reports from Japanese scientists prove increased 
yields by the stimulation of indigenous arbuscular mycorrhizal fungi (AMF) via the 
application of biochar (Ogawa, 1994; Nishio, 1996; Saito & Marumoto, 2002): e. g. improved 
yields for soybeans because of enhanced nodule formation by means of biochar addition 
(Ogawa et al., 1983). Results from Nishio (1996) obtained with alfalfa (Medicago sativa) in pot 
experiments indicate that biochar was ineffective in stimulating alfalfa growth when added 
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to sterilized soil. However, alfalfa shoot weight was increased by a factor of 1.7 and nodule 
weight by 2.3 times in a treatment receiving biochar, fertilizer and rhizobia compared to a 
set only treated with fertilizer and rhizobia. According to Nishio (1996), this clearly indicates 
that the stimulatory effect of adding biochar may appear only when a certain level of 
indigenous AMF is present. Biochar amendment generally seem to stimulate soil fungi 
which seems logic as biochar is a complex matrix being degradable only by soil fauna and 
soil fungi (Birk et al., 2009). 

4. Combined compost and biochar 
4.1 Effect of process (mixing, composting, fermentation) 

Terra preta was most likely formed by mixing of charring residues (biochar) with biogenic 
wastes from human settlements (excrements and food wastes including bones and ashes) 
which were microbially converted to a biochar-compost-like substrate (Glaser et al., 2001; 
Glaser, 2007; Glaser and Birk, 2011). Thus, co-composting of biochar and fresh organic material 
is likely to have a number of benefits compared to the mere mixing of biochar or compost with 
soil. Examples are enhanced nutrient use efficiency, biological activation of biochar and better 
material flow management and a higher and long-term C sequestration potential compared to 
individual compost and biochar applications (negative priming effect). 

Compared to compost and biochar mixing, an increased decomposition of biochar can be 
expected during composting although biochar is much more stable than other organic 
materials. As observed by Kuzyakov et al. (2009), biochar decomposition rates increase as 
long as easily degradable C-rich substrate is available. Additionally, Nguyen et al. (2010) 
reported that higher temperature increased biochar oxidation and thus decomposition. 
However, these effects are much lower for biochar than for compost feedstock. On the other 
hand, surface oxidation will enhance the capacity of biochar to chemisorb nutrients, 
minerals and dissolved OM. The overall reactivity of biochar surfaces therefore probably 
increases with composting (Thies & Rillig, 2009).  

From the compost point of view, there is evidence that biochar as a bulking agent improves 
oxygen availability and hence stimulates microbial growth and respiration rates (Steiner et 
al., 2011). Pyrolysis condensates adsorbed to biochar initially provoked increased respiration 
rates in soils which most likely occur also during composting (Smith et al., 2010). Biochar in 
compost provides habitats for microbes, thereby enhancing microbial activity. Steiner et al. 
(2011) reported increased moisture absorption of biochar-amended composts with beneficial 
effects on the composting process.  

It was often stated in non-scientific literature, that terra preta was formed by anaerobic 
fermentation of biochar with organic wastes using “effective  microorganisms ®”  (EM ®) 
which consist mainly of a mix of lactic acid and photosynthetic bacteria, yeasts, 
actinomycetes as well as other genera and species of beneficial microorganisms (Higa & 
Wididana, 1991). However, there is no scientific proof for this and from a practical point of 
view it is most unlikely that pre-Columbian Indians manually moved tremendous amounts 
of soil and organic wastes  for fermentation in closed containers. For the average dimension 
of terra preta being 20 ha wide and one meter deep, 200,000 m3 or 260,000 tons of soil would 
have being moved by hand twice (forth and back) for terra preta generation which is most 
unlikely. 
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Nevertheless, fermentation theoretically provides microorganisms to soil which could be 
beneficial for soil health and ecosystem services. In a composting / fermentation experiment 
with and without biochar, the overall C loss during fermentation was about 30% lower 
when compared to composting (Fig. 5). However, when composting the fermented material, 
overall OC loss was even higher compared to the composted only material (Fig. 5). This 
indicates that fermented OM is only stable as long as it was kept anaerobic. As soon as piles 
were turned (after fermentation) and oxygen became available, the intermediate 
fermentation products were mineralized to an even higher extent than the non-fermented 
counterparts (Fig. 5). Biochar addition appeared to amplify fermentation-induced 
stabilization, since compost piles with 50 (DEM50) and 100 (DEM100) kg biochar per ton of 
organic feedstock material showed reduced OC loss compared to the fermentation control 
without biochar (DEM0, Fig. 5). 

 
Fig. 5. Relative mass balance of organic carbon (OC) during fermentation (Days 1 – 29) and 
composting (Days 9 – 85; means ± standard error; significant differences between ‘Days1-29’ 
OC losses of D0 and DEM0 (see asterisks), p < 0.05, n=3, tested with a Student’s t-test). D0, 
D50 and D100 are composted materials at 0, 50 and 100 kg biochar addition per ton of 
composted materials, respectively, For DEM 0, 50 and 100 it was the same approach but 
during the first 29 days of the experiment, these piles were incubated with effective 
microorganisms under anaerobic conditions (Erben, 2011). 

Fermentation-induced negative priming of fresh OM could indeed be observed, but only as 
a temporary effect which was reversed during subsequent composting. Thus, fermentation 
did not result in an enhanced stabilization of compost. A distinct effect of the EM 
preparation could not be identified (Erben, 2011). Nevertheless, benefits of fermentation in 
OM treatment and for soil application remain to be assessed.  
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4.2 C sequestration and priming as function of biochar amount 

Biochar could cause a positive priming effect due to its high surface area providing habitat 
for microorganisms and due to input of partly labile C substrate (condensates). On the other 
hand, biochar is a stable compound which could stabilize labile compost OM thus providing 
a negative priming effect.  

Composting of biochar could be successfully conducted over a wide biochar / organic 
material ratio covering up to 50% biochar by weight. During composting, a relative 
enrichment of biochar was observed which is obvious as biochar is much more stable than 
organic waste materials (Erben, 2011). However, biochar caused a significant positive 
priming effect on non-biochar composting materials at low (up to 1 weight%) biochar 
concentrations (Erben 2011) while at high (up to 50 weight%) biochar concentrations a 
significantly negative priming effect could be observed (Erben, 2011; Fig. 5). Therefore, a 
synergistic benefit for overall C sequestration could be observed when biochar was 
composted together with organic waste material (Erben, 2011). Further co-benefits might 
arise for soil microbial biomass and community structure composition and for biochar 
surface oxidation which still has to be proven scientifically. 

Combining biochar addition and fermentation resulted in negative priming (Fig. 5), but the 
effect was weaker here than that of non-fermented treatments and hence ascribed rather to 
biochar alone than to its reinforcement of fermentation-induced negative priming. 

4.3 Synergisms for soil fertility and plant growth 

Combination of biochar with inorganic and organic fertilizers is clearly advantageous over 
the sole biochar or fertilizer amendments (Fig. 6). Plant growth significantly increased after 
biochar addition. Although pure compost application showed highest absolute yield during 
two growth periods, biochar compost mixture revealed highest relative performance. It 
should be mentioned here that biochar compost mixture received only 50% of pure biochar 
and 50% of pure compost treatments, thus providing evidence for biochar compost 
synergism (Fig. 6). In addition, it can be expected that in the long-term, compost will be 
mineralized more quickly than biochar or compost biochar mixtures. Mineral fertilizer 
retention was significantly more efficient when biochar was present although biochar did 
not increase cation exchange capacity at least after the first harvest (Schulz & Glaser, 2011). 
In comparison to mere mineral fertilizer there were clear advantages of plant growth and 
soil quality of the biochar-amended soils, especially when combining fertilizer (both 
inorganic and organic) with biochar. Therefore, optimization of biochar compost systems 
will be discussed in the following. 

In a greenhouse experiment on a sandy soil under temperate climate conditions, plant 
growth (and thus soil fertility) generally increased with increasing amendment of biochar-
compost (Fig. 7). This effect is more pronounced in a (nutrient-poor) sandy soil compared to 
a loamy soil (Fig. 7). It is interesting to note however, that at individual application rates, a 
synergistic effect of higher biochar application is obvious in the sandy soil (Fig. 7). This is 
even more interesting as biochar application rates were generally low with a maximum of 10 
kg biochar per ton of compost material.  
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Fig. 6. Crop (oats, Avena sativa) response of two consecutive harvests on a sandy soil 
amended with different materials. Treatments comprised control (only water), mineral 
fertilizer (111.5 kg N ha-1, 111.5 kg P ha-1 and 82.9 kg K ha-1), compost (5% by weight), 
biochar (5% by weight) and combinations of biochar (5% by weight) plus mineral fertilizer 
(111.5 kg N ha-1, 111.5 kg P ha-1 and 82.9 kg K ha-1) and biochar (2.5% by weight) plus 
compost (2.5% by weight) (Schulz & Glaser, 2011). 
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Fig. 7. Crop (oats, Avena sativa) response on a sandy (left) and loamy (right) soil with 
increasing biochar-compost amendments (x axis) at low biochar additions (3, 5 and 10 kg 
per ton of compost, different symbols) compared to control soil (without amendments) and 
a commercial biochar-containing product (TPN) (Schulz and Glaser, unpublished). 
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When looking at high biochar amounts, crop (oats, Avena sativa) yield significantly increased 
with increasing amounts of biochar and compost amendments, both for sandy (Fig. 8 left) 
and loamy soils (Fig. 8 right). However, in both cases, plant growth response was higher for 
biochar than for compost (sand: plant weight = 2.490 + 0.00676 compost + 0.0400 biochar, 
loam: plant weight = 4.088 + 0.0144 compost + 0.0349 biochar). 
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Fig. 8. Crop (oats, Avena sativa) response on a sandy (left) and loamy (right) soil with 
increasing biochar-compost amendments at high biochar additions (Schulz & Glaser, 
unpbulished).  

4.4 Can combined biochar compost processing contribute to optimized material flow 
management? 

By taking into account that terra preta formation was originally induced by human activity 
relying on the combined incorporation and biological transformation of charred stable OM 
on the one hand and nutrient-rich, organic feedstocks on the other hand (Fig. 3), it seems 
obvious that terra preta genesis can be understood as a sustainable and optimized 
management of natural resources. However, terra preta soils do not normally occur under 
conditions in which just compost or mulching material have been applied. Therefore, the 
addition of biochar can be recognized as a key factor for the reproduction of Terra preta 
similar substrates (chapter 3.1). However, the sole addition of charred biomass does also not 
result into the formation of terra preta soils. Thus, nutrient incorporation and microbial 
activity can be specified as further key factors. 

In this respect, it seems to be a promising approach to combine the existing scientific 
knowledge about ancient terra preta genesis with modern composting technology to promote 
positive, synergestic effects for an efficient and optimized management of natural resources 
including ‘organic wastes’ to create humus and nutrient-rich substrates with beneficial 
effects for soil amelioration, carbon sequestration and sustainable land use systems. Fig. 9 
gives a synthesis of the information about composting and biochar application and their 
beneficial effects hitherto presented in this review to show options for a sustainable material 
flow management. 
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Fig. 9. Sustainable management of natural resources by combining biochar with organic and 
inorganic wastes in compost processing (based on Glaser & Birk, 2011). 

Based on the model of terra preta genesis (Glaser & Birk, 2011) various organic and inorganic 
feedstocks are mixed for composting providing different nutrients resources. Ideally, their 
physico-chemical properties should complete each other promoting an appreciable C/N 
ratio, water content, aeration, nutrient composition etc. of the initial compost pile. Besides 
their nutrient level, the used organic input materials can be characterized by their biological 
degradability and their contribution to different carbon pools. N-rich feedstocks such as 
grass clippings are easily decomposable particularly contributing to the labile OM pool 
which is used as an easy available food source of microorganisms and thus providing 
optimum conditions for a rapid rotting process. In contrast, ligneous materials are 
characterized by a lower degradability due to their higher lignin content partially 
contributing to the stable OM pool which has beneficial long-term effects for soil 
amelioration, carbon sequestration (Fig. 1) as well as humus reproduction (Table 1). The 
most recalcitrant material towards biological degradation is represented by biochar 
contributing at most to the stable OM pool of substrate mixtures. During subsequent aerobic 
decomposition OM getting stabilized resulting in an increase of stable C content. According 
to Yoshizawa et al. (2005) biochar promotes this rotting process due to its functions as a 
matrix for the involved aerobic microorganisms probably increasing decomposition speed. 
An co-composting experiment with poultry litter and biochar applied by Steiner et al. (2010) 
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seems to confirm the accuracy of this assumption since changes in pH and moisture content 
with greater peak temperatures and greater CO2 respiration suggest that composting 
process was more rapid if poultry litter was amended with biochar. In the same study the 
authors detected a reduction of ammonia emissions by up to 64 % and a decrease of total N 
losses by up to 52% if poultry litter was mixed with biochar. These observations support the 
hypothesis of higher nutrient retention ability induced by biochar amendment previously 
mentioned in this review. 

Furthermore by the proliferation of microorganisms on the biochar backbone as well as 
between its pores, Yoshizawa et al. (2005) suggest that biochar properties are influenced by 
biological processes. Especially slow oxidation of biochar over time has been suggested to 
produce carboxylic groups on the edges of the aromatic backbone, increasing the CEC 
(Glaser et al., 2000). Due to higher temperature during compost processing, especially 
during thermophilic stage, biological activity as well as chemical reaction rate is increased, 
probably accelerating the partial oxidation and formation of functional groups of the 
amended biochar material but also interaction with labile OM and with minerals is 
favoured. 

Besides the importance of biochar incorporation, additional amendments like clay minerals 
can add further value to the final compost product, e.g. by promoting an enhanced CEC or 
WHC due to their high adsorption or swelling capacity. Furthermore, their incorporation 
into organic substrates promotes the formation of organo-mineral complexes initiated by the 
biological activity of soil fauna after subsequent soil application. This aspect seems 
important since SOM in terra preta is stabilized by interaction with soil minerals (Glaser et 
al., 2003). 

Other amendments like ash, excrements or urine contribute to the nutrients stock of the final 
composting product and can enhance microbial activity by their nutrient supply (Glaser & 
Birk 2011). According to Arroyo-Kalin et al. (2009) and Woods (2003), ash may have been a 
significant input material into terra preta, too. Furthermore for providing adequate moisture 
conditions during composting urine can be added instead of water for preventing the 
dehydration of composting piles while adding nutrients at the same time. 

After compost maturation, the final compost substrate can be beneficially applied to soils. In 
this respect, the soil biota contribute to a further transformation of the applied material and 
provide essential ecological services, for instance by promoting aggregation and further OM 
stabilization. By enhancing the specific biological, physical and chemical properties of soils 
amended with the biochar composting substrates, plant growth is generally promoted. 

5. Conclusions 
Our review clearly demonstrated beneficial effects of compost for ecosystem services. In 
addition, it is a promising tool for sustainable management of natural resources (soils, 
organic ‘waste’. Especially two of the major problems of modern society (anthropogenic 
greenhouse effect and desertification) could be coped with proper compost technologies. 
However, as compost has only a moderate SOM reproduction potential, strategies for 
further optimization are required. These could be applying the terra preta concept, especially 
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the integration of biochar into management of natural resources. Recent studies provide 
optimism for synergistic effects of compost and biochar technologies for ecosystem services 
and for sustainable management of natural resources including ‘organic wastes’.  
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