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ABSTRACT 

 

It is the interest of anaerobic digestion (AD) plants to maximise the biogas production. 

Although the biogas production through AD is not a new concept in wastewater treatment 

technology, AD processes for energy production are often operated below their optimal 

performance.  

This thesis aimed at the enhancement of the hydrolysis and/or digestion processes of 

concentrated feedstock streams in high-solids reactors by microbial and/or chemical additives. 

Microbial additives showed to be the most appropriate additives enhancing not only the 

solubilisation and hydrolysis processes of feedstock mixtures of maize (silage and grain) under 

mesophilic conditions, but also on the biogas production in semi-continuous lab-scale reactors, in 

which an extra of 1.65  LBiogas/(LReactor.day) was achieved. 

The addition of Ca(OH)2 to a mesophilic AD was also studied and a positive effect on the 

digester’s performance was achieved. An early-warning indicator on the basis of Ca-

measurement was evaluated and showed to be a satisfatory indicator for process failures under 

specific conditions tested (feedstock containing rapeseed oil). The addition of calcium promoted 

an extra biogas production of 1.16 LBiogas/(LReactor.day), i.e., a 3.4-fold increase. 

Mixtures of chemical additives and C-sources were tested as boosters for AD in long term 

laboratorial experiments. The best results were obtained with booster 2, composed of grain 

maize, trace elements and compost, dosed at 5 % extra of the volatile solids load, and gave a 

biogas yield of 1.61 LBiogas per gram of VS extra added, with an extra biogas production of 0.22 

LBiogas/(LReactor.day). The latter data showed that boosters can be promising additives to high-solid 

digesters.  

 

 

 
 
 
 
 
 
 

 

Keywords: anaerobic digestion; biogas production; biomass; digester’s performance; boosters 

and additives. 
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RESUMO 

 

As unidades de digestão anaeróbia (DA) objectivam a maximização da produção de biogás e, 

apesar de não constituirem um novo conceito no tratamento de efluentes, são ainda operadas 

abaixo das condições óptimas.  

Esta tese objetivou a optimização da hidrólise e/ou digestão de influentes concentrados em 

reactores de elevado conteúdo sólido, pela adição de produtos químicos e/ou microbianos. As 

culturas microbianas demonstraram ser as mais apropriadas nos processos de solubilização e 

hidrólise de matérias-primas baseadas em misturas de milho sob condições mesofílicas, e 

também na produção de biogás em reactores semi-contínuos à escala laboratorial, nos quais se 

atingiu uma produção adicional de 1,65 LBiogás/(LReactor.dia). 

Foi também estudada a adição de Ca(OH)2 a uma unidade de DA, tendo sido observado um 

efeito positivo no seu desempenho. Foi avaliado um indicador de alerta-rápido, baseado na 

medida de concentração de cálcio, o qual mostrou ser satisfatório para falhas processuais sob 

condições específicas (óleo de colza adicionado ao influente). A adição de cálcio promoveu uma 

produção de biogás adicional de 1,16 LBiogás/(LReactor.dia), i.e., um aumento de 3,4 vezes. 

Foram também testadas misturas de compostos químicos e fontes de carbono como reforços 

para DA à escala laboratorial. Os melhores resultados foram obtidos com um reforço constituído 

por milho, oligoelementos e composto, o qual foi adicionado como 5 % extra dos sólidos voláteis 

alimentados, resultando num rendimento de biogás de 1,61 LBiogás/gSV adicionados, com uma 

produção extra de biogás de 0,22 LBiogás/(LReactor.dia). Observou-se que os reforços estudados 

são aditivos promissores para digestores de alto conteúdo em sólidos. 

 

 

 

 

Palavras-chave: digestão anaeróbia; produção de biogás; biomassa; desempenho do digestor; 

reforços e aditivos. 
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1. INTRODUCTION  

"We can create a more sustainable, cleaner and safer world by making wiser energy choices." 

Robert Alan Silverstein  

 

1.1. BACKGROUND 

The aim of this study was the optimization of anaerobic digestion processes, focusing mainly 

on the production of biogas, a source of heat and electricity. 

In the last decades the interest on renewable energies has become more important since the 

reserves of fossil fuels are expected to last at the most 40 years and also because the fossil fuel 

prices have increased the demand for biofuels production from crops. However, the diversity of 

crops for biofuels production resulted in the increase of caused food price and food security 

concerns (Ahn et al., 2010). Thus, the production of renewable energy from organic waste 

streams is one of the important aspects in the concept of sustainable development. It has been 

set forward by the European Union that by the year 2020 approximately 20 % of the European 

energy demands should originate from renewable energy sources. The production of biogas from 

organic materials should account for about 25 % of the total budget of renewable energy sources 

(Verstraete et al., 2012). 

Anaerobic digestion is one of the most promising sources of renewable energy in which a rich 

energy compound – methane – is produced from waste and sewage (Weiland, 2010). The reason 

that anaerobic digestion is a widely used technique can be contributed to the fact that, apart from 

the biogas production and organic waste stabilization, it has several other advantages, e.g. a low 

cell yield, a high organic loading rate, limited nutrient demands and low costs for operation and 

maintenance of the reactor system (Verstraete et al., 2012). 

 

1.2. AVECOM NV 

The research work for this thesis was carried out at Avecom NV, in Gent, Belgium, within a 

period of six month intensive practical explorations. Avecom NV is a company that focuses mainly 

on the development of bio-supplements for optimization of microbial processes through the 

insurance of optimal growth and activity of the desired microbial consortia. The main fields are 

activated sludge systems, anaerobic treatment of wastewaters and solid wastes, soil remediation 

and aquaculture/aquariophilia. Avecom NV has also experience in sludge analysis, bio-

degradation, nitrification/denitrification and eco-toxicity tests, giving also consultancy regarding, 

mainly, wastewater treatments.  
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1.3. RESEARCH GOALS 

The main objectives of this study were: 

• Lab scale testing of anaerobic digestion processes; 

• Development of microbial products for anaerobic digesters: 

o Selecting microbial cultures suited for optimizing operation and/or biogas yield of digester 

processes; 

o Evaluation of the applicability of some microbial products in concentrated feedstock 

streams for anaerobic digestion; 

o Formulation of the cultures into marketable products. 

• Development and optimization of concentrated feedstock streams for anaerobic digesters: 

o Effect of different products (chemicals products and microbial cultures) in the 

solubilisation and acidification of dry and wet mixtures of maize; 

o Application of some concentrated feedstock streams developed in anaerobic digesters 

aiming at the evaluation of the biogas yield. 

• Development of boosters as extra additives for anaerobic digestions: 

o Effect of extra addition of different products in biogas yield; 

o Formulation of the boosters into marketable products. 

• Evaluation of digester performance by early-warning indicators: 

o Evaluation of the functionality of the Early-Warning Indicator (EWI) and its relation with 

the performance of the reactor and biogas production; 

o Evaluation of the addition of calcium, and its applicability in prevent digester's failures. 

• Economical evaluation of products for target market and energy crops, its costs and benefits. 
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2. LITERATURE REVIEW  

2.1. INTRODUCTION 

Against the background of finite fossil fuels and the contentious use of nuclear energy, 

renewable sources of energy are steadily gaining in importance. Leading the way is the use of 

methane gas obtained from fermentation processes in biogas plants (Wiese and König, 2007).  

Europe’s dependence on fossil fuel importations should further encourage the energy market 

and politicians to invest in a renewable alternative and create market incentives for biogas 

(AEBIOM, 2009). 

The use of organic wastes should be a priority for biogas production. A large share of energy 

crops could be converted into biogas, but also used in different technologies. The use of 

agricultural material such as manure, slurry and other animal and organic wastes for biogas 

production has, in the view of the high greenhouse gas emission savings potential, significant 

environmental advantages in terms of heat and power production and its use as biofuel 

(AEBIOM, 2009). 

Anaerobic digestion (AD) or biomethanisation is the most common treatment technique for 

sludge stabilization, resulting in a reduction in the amount of volatile solids (VS) with biogas 

production at the same time (Athanasoulia et al., 2012). This waste-to-energy technology is 

especially suited for the utilization of wet organic wastes from agriculture and industry, as well as 

for the organic part of source-separated household wastes to produce biogas (CH4: 55 – 65 %; 

CO2: 35 – 45 %).  

Anaerobic degradation is a very cost-effective method for treating biogenic wastes because 

the produced biogas can be used for heat, electricity generation and as a transportation fuel, 

displacing conventional fossil energy sources and mitigating greenhouse gas (GHG) emissions. 

AD also generates organic residues (digestate) that have good fertilizing properties and can 

replace synthetic fertilisers in agriculture and recycle nutrients (Weiland, 2000; Sanscartier et al., 

2012). 

 

2.2. BIOGAS TECHNOLOGY  

2.2.1. WHY BIOGAS? 

Biogas, as a secondary energy carrier, can be produced out of many different kinds of 

organic materials and its options for utilization can be equally versatile. Biogas can be used to 

generate electricity, heat and biofuels, being an appropriate technology to exploit the energy 

potential of wet organic waste. Also the fermentation residues, called digestate, can be used for 
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example as a fertiliser. Moreover, biogas technology helps in decreasing the dependency on 

natural gas imported to Europe, it is a sustainable raw material for chemical compounds, it can be 

used as an alternative vehicle fuel and it can be also injected into the natural gas grid (AEBIOM, 

2009). Table 2.1 gives the general composition of biogas. 

Table 2.1 – General composition of biogas. Adapted from AEBIOM, 2009. 

Matter Volume (%) 

Methane, CH4 50 – 75 

Carbon dioxide, CO2 25 - 45 

Water vapour, H2O 1 – 2 

Carbon monoxide, CO 0.0 – 0.3 

Nitrogen, N 1 – 5 

Hydrogen, H2 0 – 3 

Hydrogen sulphide, H2S 0.1 – 0.5 

Oxygen, O2 Traces 

 

2.2.2. STRUCTURE OF A BIOGAS PLANT 

In a biogas plant, natural fermentation and decomposition processes produce biogas, which is 

used to generate electricity as efficiently as possible. In the first phase the substrate is made 

available, stored and treated in accordance with requirements and fed into the bioreactor. In the 

second phase, anaerobic fermentation processes take place in the digester, producing biogas. In 

the third phase the gas is treated, stored and utilized. Finally, in the fourth phase, the 

fermentation residues are utilized (e.g. as fertiliser in the agricultural sector).  

A cubic meter of biogas contains about 6 kilowatt-hours of available energy (in which 25-35 % 

can be harvested as electricity and the remainder 65-75 % as heat) and is equivalent to about 0.6 

litres of fuel oil in terms of its average calorific value. The heat generated during its combustion is 

fed into the fermentation process as process heat or used to heat on-site living and working 

quarters and livestock buildings or sold to external customers (Wiese and König, 2007). 

 

2.3. ANAEROBIC DIGESTION 

2.3.1. PRINCIPLES OF THE ANAEROBIC DIGESTION PROCESS 

Anaerobic digestion (AD) is one of the oldest processes used for the stabilization of sludge. It 

involves the decomposition of organic and inorganic matter in the absence of molecular oxygen.  

AD is an attractive biological technology used to convert organic wastes (e.g., manure, food-

processing wastes and green wastes) by microbial organisms into a stable product for application 

to land without adverse environmental effects. The microorganisms within an anaerobic digester 

work synergistically to convert the organic matter into biogas (methane, CH4, and carbon dioxide, 
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CO2) that can be used as an alternative renewable energy source (Zhang et al., 2009; Ahn et al., 

2010; Cheng et al., 2008). 

Anaerobic digestion requires strict anaerobic conditions to proceed and depends on the 

coordinated activity of a complex microbial association (Dewil et al., 2008). The anaerobic 

digestion of organic material requires four major steps and five physiologically distinct groups of 

microorganisms (Angenent et al., 2004).  

The reason that anaerobic digestion is a widely used technique can be contributed to the fact 

that, apart from the biogas production and organic waste stabilization, it has several other 

advantages. Table 2.2 gives an overview of these advantages and also some possible limitations 

of this process. 

Table 2.2 – Advantages and limitations of anaerobic digestion processes. Adapted from Speece, 1996 and 

Verstraete et al., 2012. 

Advantages Limitations 

� Conservation of energy, ensuring ecological 

and economic benefits; 

� Insufficient methane generation from dilute 

wastewaters to provide for heating to the 35 

ºC optimal temperature; 
� Reduction of waste biomass disposal costs; 

� Limited nutrient demands; 

 

� Insufficient inherent alkalinity generation 

potential in diluted or carbohydrate 

wastewater; 

� Provision of process stability; 
� Insufficient effluent quality for surface water 

discharge in some cases; 

� Low operation and maintenance costs; 

 

� Long start-up requirement for development of 

biomass inventory; 

� Elimination of off-gas air pollution; 

 

� Sulphide and odour generation from sulphate 

feedstock; 

� Avoidance of foaming with surfactant 

wastewaters; 
� No nitrogen and phosphate removal; 

� Biodegradation of aerobically non-

biodegradable compounds; 

� Greater toxicity of chlorinated aliphatics to 

methanogens vs. aerobic heterotrophs; 

� Reduction of chlorinated organic toxicity 

levels; 
� Low kinetic rates at low temperatures; 

� Provision of seasonal treatment. � Heating requirements; 

� Substantial decrease and stabilization of the 

organic waste as a substrate. 

� Susceptible to perturbations due to the 

sensitivity of the methanogenic community 

towards environmental factors; 

� Low cell yield. � Overload susceptibility. 

 

2.3.2. STAGES OF ANAEROBIC DIGESTION 

Methane fermentation is a complex process, which can be divided up into four phases: 

hydrolysis, acidogenesis, acetogenesis/dehydrogenation and methanisation. Hydrolytic bacteria 
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bring about initial degradation of complex biopolymers such as cellulose, hemicelluloses, proteins 

and lipids into dicarboxylic acids, volatile fatty acids (VFAs), ammonia, carbon dioxide and 

hydrogen. Methanogenic bacteria, which play a key role in the terminal step of anaerobic 

digestion, use only a few compounds like acetate, methanol, methylamine, hydrogen and carbon 

dioxide. VFA and dicarboxylic acids thus need to be converted as much as possible to acetate, 

hydrogen and carbon dioxide for maximum production of methane. This is brought about by 

hydrogen producing acetogenic bacteria which grow only in syntrophic association with hydrogen 

scavengers, such as sulphate reducing or methanogenic bacteria (Gupta et al., 2012). 

The microbial consortia active in anaerobic treatment execute a complex process involving 

many classes of bacteria and several intermediate steps. Complex organic polymers (such as 

carbohydrates, proteins and fats) are broken down to their monomers (sugar, amino acids and 

fatty acids, respectively) by enzymes produced by hydrolytic bacteria (Dewil et al., 2008). The 

four phases of an anaerobic digestion process are schematically represented in Figure 2.1. 

 

 

Figure 2.1 – Sequential steps in the anaerobic digestion process. Adapted from Dewil et al., 2008 and 

Verstraete et al, 2012. 

 

The hydrolysis step is a slow process and it is considered to be the rate limiting step of the 

AD. In this stage both insoluble organic material and high molecular weight compounds, such as 

lipids, polysaccharides, proteins and nucleic acids, are degraded into soluble organic substances 

(e.g. amino acids and fatty acids). The components formed during hydrolysis are further 

converted by fermentative microorganisms during acidogenesis (acidification), the second step. 
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Short chain fatty acids (VFAs) are produced by acidogenic (or fermentative) bacteria along with 

ammonia (NH3), CO2, H2S and other by-products (Wiese and König, 2007; Dewil et al., 2008). 

The third stage in AD is acetogenesis, where the higher organic acids and alcohols produced 

by acidogenesis are further digested by acetogens to produce mainly acetic acid as well as CO2 

and H2. The final stage of methanogenesis produces methane by two groups of methanogenic 

bacteria: the first group splits acetate into methane and carbon dioxide and; the second group 

uses hydrogen as electron donor and carbon dioxide as acceptor to produce methane (Dewil et 

al., 2008). All the described processes run almost simultaneously in a biogas plant. They are in a 

sensitive state of equilibrium, which is dependent on the pH and temperature (Wiese and König, 

2007). 

 

2.3.2.1. The importance of Methanosarcina sp. 

As written before, methanogenic bacteria are responsible for the final and critical step of 

anaerobic digestion, the methanogenesis. One of the major drawbacks of AD is however the 

sensitivity of this methanogenic consortium to different environmental factors, like an abrupt 

change in pH, an increase in salt or organic matter concentration, overloading or the introduction 

of a toxic compound. Methanosarcina sp. differs however from other methanogens as they are 

often tolerant against different stressors (Verstraete et al., 2012). The different characteristics of 

Methanosaeta and Methanosarcina, the two main acetoclastic methanogens, are summarized in 

Table 2.3. 

 

Table 2.3 – Characteristics of Methanosarcina and Methanosaeta. Adapted from Verstraete et al, 2012. 

Parameter Methanosaeta Methanosarcina  

Temperature range (ºC) 7 - 65 1 - 70 

pH range 6.5 – 8.5 5.0 – 8.0 

pH shock < 0.5 0.8 – 1.0 

Acetate concentration (mg/L) <3 000 <15 000 

NH4
+ (mg/L) <3 000 <7 000 

Na+ (mg/L) <10 000 <18 000 

 

Anaerobic digestion takes place at a wide temperature range, varying from psychrophilic 

digestion at 15 ºC to hyperthermophilic digestion at 70 ºC. These different types of digesters host 

different communities of methanogens; however, Methanosarcina sp. can be present in anaerobic 

digesters within the entire temperature range. Apart from its ability to grow at different 

temperature ranges, the tolerance of Methanosarcina to abrupt changes in temperature can be 

important in view of its role as the robust methanogen in anaerobic digestion. The presence of 
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heat shock genes and their products (heat shock proteins) in eukaryal, bacterial and archaeal 

cells is very often an indication of their tolerance against heat shocks but also other forms of 

stress, e.g. high ammonium and salt concentrations. 

Unlike most methanogens, Methanosarcina sp. are less sensitive to a drop in pH with more 

than 0.5 units and/or an accumulation of fatty acids, especially acetate, to concentrations 

exceeding 3000 mg COD/L. The optimum pH level of most methanogens lies between 6.8 and 

7.5, whereas several Methanosarcina sp. demonstrated no significant decrease in methane 

production at pH values which deviate strongly from this narrow range. As a consequence 

Methanosarcina sp. are on one hand able to tolerate changes in pH of 0.8–1.0 units but are on 

the other hand only growing at elevated residual acetate levels, whereas Methanosaeta sp. grow 

at much lower acetate concentrations, thus outcompeting Methanosarcina sp.. 

Methanosarcina sp. seems to be more tolerant towards ammonium stress than other 

methanogens, particularly Methanosaeta sp., which are no longer detected at ammonium 

concentrations exceeding 3000 mg TAN/L. The resistance of Methanosarcina sp. against high 

ammonium concentrations can be attributed to their relative large cell size and spherical form and 

their ability to grow in clusters, in contrast to other methanogens.  

Methanogens are, like other archaea, negatively affected by high salt concentrations, whereas 

low concentrations are beneficial for growth, with reported values of 350 mg Na+/L to be optimal 

for methanogens, values between 3500 and 5500 mg Na+/L causing moderate and values over 

8000 mg Na+/L leading to severe impairment. The different species of Methanosarcina from 

different origins are able to grow at high salt concentrations and are able to tolerate high salt 

shocks because of a rapid physiological response in a matter of a few hours to even a few 

minutes (Verstraete et al., 2012). 
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2.3.3. FEEDSTOCK MATERIALS USED IN HIGH-SOLIDS BIOMASS REACTORS 

Today many different feedstock materials (all types of biomass) are used for biogas 

production as long as they contain carbohydrates, proteins, fats, cellulose and hemicelluloses as 

main components. Theoretical gas yield and percentage of methane varies with the content of 

carbohydrates, proteins and fats, as shown in Table 2.4 (Weiland, 2010). 

Table 2.4 – Maximal gas yields and theoretical methane contents. Adapted from Weiland, 2010. 

Substrate Biogas (Nm3/t TS[1]) CH4 (%) CO2 (%) 

Carbohydrates[2] 790 - 800 50 50 

Raw protein 700 70 - 71 29 - 30 

Raw fat 1200 - 1250 67 - 68 32 - 33 

Lignin 0 0 0 

[1] TS – Total solids; [2] Only polymers from hexoses, not inulins and single hexoses. 

 

Fats provide the highest biogas yield but require a long retention time due to their poor 

bioavailability. Carbohydrates and proteins show much faster conversion rates but lower yields.  

A general distinction can be made between biomass from agriculture like by-products (e.g. 

manure) or dedicated crops for biogas and various waste streams, as shown in Table 2.5 

(AEBIOM, 2009). 

Table 2.5 – Biogas feedstock materials. Adapted from AEBIOM, 2009. 

Agriculture Waste streams 

Manure Landfill 

Energy crops and catch crops Sewage sludge 

Landscape management Municipal solid waste 

Grass Food waste 

Other by-products Other waste 

 

The contents of nutrients, respectively the carbon:nitrogen (C:N) ratio, have to be well 

balanced to avoid process failure by ammonia accumulation and it should be within the range of 

15 and 30 (Weiland, 2010). 

Switch grass may also have potential for use as co-substrate in anaerobic digestion by 

supplementing manure biomass resources and potentially increasing biogas production (Ahn et 

al., 2010). This biological degradation of lignocellulosic material is normally facilitated by 

enzymes, such as celluloses and hemicelluloses, which are produced by the microorganisms. 

The rate-limiting step for anaerobic digestion of lignocellulosic material is the hydrolysis of 

cellulose and hemicellulose. Increasing the hydrolysis rate is critical in order to improve the 

biomass-conversion efficiency of anaerobic digestion (Zhang, 2009). 
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Animal waste includes voided waste from livestock and poultry, wastewater, feedlot runoff, 

silage juices, bedding and feed. These wastes are a substantial contributor to non-point source 

pollution and can affect wetland habitats and contaminate drinking water sources. Animal waste 

often has very high total ammonia nitrogen concentrations due to the presence of ammonia as 

well as protein and urea that readily release ammonia upon anaerobic treatment. Consequently, 

the principal instability associated with the anaerobic digestion of animal wastes is ammonia 

inhibition. In addition to ammonia, swine manure also contains a high sulphate concentration 

derived from a protein-rich diet (Cheng et al., 2008). Due to its high water content, liquid manure 

has the lowest yield and therefore should be processed close to where it is produced in order to 

save transportation costs. The use of manure for biogas production offers several benefits, such 

as the avoidance of CH4 emissions during the storage of the manure; the reduction of CO2 

emissions by replacing fossil fuels; the offer of an additional energy carrier that does not compete 

with other uses and the substrate as final product, after the biogas production, can be used as a 

valuable fertiliser (AEBIOM, 2009). 

Crop residues represent another fraction of agricultural waste. Substantial quantities of 

unused stalks, straws and bark are produced from a variety of crops, which could be used for 

energy generation. Crop residues typically contain a high lignocellulosic content. Problems such 

as low gas yield during anaerobic digestion of these materials are usually associated with a high 

C:N ratio or high lignin content (Cheng et al., 2008). 

 

2.3.4. CONTROL PARAMETERS 

In anaerobic digestion processes various important parameters affect positively and/or 

negatively the rates of the different steps of the digestion process.  

 

2.3.4.1. pH and buffer capacity 

The AD process is severely inhibited if the pH decreases below 6.0 or rises above 8.5. The pH 

value increases due to ammonia accumulation during degradation of proteins, while the 

accumulation of VFA decreases the pH value (Dewil et al. 2008; Weiland, 2010). A variation of 

the influent pH can affect the process performance, but it is dependent upon the buffer capacity of 

the mixed liquor. Different groups of microorganisms respond differently at pH variations (Leitão 

et al., 2006). Methanogenic bacteria are extremely sensitive to pH with an optimum between 6.5 

and 7.2. The fermentative microorganisms are less sensitive, having therefore a pH range 

between 4.0 and 8.5. However, the intermediate products are different: at a low pH the main 
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products are acetic and butyric acid, while at a pH 8.0 mainly acetic and propionic acid are 

produced (Dewil et al., 2008). 

During hydrolysis and acidification, the best pH is between 4.5 and 6.3. Continuous pH 

metering gives an early indication of any acute disruption of the process. However, the plant 

cannot be controlled reliably simply on the basis of the current pH. This is especially true for 

plants whose digester has a high buffer capability, as an unintentionally large input of organic 

acids does not necessarily results in a drop in pH (Wiese and König, 2007). 

 

2.3.4.2. Process temperature 

Anaerobic digestion takes place at a wide temperature range, varying from psychrophilic 

digestion at 15 ºC to hyperthermophilic digestion at 70 ºC (Verstraete et al., 2012). The operating 

temperature is a fundamental variable affecting reactor’s performance because of the improved 

hydrolysis rates and methane yields due to favourable kinetics at higher temperatures (Bocher et 

al., 2008). 

Biogas plants are usually mesophilic (30 – 40 ºC) or thermophilic (50 – 60 ºC). 

Methanogenic bacteria in particular are extremely sensitive to temperature fluctuations (Wiese 

and König, 2007). It is extremely important to maintain a stable operating temperature in the 

digester since fluctuations in temperature affect the bacteria, in particular the methanogens. 

Process failure can occur at temperature changes in excess of 1 ºC per day. Therefore, changes 

in temperature of more than 0.6 ºC per day should be avoided (Turovskiy and Mathai, 2006). 

A shock change in temperature may be characterized by the accumulation of VFA which can 

produce an immediate pH drop in the process, depending on the buffer capacity (Borja and 

Banks, 1995). In general, thermophilic processes are more sensitive to temperature fluctuations 

and require longer time to adapt to a new temperature (Dewil et al., 2008).  

Table 2.6 gives a comparison between mesophilic and thermophilic processes. 
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Table 2.6 – Comparison between mesophilic and thermophilic anaerobic digestions. 

Mesophilic Thermophilic 

� Lower rates of biogas production[1]; � Higher degree of waste stabilization[2]; 

� Lower rates of die off of pathogens 

[1]. 

� More thorough destruction of viral and bacterial 

pathogens[2];  

 � Improved post-treatment sludge dewatering[2]; 

 � Poorer operational stability[2]; 

 

� Higher VFA concentrations in the effluent due to acetate 

and hydrogen removal inhibition by short-chain VFAs, 

such as propionate[3]. 

� Faster process; 

� More sensitive to environmental factors. 

[1] (Weiland, 2010); [2] ((Dewil et al., 2008; Cheng et al., 2008); [3] (Bocher et al., 2008). 

 

2.3.4.3. Volatile fatty acids 

Volatile fatty acids (VFA), low molecular fatty acids, in particular acetic acid, propionic acid 

and butyric acid, are the most important intermediates in the AD process, formed during the first 

and second steps of the fermentation process. However, VFAs can inhibit methanogenesis 

because of their toxicity at high concentrations (Weiland, 2010). If the fermentation process is 

proceeding efficiently, the values for these compounds, expressed as an equivalent amount of 

acetic acid, lie between 500 and 3000 mg/L. In this case, the processes in the digester, the 

production of acid by hydrolysis and the degradation of acid by methanisation are in equilibrium. If 

the acid concentration rises above 10000 mg/L, the pH usually falls below 7, depending on the 

buffer capacity (Wiese and König, 2007). 

These increased concentrations are the result of accumulation due to process imbalances 

which can be caused by variation in temperature, organic overloading, toxic compounds, etc. In 

such cases, the methanogens are not able to remove the hydrogen and volatile organic acids fast 

enough. As a result, the acids accumulate and the pH decreases to such a low value that the 

hydrolysis/acetogenesis can be inhibited (Banks and Siegert, 2005).  

 

2.3.4.4. Hydraulic and solids retention time 

Hydraulic retention time (HRT) and the solid (or microbial biomass) retention time (SRT) are 

indispensable parameters for design in all biological processes (Dewil et al., 2008; Kim et al., 

2008). The HRT is the average time that the liquid substrate is held in the digester, while the SRT 

is the average time that solids spend in the digester (Dewil et al., 2008).  

Each time sludge is withdrawn, a fraction of the bacterial community is removed. The HRT can 

vary from hours to months, depending on the type of digester that is being used. The growth rate 
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of methanogenic bacteria is higher at thermophilic process temperatures. A well-function 

thermophilic digester can operate at a lower HRT than a mesophilic digester (Weiland, 2010).  

It has been reported that in a (semi-) CSTR (Continuous Stirred Tank Reactor), SRT (=HRT) 

shorter than 5 days cause a washout of methanogenic bacteria leading to an accumulation of 

VFA. There is a minimum SRT of 10 days to achieve a stable digestion process (Dewil et al., 

2008). 

 

2.3.4.5. Organic loading rate 

The organic loading rate (OLR) influences the anaerobic digestion and represents the amount 

of solids added to the digester per reactor volume and unit time (g COD/(L.day), g TS/(L.day) or g 

TOS/(L.day)). Normally the higher the OLR the higher the biogas yields, but inhibition of AD 

occurs at too high OLR (Rojas, 2010).  

Anaerobic digesters are vulnerable to overloading, which can disrupt their operational stability. 

An increase of the loading rate leads to the accumulation of fatty acids eliciting toxic effects and 

causing the pH to drop to suboptimal conditions, which can cause a decrease in methanogenic 

activity (Verstraete et al., 2012). 

The total solids content (TS) or total organic solids content (TOS) of the substrate is used to 

estimate the volumetric loading of the digester for the purpose of managing the solids streams. 

The volumetric loading rate of the anaerobic digester is expressed as kg TOS/m3.day. The latter 

is very important for the operation of the plant. If it is too high (e.g. > 3 kg TOS/(m3.day)), there is 

a danger of overloading the digester. 

In wet digesters, the TS and TOS concentrations are a measure for the microbial biomass on 

the one hand and the residual TS and TOS from the substrate on the other hand. Wet digesters 

are usually run with a TS content of 8-10 %, while special digesters may be operated with TS 

content of up to 20 % (Wiese and König, 2007). 

 

2.3.4.6. Redox potential 

The redox potential of a digester is a measure of the oxidisability or reducibility of its content. 

Biogas production only proceeds efficiently in an anaerobic environment, i.e. the redox potential 

must be less than -330 mV. In general the use of oxidation promoting substrates, i.e. substrates 

that contain oxygen, sulphate or nitrate groups, may significantly change the redox potential and 

thus cause a shift in the pH. Such a negative development for the fermentation process can be 
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triggered by, for example, a change of substrate. Continuous redox measurements give an early 

warning, i.e. before the shift in pH occurs (Wiese and König, 2007). 

 

2.3.5. INHIBITIONS IN ANAEROBIC DIGESTION 

Problems such as low methane yield and process instability are often encountered in 

anaerobic digestion, preventing this technique from being widely applied. A wide variety of 

inhibitory substances are the primary cause of anaerobic digester upset or failure since they are 

present in substantial concentrations in wastes. The inhibitors commonly present in anaerobic 

digesters include ammonia, sulphide, light metal ions, heavy metals and organics. Due to the 

difference in anaerobic inocula, waste composition and experimental methods and conditions, 

literature results on inhibition caused by specific toxicants vary widely.   

Co-digestion with other waste, adaptation of microorganisms to inhibitory substances and 

incorporation of methods to remove or counteract toxicants before anaerobic digestion can 

significantly improve the waste treatment efficiency.  

Literature on AD shows considerable variation in the inhibition/toxicity levels reported for 

most substances. The major reason for these variations is the complexity of the anaerobic 

digestion process where mechanisms such as antagonism, synergism, acclimation and 

complexion can significantly affect the phenomenon of inhibition (Cheng et al., 2008). 

 

2.3.5.1. Ammonia 

The degradation of nitrogenous organic matter, mostly proteins, amino acids and urea, during 

the anaerobic digestion process causes the release of ammonia into the aqueous solution. Total 

ammonia nitrogen (TAN) can be present in either the ammonium ion NH4
+ or the free ammonia 

(NH3) form. Their proportion depends mostly on the pH in the reactor, with the free ammonia form 

being the most inhibiting for the microbial community. The amount of free ammonia released 

increases with rising pH, for the same level of TAN. The methanogens are in the majority of the 

anaerobic digesters the most susceptible, with respect to high levels of TAN, i.e. exceeding 

3000–4000 mg TAN/L (Verstraete et al., 2012). 

Since nitrogen is an indispensable nutrient for anaerobic microorganisms, concentrations 

below 200 mg NH3/L are beneficial to anaerobic processes. The hydrophobic ammonia molecule 

may diffuse passively into the cell. At higher concentrations, the uptake ammonia can cause 

proton imbalance and/or potassium deficiency. 
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A wide range of inhibiting ammonia concentrations has been reported in the literature, with 

the inhibitory TAN concentration that caused a 50 % reduction in methane production ranging 

from 1.7 to 14 g/L. The significant difference in inhibiting ammonia concentration can be attributed 

to the differences in substrates and inocula, environmental conditions (temperature, pH), and 

acclimation periods (Cheng et al., 2008). 

An increased temperature results in a higher free ammonia concentration, which makes 

thermophilic digestion much more susceptible to inhibition than mesophilic digestion (Weiland, 

2010). An increase in pH results also in a higher toxicity level due the shift to a higher ratio of free 

ammonia to ionized ammonia (Cheng et al., 2008; Dewil et al., 2008). 

 

2.3.5.2. Volatile fatty acids 

During the AD, VFA are produced and consumed however, under stress conditions the rate of 

production of VFA can outstrip the rate of consumption. Variations in temperature, OLR 

overloading, toxic compounds, etc. are some examples of stress-causing factors. The toxicity of 

the VFA is caused by an increase in the undissociated form of the VFA. They can penetrate the 

cell membrane where they dissociate causing a decrease of pH and a disruption of 

homoeostasis. A sudden increase in the VFA concentration is one of the first indicators of 

digester imbalance (Dewil et al., 2008). 

 

2.3.5.3. Sulphide 

Sulphate reducing bacteria (SRB) in anaerobic reactors reduce sulphate to sulphide. Sulphide 

is toxic for various bacteria groups causing an inhibition (Dewil et al., 2008). Suppressing of 

methane production arises due to competition for common organic and inorganic substrates from 

sulphate reducing bacteria. Two stages of inhibition exist as a result of sulphate reduction. 

Primary inhibition is due to competition for common organic and inorganic substrates from SRB, 

which suppresses methane production. Secondary inhibition results from the toxicity of sulphide 

to various bacteria groups (Cheng et al., 2008). 

The form of the sulphide from the bacterially mediated sulphate reduction is dependent upon 

the pH of the reaction and is represented by the equilibrium (Eq. 2.1): 

���	 ↔ ��� � �� ↔ ��� � 2��         (Eq. 2.1.) 

Both HS-, which occurs at neutral pH, and S2-, which occurs at high pH, are soluble in water, 

while hydrogen sulphide, H2S, the predominant form at low pH (< 6.0), is not soluble and tends to 

evolve from solution, even at neutral pH where it is in equilibrium with HS- (Cohen, 2006). H2S 

affects the intracellular pH of the microorganisms and impedes their metabolism. 
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The sulphide formation in anaerobic reactors has as disadvantages the potential toxicity; the 

poor biogas quality; less methane formation; corrosion; reduced COD-removal efficiency due to 

the presence of H2S in the effluent; accumulation of inert material in the sludge and malodour 

(Hulshoff Pol et al., 1998). 

 

2.3.5.4. Heavy metals 

The effect of heavy metal on AD depends on the form in which they are present, whether 

heavy metals would be stimulatory or inhibitory to anaerobic microorganisms is determined by the 

total metal concentration, chemical forms of the metals and process-related factors such as pH 

and redox potential (Cheng et al., 2008). Among the different forms of the metals the free forms 

are toxic to the microorganisms (Dewil et al., 2008). The relative sensitivity of acidogenesis and 

methanogenesis to heavy metals is Cu > Zn > Cr > Cd > Ni > Pb and Cd > Cu > Cr > Zn > Pb > 

Ni, respectively (Cheng et al., 2008). 

 

2.3.5.5. Long chain fatty acids 

Lipid containing wastes are interesting substrates for biogas production because of their high 

methane yield potential. Lipids are initially hydrolysed to glycerol and long-chain fatty acids 

(LCFA), which are further converted by syntrophic acetogenic bacteria to hydrogen (H2) and 

acetate, and finally to methane by methanogenic archaea (Palatsi et al., 2010). 

Even at low concentrations, LCFAs can be inhibitory to anaerobic microorganisms due to 

their surface active property and tendency of adhering to the cell wall, thus impeding the passage 

of essential nutrients through the membrane (Jian et al., 2011). Sorption of a light layer of LCFAs 

to biomass leads to the flotation of sludge and consequent sludge washout. Thermophiles have 

been reported to be more sensitive to LCFAs than mesophiles, possibly due to the different 

composition of cell membranes (Cheng et al., 2008). 

Further studies have demonstrated that LCFA inhibition is reversible and that 

microorganisms, after a lag-phase, are able to efficiently methanise the accumulated LCFA 

(Palatsi et al., 2010). Addition of calcium has been shown to reduce LCFA inhibition, probably 

because of the formation of insoluble salts. However, calcium addition cannot solve the problem 

of sludge flotation (Cheng et al., 2008). 
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2.3.5.6. Salts and high conductivity 

High salt levels make bacterial cells to dehydrate due the osmotic pressure. Although the 

cations of salts in solution must always be associated with the anions, the toxicity of salts was 

found to be predominantly determined by the cation. The light metal ions including sodium, 

potassium, calcium and magnesium are present in the influent of anaerobic digesters. They may 

be released by the breakdown of organic matter or added as pH adjustment chemicals. They are 

required for microbial growth and, consequently, affect specific growth rate like any other nutrient. 

While moderate concentrations stimulate microbial growth, excessive amounts slow down the 

growth, and even higher concentrations (giving rise to conductivities of 35 mS/cm or higher) can 

cause severe inhibition or toxicity (Cheng et al., 2008). 

 

2.3.6. PERFORMANCE INDICATORS IN ANAEROBIC DIGESTION 

Full-scale biogas reactors are still regarded as "black boxes" and are often operated at 

suboptimal organic loading rates to prevent process failures. Developing a comprehensive 

understanding of these process failures is the key to optimizing the reliability of the plant 

performance and the economy.  

Process failures, such as the excess accumulation of fatty acids, can be provoked by 

organic overloads as well as by different inhibitors. When an inhibitor exceeds its critical 

concentration, typically the methanogens are inhibited first. This results in an accumulation of 

acetic acid, an increase in the hydrogen partial pressure and a decrease in the methane content.  

By the time the parameters indicate a process failure, it is often too late to stabilise the 

process efficiently. Various parameters have been investigated in search of a suitable early 

warning indicator for process failure due to the accumulation of VFAs. In each case, either the 

parameters were not suitable as an early warning indicator or they required uniform conditions in 

the substrate matrix and feed to allow for a reliable interpretation.  

Kleyböcker et al. (2012b) studied the development of universal early warning indicators 

(EWIs) that were reliable, easy to measure and allow sufficient time to undertake the appropriate 

countermeasures successfully.  

In a previous thermophilic experiment, in which a mixture of expired foodstuff, sewage 

sludge and grease was used as the organic substrate, the addition of calcium contributed 

significantly to the recovery of a biogas formation process after an excess accumulation of fatty 

acids, and this was identified as an efficient measure to stabilize the biogas formation processes. 

The calcium formed insoluble salts with long chain fatty acids (LCFAs), and the amount of 

phosphate that was released from the phosphate accumulating organisms (PAOs) during the 
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VFA uptake, after the enact of their accumulation, was larger than the critical value.  The 

precipitates aggregated with the microorganisms. These aggregates provided more favourable 

conditions for the acetogenesis and the methanogenesis. In addition, LCFAs seemed to adsorb 

on the surface. Thus, the fatty acid concentration decreased significantly and the biogas 

formation process recovered (Kleyböcker et al., 2012a). 

From this concept, it follows that the decrease in calcium concentration may indicate the 

beginning of a process failure due to the accumulation of VFAs and the subsequent calcium 

precipitation with phosphates and LFCAs. Taking into account the nature of VFAs as process 

indicators, the ratio of VFAs to solvated calcium, VFA:Ca, can be considered as an early-warning 

indicator, EWI-VFA/Ca (Kleyböcker et al., 2012b). 

 

2.4. ANAEROBIC DIGESTION OF CONCENTRATED BIOMASS STREAMS 

 The best way to increase the loading potentials of a digestion process is to improve the 

biodegradability of the feedstock components since it will result in a sludge having a higher 

fractional content of viable biomass and consequently also to the pursued higher retention of 

viable biomass. Obviously the same objections apply for concentrating the feedstock, which 

represents another way to increase the loading potentials of a digestion system. However, above 

a certain TS-content – depending on the type and origin of the feedstock – there may also exist 

physiological restrictions to a further increase of the TS-content of the feedstock, viz. due to the 

fact that inhibitory intermediates or end products may also occur at increased concentrations 

(Lettinga, 1980). 

High-solid anaerobic digestion is usually characterized by a high TS content of the 

feedstock, typically greater than 15 % (w/w) and has been claimed to be advantageous over 

traditional low-solid anaerobic digestion for several reasons, such as smaller reactor volume, 

lower energy requirements for heating, less material handling and so on (Dong et al., 2012). 

So far, a wide range of organic solids found in municipal, industrial and agricultural wastes 

have been investigated as feedstock in high-solid anaerobic digestion, including food wastes, 

agricultural wastes and organic fraction of municipal solid wastes (OFMSW) (Dong et al., 2012). 

The wet digestion systems are operated at TS-contents of 8–12 % whereas the dry-

fermentation processes are operated at 20–35 % TS. Most of the wet-fermentation processes are 

operated at mesophilic temperatures conditions (30–38 ◦C) whereas thermophilic temperatures 

(>55 ◦C) are preferred mainly for dry-fermentation (Kern et al., 1999). Usually the digested 

wastes are dewatered after anaerobic treatment in order to produce a solid phase which can be 

used for compost production (Weiland, 2000). 
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2.4.1. CO-DIGESTION 

Anaerobic co-digestion (AcoD) consists in the anaerobic digestion of a mixture of two or more 

substrates with complementary characteristics. As a result, biogas and organic matter removal 

yields are enhanced (Astals et al., 2012). 

The most common situation is when a major amount of a basic substrate, such as sewage 

sludge, is mixed and digested, together with a minor amount of an additional substrate. The 

additional substrate helps to improve the nutrient balance for an optimal digestion and increases 

the biogas production (Braun and Wellinger, 2002).  

Most of the co-digestion plants use pig manure or cow manure as basic substrate and agro-

industrial, municipal and agricultural wastes for co-digestion. Agro-industrial wastes, like pulps, 

press cakes or pomace from crop and fruit processing but also agricultural residues from 

harvesting are normally free of contaminants or foreign matter and can be used often without any 

pre-treatment (Weiland, 2000). 

 
2.4.2. TRACE ELEMENTS APPLIED IN ANAEROBIC DIGESTION 

There is an increasing awareness that biogas plants operated with high proportions of energy 

crops as feedstock may run into a deficit of trace elements, regardless of the input of liquid 

manure from cattle or pig. However, a large variety of organic wastes is assumed to supply 

sufficient quantities of micro nutrients.  

The methanogens need several trace elements as micro nutrients like cobalt, molybdenum, 

nickel and selenium. In practice, it is expected that the deficiency of these trace elements leads to 

reduced AD performance (Schattauer et al., 2011). An overview of the effect of the different trace 

elements in anaerobic digesters is given in Table 2.7. 
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Table 2.7 – The effect of adding trace elements in anaerobic digesters. Adapted from Cheng et al., 2008. 

Element General features 

Aluminium 

� Its competition with Fe and Mn, or its adhesion to the microbial cell membrane or wall 

could affect microbial growth; 

� Both acetogenic and methanogenic microorganisms could be inhibited by Al(OH)3. 

Calcium 

� Essential for the growth of certain strains of methanogens; 

� Excessive amounts lead to precipitation of carbonate and phosphate; 

� Addition of Ca can have a positive impact when retention of biomass is desired.  

Magnesium 
� At high concentrations stimulates the production of single cells.  

� Cultures can be adapted to 300 mM Mg2+ without a change in growth rate. 

Potassium 

� Low concentrations (< 400 mg/L) can cause an enhancement in performance; 

� High levels of K+ in culture media (1.0 M) or in a digester is undesirable since lead to a 

passive influx of potassium ions that neutralize the membrane potential.  

� At higher concentrations there is an inhibitory effect; 

� Na+, Mg2+ and NH4
+ can mitigate K+ toxicity. 

Sodium 

� At low concentrations, is essential for methanogens; 

� In the range of 100–200 mg/L is beneficial for the growth of mesophilic anaerobes;  

� At high concentrations could affect the activity and metabolism of microorganisms; 

� Concentrations from 3500 to 5500 mg/L are moderately and 8000 mg/L are strongly 

inhibitory to methanogens at mesophilic temperatures. 

Heavy 

metals 

� Heavy metals identified to be of particular concern are Cr, Fr, Co, Cu, Zn, Cd, and Ni; 

� Non-biodegradable and can accumulate to potentially toxic concentrations; 

� Their toxic effect consists in the disruption of enzyme function and structure. 

 

2.5. ECONOMIC VIABILITY OF BIOGAS PLANTS 

The profitability of a typical farm plant or a typical centralised plant is estimated taking into 

account model plants and extrapolated to cover the entire agricultural related biogas production in 

Europe. The calculated profitability describes the expected difference between the expenses and 

costs, and the income and yields in an average year during the expected lifetime of the biogas 

plant. The total profitability in a typical European farm-scale biogas plant and in a centralised 

plant is around 32 k€/year and 573 k€/year, respectively (Birkmose et al., 2007). In Table 2.8 are 

described the parameters that have been found of major relevance to focus in the analysis of the 

profitability in biogas technology. 

Table 2.8 – Major relevance parameters in the analysis of profitability of a biogas plant. Adapted from 

Birkmose et al., 2007. 

Costs and expenses Values and income 

Depreciation Sales of electricity 

Interest payment Sales of (biogas for) heat 

Maintenance costs Increased field effect of N in livestock manure 

Operational costs Value of N, P and K in external bio-wastes 

 Value of gate fees 

 Value of CO2 reductions 
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2.5.1. BIOGAS FROM ENERGY CROPS - BENEFITS 

Energy crops for biogas are dedicated crops planted on agricultural land to be used as 

feedstock for biogas production. Typical crops are maize or sweet sorghum and grass. The mix of 

maize and manure is the most commonly used feedstock for decentralized agricultural biogas 

plants. Energy crops maximize the yield (dry matter per hectare) and offer high conversion 

efficiencies (AEBIOM, 2009). Typical crops with high biogas yields per hectare are forage beets, 

maize, sweet sorghum, ray grass and barley. The biogas yield of these crops lies between 600 

and 1000 m3 per ton of organic dry matter. The co-processing of energy crops can be an 

important aspect in order to fulfil the bio-waste ordinance because the utilisation of the digester 

residues as a secondary fertiliser is limited and dependent on the heavy metal content (Weiland, 

2000). 

Since biogas/bio-methane is an energy carrier with high exergy it should not be used as 

source of heat alone but mainly for electricity production in combination with the use of the heat, 

as transportation fuels, for process heat in industry or as raw material for the chemical industry, or 

even for fuel cells. The upgrading to bio-methane is especially interesting to further reduce 

Europe’s dependency on imported fossil fuels for transportation and high temperature process 

energy which cannot be provided with other biomass fuels (AEBIOM, 2009). 

The positive effects of energy crops are related to the increase of the total solids content of 

the biomass as compared to pig and cattle slurry, which is used in the model scenarios. This 

means that if for instance 25 000 tons of pig slurry are replaced with 25 000 tons of silage maize, 

then the production of CO2 is so high that with the present transition costs for trade of emission 

reduction units (ERU) it is realistic to sell the ERU’s. The energy crops would also provide a lot of 

plant nutrients (nitrogen, potassium and phosphorus) that could replace the plant nutrients that 

should otherwise be purchased in commercial fertiliser for fertilising the fields, and the larger 

amount of VS that is treated will produce more biogas.  

The yield is considered the quantifiable monetary income that is generated by the biogas 

plants from both energy production and other directly income-generating or cost saving effects 

(Birkmose et al., 2007). The yields from a biogas plant are described in Table 2.9. 
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Table 2.9 – Description of the yields from a biogas plant. Adapted from Birkmose et al., 2007. 

Yield type Description 

Biogas production 
Value of the biogas production itself, under value of heat and electricity 

produced. 

Plant nutrients 

Increased value of the plant nutrients, which includes additional N, P and K in 

the received biowastes from external sources, which would otherwise not be 

used as fertiliser for crops. 

Gate fees 

Reception of gate fees considers the payments for accepting organic wastes 

from industries, whose alternative is to pay more to the the organic waste 

processed by waste processing companies. 

Emission Reduction 

Units (ERU) 
Value of CO2 emission reductions. 

Green certificates Value of the sale of Green Certificates. 

 
It would normally be possible to use 30 % of the biogas for heat production in a co-

generation plant. Small farm-scale plants would typically be able to consume a part of the heat 

themselves, although with large variations in heat consumption over the year, because the 

consumption is used for heating the living house, for drying grain, etc.  

The value of increased field effect of the nitrogen in livestock manure depends on the price 

of plant nutrients in commercial fertiliser.  

Gate fees means the price paid for biomass used to fuel the biogas plant. Energy crops 

would typically have a negative gate fee, meaning that it would have an alternative and positive 

value if not used in the biogas plant. The alternative value is much dependent on roughage prices 

on the commercial market, which again is influenced by the grain prices. It is therefore 

reasonable to calculate with a “negative gate fee” for energy crops of 60 €/ton of dry matter. 

Green certificates are an instrument for supporting renewable electricity production 

according to the European energy legislation (2001/77/EEC). The Green Certificate instrument is 

used in Belgium, Italy, Poland, Sweden and United Kingdom. For example, in Belgium, a Green 

Certificate is a transferable certificate issued to producers of green power for a number of kWh 

generated which is equal to MWh divided by the carbon dioxide saving value. This value is 

calculated by dividing the carbon dioxide gain achieved by the system under consideration by the 

carbon dioxide emissions of the traditional reference electric system (steam and gas turbine), the 

emissions which are defined and for instance published annually by the Walloon Commission for 

Energy.  
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� Methane production per unit of feedstock 

It is usually considered that 1 ton of volatile solids have an energy value of ca. 19 GJ and 1 

Nm3 of methane has an energy value of ca. 38 MJ, which is equivalent to 1 L of diesel. For 

conservation of energy the maximum production of methane is 500 m3/ton VS converted 

(Murphy, 2011). 

As a general rule, the expected and theoretical amount of biogas produced and energy 

recovered is: 1 kg COD removed ≈ 0.5 m3 per biogas at 70 % of CH4 ≈ 1 kWh (electricity) ≈ 0.1 € 

net bonus (Verstraete et al., 2006). 

 
2.5.2. BIOGAS FROM ENERGY CROPS – COSTS 

The operational costs are on the cost side most decisive for the profitability of the biogas 

plant. The operational costs include mainly labour costs, electricity and water consumption, costs 

for service agreements on the CHP unit, analyses, subscriptions, security systems, etc. 

In order to be able to handle energy crops it is also necessary to establish a unit for mixing 

the energy crop with slurry or other biomass. This unit, including housing and equipment 

installations, could cost a basic price of 75 k€ plus a variable investment, based on the size, of 5 

€/m3 biomass that the unit must treat per year. Additionally, this unit would increase the 

operational costs due to labour for supervision and consumption of electricity. It is estimated that 

these additional operational costs would be approximately 0.05 €/m3 of biomass. 

Financial costs have also to be taken into account. The size of the investment is important 

as well as the expected durability of the investment. It is usually considered an average linear 

depreciation time of 15 years, while in practice it would be assumed that the equipment would be 

depreciated over 10 years, the buildings over 30 years and the biomass tanks over 15 years.  

The maintenance costs are considered as equal to 2.5 % of the gross investment (Birkmose 

et al., 2007). 
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3. MATERIALS AND METHODS 

3.1. INOCULA, SUBSTRATES/CO-SUBSTRATES AND ADDITIVES 

3.1.1. INOCULA 

Different types of inocula originating from different full-scale high-solid biogas reactors in 

Belgium were used in the various tests experiments. Inoculum 1 was a thermophilic digestate 

from a full-scale biomass digester at Pittem. Inoculum 2 and 3 were mesophilic digestates from 

installations at Beitem and Ieper, respectively. Finally, a thickened granular sludge, Inoculum 4, 

from a UASB reactor from a potato processing factory at Niewekerken, was used as microbial 

inoculum in the anaerobic digestion tests. 

All these mixed liquors from the full-scale bioreactors were stored at 5 ºC. To promote the 

adaptation of the anaerobic sludge to the new conditions, each lab-scale reactor was inoculated 

with the respective sludge inoculum, fed and acclimated to 33 ºC or 52 ºC prior to use. 

 

3.1.2. SUBSTRATES AND CO-SUBSTRATES 

During the various experiments, liquid pig manure, silage maize and an influent mixture from a 

full-scale high-solid biogas reactor were used as substrates, while grain maize, grass and 

rapeseed oil were used as co-substrates. 

Liquid pig manure, silage maize, grass, grain maize and rapeseed oil were obtained from a 

local farmer in Ghent, while the influent mixture was obtained from the full-scale plant at Ieper. 

All the substrates and co-substrates, and the respective mixtures made with them were 

prepared and stored in a cold room (5-7 ºC). 

 

3.1.3. CHEMICAL AND MICROBIAL ADDITIVES  

Aiming the optimization of the anaerobic digestion processes and/or the solubilisation and 

acidification of the feedstock streams, different types of additives were used.  

As chemical compounds, Fe2+ (added as FeCl2), Ca2+ (added as Ca(OH)2), PRP Fix, 

Intregatore Minerale T-N18, Methanostim liquid and Nutriflok were used, while Microbial culture 1 

and 2 were tested as microbial cultures. 

PRP Fix is a granular mixture of minerals that acts on microbial flora and adjusts organic 

matter fermentation. Intregatore minerale T-N18 is a mixture of micro and macronutrients from 

Thoeni. Methanostim liquid (from Avecom) is a liquid mixture of minerals and trace elements 

promising a positive effect on the fermentation process, namely enhancing hydrolysis and 
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degrading propionic acid. Nutriflok (from Avecom) is a bio-supplement composed of a mixture of 

trace elements. 

Microbial culture 1 consists of a liquid mixture of microorganisms (including bacteria and 

yeasts), promoting transformations in manure and plant residues, which provides a more efficient 

conversion (fermentation). Microbial culture 2 is a frozen enriched hydrolytic bacteria culture that 

promotes substrate degradation. 

 

3.2. ANALYTICAL TECHNIQUES 

3.2.1. BIOGAS PRODUCTION  

The biogas production in the lab-scale tests was monitored by the liquid displacement 

method, in which the volumetric biogas collector was installed and each column was filled with a 

solution of water and hydrochloric acid, HCl (pH<2.5), and colored with methyl orange indicator 

(the liquid becomes red when pH<4.3, ensuring that the biogas collected is composed of CH4 and 

CO2).  

The biogas composition was measured by gas chromatography technique (GC), using the 

GC-2014 from Shimadzu, in which 1 mL of sample was injected. The column temperature was 30 

ºC, the injector and detector temperatures were 100 ºC and helium gas was used as a carrier at a 

flow rate of 20 mL/min. 

 

3.2.2. PH  

The pH of the samples was measured using the pH meter Consort C535.  

 

3.2.3. TOTAL SOLIDS (TS) AND VOLATILE SOLIDS (VS) CONTENTS 

The total solids content in the samples was determined by the dry residue method and the 

volatile solids content by the ash content method, as described by Clescerl et al., 1999. 

The dry residue is defined as the residue left after the evaporation of the water in the sample 

volume at 105 ºC, while the ash content is defined as the residue left after incineration of the dry 

residue at 600 ºC (Clescerl et al., 1999).  

Following this method, certain amount of sample was placed in a dry porcelain crucible, 

previously weighted by means of a Sartorius TE64 Analytic Balance. Then, the crucible was 

introduced in the oven from Memmert for ca. 24 hours at 105 ºC. After cooling down, the crucible 

was weighted and the TS content was given by the difference between the porcelain crucible with 

the dry matter and the porcelain crucible as such divided by the volume of sample. Subsequently, 
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the porcelain crucible with the dry matter was placed in the incinerator Nabertherm GmbH LE 

4/11/R6 at 600 ºC for 2 hours. Once more, after cooling down the porcelain crucible was 

weighted and the ash content was given by the difference between the porcelain crucible with the 

ashes and the porcelain crucible as such, divided by the volume of sample. Finally, the VS 

content was given by subtracting the ash content for the TS content previously determined. 

 

3.2.4. TOTAL AND SOLUBLE CHEMICAL OXYGEN DEMAND 

Total COD (CODTotal) was determined by means of a conventional method based on the 

oxidation of organic matter by potassium dichromate (K2Cr2O7), a strong standard oxidant and the 

colorimetric determination of the residual colour by means of titration (Clescerl et al., 1999). 

In this method, a certain amount of sample (previously diluted 1/10), de-ionized water up to a 

total volume of 20 mL, 10 mL of K2Cr2O7 solution (0.25 N), 0.4 g of HgSO4 and 30 mL of sulphuric 

acid-silver sulphate solution were introduced into a destruction tube, including the blank, which 

contained 20 mL of de-ionized water and no sample. Along with a reflux air cooler on top of each 

destruction tube, all the tubes were placed in a heating apparatus (Tecator 2020 Digestor) at 105 

ºC for 2 hours. After that incubation, the excess of K2Cr2O7 was titrated with Fe(NH4)2(SO4)2 

solution (0.0625 N) using ferroin (1,10-ortho.fenantroline-monohydrate and Fe-sulphate-7H2O) as 

an indicator. 

Furthermore, a titter was made in order to determine the normality (N) of the iron ammonium 

sulphate solution. The titter was composed of 100 mL of de-ionized water, 10 ml of K2Cr2O7 and 

10 mL of H2SO4. The titter does not need a destruction process; however the indicator must be 

added before the titration.  

Soluble COD (CODSol) measurement followed the same method but the sample was 

previously centrifuged at 10000 rpm for 10 min (Eppendorf Centrifuge 5810), in which the 

supernatant was centrifuged again in the same conditions. Finally the second supernatant was 

diluted 10 times in order to have reliable results, for highly concentrated samples. 

 

3.2.5. VOLATILE FATTY ACIDS 

To determine the VFAs concentration a diethylether extraction method described by Clescerl 

et al., 1999, was used.  

 In this case, 2 mL of sample, 0.5 mL of H2SO4 solution, 0.4 g of NaCl, 0.4 mL of internal 

standard solution (2-methyl hexanoic acid) and 2 mL of diethylether were introduced into a 

centrifuge tube. The tubes were then mixed for 2 min and centrifuged at 3000 rpm for 3 minutes 
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(Eppendorf Centrifuge 5810). Subsequently, the etheric layer was transferred into a GC vial, in 

which the short chain fatty acids (SCFA) were extracted. Finally, the extracts (1 µL of extract) 

were analysed using a GC-2014 gas chromatograph from Shimadzu, equipped with an Auto 

injector AOC-20i and an auto sampler AOC-20s, both also from Shimadzu. 

 The temperature profile was set from 110 to 165 ºC, with a temperature increase of 6 ºC per 

minute. The temperature of the injector was 220 °C, and the temperature of the sampler was 200 

ºC. Nitrogen was used as a carrier gas. 

 

3.2.6. TOTAL AMMONIA NITROGEN 

The total ammonia nitrogen (TAN or NH4
+-N) measurement followed the procedure that was 

described by Clescerl et al., 1999, in which a distillation method was used.  

A certain volume of sample (mostly 2 mL) was distilled (Vapodest VAP30 from Gerhardt) 

under alkaline conditions (1 g of MgO), in which the ammonia is captured in a boric acid indicator 

(an acid solution at pH 5.3), as NH4BO3, and titrated with a 0.02 M solution of HCl until a pH 

value of 5.3 is reached. The titration was performed using a Titronic apparatus from SCHOTT 

Instruments. 

 

3.2.7. CALCIUM (CA2+) AND ORGANIC ACIDS 

Calcium concentration (LCK 365) and organic acids (LCK 327) were measured 

photometrically with a HACH Lange DR3900 Photometer. The samples were previously 

centrifuged twice at 10000 rpm for 10 min (Eppendorf Centrifuge 5810). 

3.2.8. EARLY-WARNING INDICATOR (EWI) 

The EWI-OA/Ca was given by the quotient of organic acids concentration and calcium 

concentration in the sample, in which these two analyses were described in the previous 

sections. Equation 3.1 represents EWI value. 
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3.3. FEEDSTOCK OPTIMIZATION TESTS 

3.3.1. Dry mixture of grain maize under mesophilic conditions test – Experiment A 

• Goal 

The goal of this experiment was to test the effect of the additives Microbial culture 1, 

Methanostim liquid, Microbial culture 2 and FeCl2, in a dry mixture of grain maize under 

mesophilic conditions. The main purpose was to study their influence on the solubilisation and 

acidification of the grain maize, aiming at the formation of a more concentrated feedstock stream 

that can be used in an anaerobic digester as a co-substrate. 

 

• Experimental set-up 

V = 500 mL T = 37 ºC

100 g of 

Grain maize

Mixer

Additive

Dry mixture

Incubator

Figure 3.1 – Schematic representation of the feedstock optimization of a dry mixture of grain maize set-up. 

• Process parameters 

This experiment was performed in batch mode without feeding, with one single addition of the 

additive, for 10 days in five glass flasks of 500 mL. In Table 3.1 is given an overview of the 

process parameters. 

Table 3.1 – Process parameters of the feedstock optimization test of a dry mixture of grain maize by means 

of different additives. 

Test reactor AC A1 A2 A3 A4 

Description/Additive Control Microbial culture 2 Methanostim liquid Microbial culture 1 FeCl2 

Grain maize added 

 (g) 
100 100 100 100 100 

Temperature  

(°C) 
37 37 37 37 37 

Addition of product per 

reactor 

(g) 

- 
1 g of  

Microbial culture 2  

1 g of  

Methanostim 

liquid         

3 g of  

Microbial culture 1                       
10 g of FeCl2 

Addition of product per 

kg of grain maize  

(g/kg of grain maize) 

- 10 10 30 100 
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The grain maize as such was mixed with the respective additives and this mixture was kept 

on an incubator (Binder BD240) at 37 °C. The pH was adjusted to approximately 7.0 with 

Ca(OH)2. 

During this experiment the media were mixed manually every day. The pH was monitored 

daily to check if any adjustments were necessary to maintain the mixtures within the desired 

range (7.0 – 7.5). Volatile fatty acids (VFA) concentration and total and volatile solids contents 

were determined in the samples taken of the flasks 2 times per week, while the chemical oxygen 

demand (CODSol) was determined in the supernatant of the samples taken of the flasks once per 

week.  

3.3.2. Wet mixture of silage maize under mesophilic conditions test – Experiment B 

• Goal 

The goal of this experiment was to test the effect of the additives Microbial culture 1 and 

Microbial culture 2 in a wet mixture of silage maize under mesophilic conditions, in a way to study 

the influence of these additives on the solubilisation and acidification of silage maize. The latter 

aimed the optimization of a more concentrated feedstock stream to be used as a feed substrate 

in an anaerobic fed-batch lab-scale mesophilic reactor. It was also aimed to test the effect of 

adding PRP Fix as a pH adjuster. 

• Experimental set up 

Figure 3.2 – Schematic representation of the set-up of the feedstock optimization of a wet mixture of silage 

maize. 

• Test description 

This experiment was performed in batch mode for 17 days in five flasks with 200 g of ground 

silage maize and 200 mL of de-ionized water each. Table 3.2 gives an overview of the process 

parameters of this experiment. 
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In these experiments, the microbial additives were tested as the main products, while 

Ca(OH)2 and PRP Fix were used for pH adjustments. 

Table 3.2 – Process parameters of the feedstock optimization test of a wet mixture of silage maize. 

Test BC B1 B2 B3 B4 

Description/Additive Control Microbial culture 2 Microbial culture 2 - Microbial culture 1[1] 

pH adjuster  - - Ca(OH)2 PRP Fix Ca(OH)2 

Silage maize 

 (g) 
200 200 200 200 200 

De-ionized water 

 (mL) 
200 200 200 200 200 

Temperature  

(°C) 
38 38 38 38 38 

Additive added per reactor (g) - 0.4  0.4 - 5 ml[1]  

Additive per kg of SM[2]  

(g/kg of SM[2]) 
 2.0 2.0 - 25 mL/kg SM 

[1] Microbial culture 1 is a liquid with 1.4 g TSS/L and 1.3 g VSS/L; [2] SM – Silage maize 

 

The silage maize as such was ground with a kitchen blender for 3 minutes and then de-

ionized water and the respective additive were added and this mixture was ground again for 5 

minutes in a way to form a wet homogenous mixture.  

During this experiment the media were mixed manually every day to have a homogenous 

mixture as good as possible. The pH was monitored daily to check if any adjustments were 

necessary to maintain within the desired range (7.0 – 7.5). Volatile fatty acids (VFA) 

concentration, total solids content and volatile solids content were determined in the samples 

taken of the flasks 2 times per week, while the chemical oxygen demand (CODSol) was 

determined in the supernatant of the samples taken of the flasks once per week.  
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3.4. ANAEROBIC DIGESTION TESTS  

3.4.1. Experimental set-up  

 

Figure 3.3 – Schematic representation of the anaerobic digestion set-up. 

3.4.2. Anaerobic batch experiments to test the influence of additives 

3.4.2.1. Mesophilic anaerobic end-digestion tests – Experiment C 

• Goal 

The goal of this experiment consisted of testing the addition of Microbial culture 2 and T-N18 

in a batch anaerobic digestion of a mesophilic digestate (Inoculum 2) under mesophilic 

conditions, in a way to see their influence mainly on the biogas production and its methane 

content.  

• Test description 

This experiment was performed in batch mode and the biogas production of the residual 

biodegradable compounds in the digestate was followed during 23 days in three reactors 

(Erlenmeyers) with an active volume of 0.4 L each, consisting of one control and two test 

reactors. Each reactor was inoculated with 400 mL of mesophilic digestate. Table 3.3 gives an 

overview of the process parameters. 
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Table 3.3 – Process parameters of the anaerobic end-digestion test of a mesophilic digestate under 

mesophilic conditions. 

Test CC C1 C2 

Description/Additive Control Microbial culture 2 T-N18 

Effective volume (L) 0.4 0.4 0.4 

Temperature (°C) 33 33 33 

pH initial 8.1 8.1 8.1 

Additive (g) - 0.8 0.3 

Additive concentration (g/L) - 2.0 0.8 

 

During this experiment the mixed liquors were mixed manually every day to avoid possible 

fluctuations that could cause clogging, to avoid settling and try to have a homogenous mixed 

liquor. During the experimental period, the residual biogas production was monitored on a daily 

basis and the pH and the methane content on the biogas were followed up once per week. 

 

3.4.2.2. Mesophilic and thermophilic anaerobic end-digestion tests – Experiment D 

• Goal 

The goal of this experiment consisted of testing the addition of Microbial culture 2 and T-N18 

in a batch anaerobic digestion of a thermophilic digestate (Inoculum 1) under mesophilic and 

thermophilic conditions, in a way to see their influence on the biogas production.   

• Test description 

This experiment was performed in batch mode, without feeding, for 21 days in six reactors 

with an active volume of 0.8 L each, consisting of two controls and four test reactors. Each 

reactor was inoculated with 800 mL of thermophilic digestate. In Table 3.4 is given an overview of 

the process parameters. 

Table 3.4 – Process parameters of the anaerobic end-digestion test of a thermophilic digestate under 

mesophilic and thermophilic conditions. 

Test 
Mesophilic Thermophilic 

DC1 D1 D2 DC2 D3 D4 

Description/Additive Control 1 
Microbial 

culture 2 
T-N18 Control 2 

Microbial 

culture 2 
T-N18 

Effective volume (L) 0.8 0.8 0.8 0.8 0.8 0.8 

Temperature (°C) 33 33 33 52 52 52 

Initial pH 8.7 8.6 8.6 8.7 8.6 8.6 

Additive (g) [g/L] - 1.6 [2.0] 0.9 [1.1] - 1.6 [2.0] 0.9 [1.1] 
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During this experiment the mixed liquors were mixed manually every day to avoid possible 

fluctuations that could cause clogging, and on the other hand to avoid settling and try to have 

homogenous mixed liquor. During the experimental period, the biogas production from the 

residual biodegradable compounds in the effluent was monitored on a daily basis and the pH was 

followed up once per week. 

 

3.4.3. Anaerobic co-digestion experiments for the influence of additives 

3.4.3.1. Mesophilic anaerobic co-digestion tests – Experiment E 

• Goal 

The goal of this experiment was to test the influence of the addition of Microbial culture 2 in a 

semi-continuous anaerobic co-digestion under mesophilic conditions, in a way to see its influence 

mainly on the biogas production and on the methane content. The effect of the additives on two 

different feedings, one with liquid pig manure and silage maize, and other with an increasingly 

replacement of the dry matter of silage maize by grass, was tested.    

• Characterization of the feeding 

Each reactor was fed three times a week. Table 3.5 describes the details of the feeding. 

Table 3.5 – Overview of the main characteristics of each feeding mixture used in the mesophilic anaerobic 

co-digestion tests. 

    [1] Percentages in total solids content; VS – Volatile solids; TS – Total solids. 

After 3 weeks of experiments, Feed B was replaced by Feed C in reactors EC2 and E2, and 

the product was added once per month with the same keeping dosage of 2.0 g Microbial culture 

2/LReactor.  

 

 

 

 

Parameter Feed A Feed B Feed C 

Composition[1] 
15 % Liquid pig manure 

85 % Silage maize 

15 % Liquid pig manure 

80 % Silage Maize  

5 % Grass 

15 % Liquid pig manure 

70 % Silage maize 

15 % Grass 

Density (g/L) 450 437 430 

Total solids (%) [g/L] 21 [95] 21 [92] 15 [65] 

Volatile solids (%) [g/L] 19 [86] 19 [83] 13 [56] 

VS/TS (%) 91 90 87 
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• Test description 

This experiment was performed in fed-batch mode for 33 days in four reactors with an active 

volume of 0.5 L each, consisting of two controls and two test reactors. Each reactor was 

inoculated with 500 mL of mesophilic digestate. Table 3.6 gives an overview of the process 

conditions of this experiment. 

Table 3.6 – Process parameters of the anaerobic co-digestion test of a mesophilic digestate under 

mesophilic conditions. 

Test EC1 E1 EC2 E2 

Description/Additive Control 1 Microbial Culture 2 Control 2 Microbial Culture 2 

Effective volume (L) 0.5 0.5 0.5 0.5 

Temperature (°C) 38-39 38-39 38-39 38-39 

Initial pH 7.8 7.8 7.8 7.8 

Feeding in the first 3 

weeks[1] 
Feed A Feed A Feed B Feed B 

Feeding after 3 weeks[1] Feed A Feed A Feed C Feed C 

Hydraulic retention time 

(days) = SRT 
45 45 45 45 

Organic loading rate  

(g TS/(L.day)) 
4.8 4.8 4.8 4.8 

Daily flow (g/day) 14.6 14.6 14.8 14.8 

Addition of Microbial 

culture 2 (g) [g/L] 
- 1.0 [2.0] - 1.0 [2.0] 

[1] Described in Table 3.5; SRT – Solids retention time; TS – Total solids. 

 

The reactors were fed batch wise three times a week. Prior to each feeding, the mixed liquors 

were mixed manually and a certain volume of effluent was removed while the same volume of 

substrate was added. 

The biogas production was monitored on a daily basis and the pH, methane content; EWI; 

volatile fatty acids; total ammonia nitrogen and total and volatile solids content were followed up 

on a weekly basis. The additive (Microbial culture 2) was added on the first day (2.0 g/L) of the 

experiment and again after 26 days with the same dosage. 

 

3.4.3.2. Mesophilic anaerobic digestion of wet mixtures of silage maize test - Experiment F 

• Goal 

The goal of this experiment was to test the influence of adding as substrates the wet mixtures 

of silage maize previously optimized (Section 3.3.2), mainly on the biogas production of a semi-

continuous anaerobic digestion test. Inoculum 4 was used and the test was performed under 

mesophilic conditions. 
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• Characterization of the feeding 

In section 3.3.2 is given the description of each pre-treated substrate mixture used. The latter 

were composed of 200 g of silage maize and 200 mL of de-ionized water. Table 3.7 gives an 

overview of the main characteristics of each mixture fed. 

Table 3.7 – Overview of the main characteristics of each feeding mixture used in the mesophilic anaerobic 

digestion of wet mixtures of silage maize. 

Parameter BC  B1 B2 B3 B4 

Description[1] Control Microbial culture 2 
Microbial culture 2 

+ Ca(OH)2 
PRP Fix 

Microbial culture 1 

+ Ca(OH)2 

pH 4.0 4.9 10.4 5.5 6.0 

Total solids (%) 21 19 20 26 21 

Volatile solids (%) 20 18 15 16 13 

VS/TS (%) 95 95 75 62 62 

[1] Pre-treated silage maize with additives; VS – Volatile solids; TS - Total solids. 

• Test description 

This experiment was performed in semi-continuous mode for 15 days in five reactors with an 

active volume of 0.5 L each, consisting of one control and four test reactors. Each reactor was 

inoculated with 200 mL of Inoculum 4 together with 300 mL of de-ionized water. Table 3.8 gives 

an overview of the process parameters. 

Table 3.8 – Process parameters of the anaerobic digestion of the wet mixtures of silage maize under 

mesophilic conditions. 

Reactor FC F1 F2 F3 F4 

Feeding mixture BC B1 B2 B3 B4 

Additives[1] Control Microbial culture 2 
Microbial culture 2 

+ Ca(OH)2 
PRP Fix 

Microbial culture 1 

+ Ca(OH)2 

Effective volume (L) 0.5 0.5 0.5 0.5 0.5 

Temperature (°C) 33 33 33 33 33 

Flow (g WW/day) 9.7 10.8 10.0 7.7 9.4 

Hydraulic retention 

time (days) 
52 48 51 67 54 

Organic loading rate  

(g TS/(L.day)) 
4.0 4.0 4.0 4.0 4.0 

Organic loading rate  

(g VS/(L.day)) 
3.9 3.8 2.9 2.4 2.4 

[1] Additives in pre-treatment of silage maize mixtures;  WW – Wet weight; TS – Total solids; VS – Volatile solids. 

During this experiment, the media were mixed every day to avoid layers fluctuations and fed 

batch wise three times per week (after the start-up week). During this experiment, biogas 

production was followed every day and pH, methane content and volatile fatty acids were 

followed up once per week. 
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3.4.4. Anaerobic digestion experiments for the EWI evaluation 

3.4.4.1. Thermophilic anaerobic digestion pulsed with rapeseed oil test – Experiment G 

• Goal 

The goal of this experiment was to examine the influence of the addition of Ca(OH)2 to a 

thermophilic digestion of a mesophilic mixed liquor (Inoculum 3) pulsed with rapeseed oil, in 

terms of process failures and biogas production. Organic overloads by the excessive addition of 

rapeseed oil were used to provoke a decrease in the gas production rate. It was expected to have 

an accumulation of volatile fatty acids due to the process imbalance, so that the subsequent 

recovery by the addition of Ca(OH)2 could be tested. 

• Test description 

The experiment was performed in semi-continuous mode for 36 days in two reactors with an 

active volume of 0.8 L each, consisting of one control and one test reactor. Each reactor was 

inoculated with 800 mL of Inoculum 3. In the first week, both reactors were fed with the influent 

mixture from Ieper and after that they were pulsed with rapeseed oil and Ca(OH)2, alternatively. 

Table 3.9 gives an overview of the process conditions of this experiment. 

Table 3.9 – Process parameters of the anaerobic digestion test of a mesophilic digestate pulsed with 

rapeseed oil and Ca(OH)2 under thermophilic conditions. 

Parameter GC G1 

Description Control Test 

Effective volume (L) 0.8 0.8 

Temperature (°C) 52 52 

Feeding Influent mixture + Rapeseed oil Influent mixture + Rapeseed oil + Ca(OH)2 

Hydraulic retention time (days) 80 80 

Loadings of the influent mixture – Basic feeding 

Daily flow (L/day) 0.01 0.01 

Organic loading rate  

(g TS/(L.day)) [g VS/(L.day)] 
2.3 [1.8] 2.3 [1.8] 

Organic loading rate  

(g COD/(L.day)) 
3.7 3.7 

Rapeseed oil addition – Day (x) – Extra feeding 

Daily flow (mL/day) 1 1 

Organic loading rate  

(g COD/(L.day)) 
1.2 1.2 

Oil and basic feed ratio  

(g COD oil/g COD influent mixture) 
0.3 0.3 

Ca(OH)2 addition – Day (x + 1) 

Daily load (g/day) - 0.5 

Calcium and oil ratio  

(g Ca(OH)2/g COD oil) 
- 0.5 

TS – Total solids; VS – Volatile solids; COD – Chemical oxygen demand. 
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During this experiment, the mixed liquors of both reactors were mixed manually every day to 

avoid the formation of flotation layers and fed batch wise three times per week. In the first week, 

only the basic feeding (Influent mixture) was fed. Thus, the reactors were started in the same way 

and were allowed to adapt to the conditions.  Biogas production was monitored every day, the 

pH, total and volatile solids content, VFA concentrations and methane content were followed up 

every week and the organic acids and calcium in solution concentrations were followed two times 

per week. 

 

3.4.5. Anaerobic digestion experiments with extra additives 

3.4.5.1. Extra addition of grain maize and Booster 1 test – Experiment H 

• Goal 

The goal of this experiment was to test the effect of the extra addition of grain maize and 

Booster 1, which consisted of a solid mixture of grain maize, PRP Fix and Fe2+, on a mesophilic 

digestion of a mixture of pig manure, silage maize and grass under mesophilic conditions. The 

extra feeding was added on the basis of 5 % of the volatile solids loading.  

• Characterization of the feeding 

Table 3.10 gives the characterization and description of the feedings. 

Table 3.10 – Description and characterization of each feeding used in the anaerobic digestion experiment 

with extra addition of grain maize and Booster 1. 

Feeding Basic Feed D Extra Feed E Extra Feed F 

Description Normal feeding Grain maize Booster 1  

Composition 
82 %[1] silage maize + 3 %[1]  liquid 

pig manure + 15 %[1]  grass 
Grain maize 

Grain maize + 1 % PRP 

Fix[2] + 10 % Fe2+ [3] 

Total solids (%) [g/L] 20.0 [180] 72.1 72.1 

Ash content (%) [g/L] 3.2 [29] 3.8 3.8 

Volatile solids (%) [g/L] 16.8 [151] 68.3 68.3 

VS/TS (%) 84 95 95 

Density (g/L) 900 690 690 

[1] Percentage in total solids content; [2] It was added 1 % of the wet weight of the grain maize, in the form of a 10 g/L of PRP Fix 

solution; [3] It was added 10 % of the wet weight of the grain maize, in the form of a 1 N of a Fe2+ solution; VS – Volatile solids; TS 

– Total solids. 
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• Test description 

This experiment was performed in semi-continuous mode for 16 days in three reactors with an 

active volume of 0.5 L each, consisting of one control and two test reactors (one with an extra 

addition of grain maize as such, and another with an extra addition of Booster 1). Each reactor 

was inoculated with 500 mL of Inoculum 2. Table 3.11 gives an overview of the conditions of this 

experiment. 

Table 3.11 – Process parameters of the anaerobic digestion test in which an extra addition of grain maize 

and Booster 1 were tested. 

Test HC H1 H2 

Description Control Extra grain maize Extra Booster 1 

Effective volume (L) 0.5 0.5 0.5 

Temperature (°C) 33 33 33 

Hydraulic retention time 

(days) 
156 156 156 

Feeding Feed D Feed D + E Feed D + F 

Daily flow of normal feeding 

(mL/(L.day)) [g WW/(L.day)]] 
6.4 [5.8] 6.4 [5.8] 6.4 [5.8] 

Daily flow of extra feeding 

(mg WW/(L.day)) 
- 71 79 

Organic loading rate 

(g TS/(L.day)) [g VS/(L.day)] 
1.15 [0.97] 1.16 [1.02] 1.16 [1.02] 

WW – Wet weight; TS – Total solids; VS – Volatile solids. 

 

During this experiment, the mixed liquors of both reactors were mixed manually every day to 

avoid the formation of flotation layers and were fed batch wise three times per week. Biogas 

production was followed every day and pH, methane content, volatile fatty acids and total and 

volatile solids contents were followed up once per week. 

3.4.5.2. Extra addition of Booster 2 test – Experiment I 

• Goal 

The goal of this experiment was to study the effect of the extra addition of Booster 2, which 

consisted of a solid mixture of grain maize, Nutriflok and compost, on a mesophilic digestion of a 

mixture of pig manure, silage maize and grass. The extra feeding of Booster 2 was added on the 

basis of 5 % of the volatile solids loaded.  

 

• Characterization of the feeding 

Table 3.12 gives the characterization and description of the feedings. 



39 

Table 3.12 – Description and characterization of each feeding used in the anaerobic digestion experiment 

with extra addition of Booster 2. 

Feeding Basic Feed G Extra Feed H 

Description Normal feeding Booster 2  

Composition 
85 %[1] silage maize + 5 %[1]  liquid pig 

manure + 10 %[1]  grass 

Grain maize + 2 g Nutrifloc/kg GM + 50 g 

Compost/kg GM 

Total soldis (%) [g/L] 22.9 [100] 77.9 [405] 

Ash content (%) [g/L] 2.1 [9] 1.3 [8] 

Volatile solids (%) [g/L] 20.8 [91] 76.6 [398] 

VS/TS (%) 91 98 

Density (g/L) 437 520 

GM - Grain maize; [1] Percentage in total solids content; VS – Volatile solids; TS – Total solids. 

 

• Test description 

This experiment was performed in semi-continuous mode for 21 days in two reactors with an 

active volume of 0.5 L each, consisting of one control and one test reactor, in which an extra 

addition of Booster 2 was tested. Each reactor was inoculated with 400 mL of mesophilic 

digestate Inoculum 2, together with 100 mL of Inoculum 3. Table 3.13 gives an overview of the 

conditions of this experiment. 

 
Table 3.13 – Process parameters of the anaerobic digestion test in which an extra addition of Booster 2 

was tested. 

Parameter IC I1 

Description Control Extra Booster 2 

Effective volume (L) 0.5 0.5 

Temperature (°C) 33 33 

Hydraulic retention time (days) 33 33 

Feeding Feed G Feed G + H 

Daily flow of normal feeding 

(mL/(L.day)) [g/(L.day)]] 
30 [13.1] 30 [13.1] 

Daily flow of extra feeding (mg/(L.day)) - 178 

Organic loading rate 

(g TS/(L.day)) 
3.0 3.1 

Organic loading rate 

(g VS/(L.day)) 
2.7 2.9 

TS – Total solids; VS – Volatile solids. 

During this experiment, the mixed liquors of both reactors were mixed manually every day to 

avoid the formation of flotation layers and fed three times per week. Biogas production was 

followed every day and pH, methane content, volatile fatty acids, total solids content and volatile 

solids content were followed up once per week. 
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4. RESULTS AND DISCUSSION 

4.1. INOCULA CHARACTERIZATION 

Table 4.1 shows the main characteristics of the mixed liquors from the full-scale biogas 

reactors used as inocula in the lab-scale tests. 

Table 4.1 – Overview of the main characteristics of the inocula used in the experiments. 

Parameter 
Thermophilic digestate Mesophilic digestate Granular sludge 

Inoculum 1 Inoculum 2 Inoculum 3 Inoculum 4 

pH 8.3 7.8 8.0 - 

Conductivity (mS/cm) 31.8 19.2 32.6 - 

Density (g/L) 950 900 1016 900 

Total solids (%) [g/L] 9.6 [91] 8.2 [74] 7.7 [78] 9.6 [86] 

Ash content (%) [g/L] 3.9 [37] 1.8 [16] 4.0 [41] 4.5 [41] 

Volatile solids (%) [g/L] 5.9 [56] 6.4 [58] 3.7 [38] 5.1 [46] 

VS/TS (%) 62 78 49 53 

TSS (g/L) 65.2 - 49.7 - 

VSS (g/L) 40.2 - 22.9 - 

VSS/TSS (%) 61.7 - 46 - 

Chemical oxygen demand in 

solution (g O2/L) 
32.6 18.1 13.4 - 

Total ammonia nitrogen (mg/L) 2822 1778 3564 - 

Total volatile fatty acids (mg/L) 6017 0 381 - 

Specific methanogenic activity 

 (g CH4 – COD/(g VS.day)) 
- - - 0.36 

VS – Volatile solids; TS – Total solids; TSS – Total suspended solids; VSS – Volatile suspended solids. 

As seen in Table 4.1, both mesophilic digestates of the high-solids reactors had a pH in the 

appropriate range for anaerobic digestions (7.0 – 8.3) (Trémier, A. and Teglia, C., 2011). The 

total and volatile solids contents and chemical oxygen demand in solution were also in the normal 

range. Although the total ammonia nitrogen in Inoculum 2 was relatively high, it was not at an 

inhibitory range for mesophilic digestions, unlike Inoculum 3, which had a significantly high 

concentration of TAN. Moreover, Inoculum 2 did not have residual VFA and the Inoculum 3 had 

only a low amount, which means that the biodegradable compounds were totally degraded or not 

yet acidified. 

The thermophilic digestate also had a pH in the appropriate range for anaerobic digestions, as 

well as normal total and volatile solids concentrations. The total ammonia nitrogen was a 

relatively high, especially for thermophilic reactors. Moreover, the digestate still had high soluble 

COD and residual VFA concentrations, which mean it still had some biodegradable compounds 

not digested yet. 

Finally, the granular sludge was characterized by a high ash content and had a high specific 

methanogenic activity. 
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4.2. SUBSTRATES/CO-SUBSTRATES  CHARACTERIZATION 

Table 4.2 gives the characterization of all the substrates and co-substrates used in all the experiments. 

Table 4.2 – Overview of the main characteristics of the substrates and co-substrates used in the 

experiments. 

Parameter 

Influent 

mixture 

Rapeseed 

oil 

Liquid pig 

manure 

Silage 

maize 
Grain maize Grass 

Liquid substrates Solid substrates 

pH 4.2 5.6 7.7 - - - 

Density (g/L) 1018 844 1020 302 690 97 

Total solids (%) [g/L] 18.3 [187] - 4.2 [43] 26.5 72.1 18.9 

Ash content (%) [g/L] 3.9 [40] - 1.6 [16] 1.6 3.8 2.6 

Volatile solids (%) [g/L] 14.4 [147] - 2.6 [27] 24.9 68.3 16.3 

VS/TS (%) 79 - 62 94 95 86 

TSS (g/L) 86.5 - 11.1 - - - 

VSS  (g/L) 65.0 - 8.6 - - - 

VSS/TSS (%) 75 - 78 - - - 

EC (mS/cm) 15.5 - 35.6 - - - 

TAN (mg/L) 1137 - 3254 - - - 

CODSol  (g O2 soluble/L) 64 - 11.3 - - - 

CODTot (g O2/L) 293 942 37.2 - - - 

VFA (g/L) 43 - 0.38 - - - 

VS – Volatile solids; TS – Total solids; TSS – Total suspended solids; VSS – Volatile suspended solids. 

 

The pH of the influent mixture from BCI and of rapeseed oil was acidic (around 4 and 6, 

respectively) while the pH value of the liquid pig manure was more basic (around 8). The solid 

substrates (silage maize, the grain maize and the grass) had a relatively low density compared 

with the liquid substrates (liquid pig manure, rapeseed oil and influent mixture), which had a 

density around 1 kg/L. Silage and grain maize presented an organic fraction (VS/TS) around 95 

%, having the grain maize the major total solids content (72 %). The influent mixture had a 

reasonable electrical conductivity for this type of substrate, while liquid pig manure had a high 

conductivity.  

Concerning the organic content, measured as volatile solids content and/or total chemical 

oxygen demand, the influent mixture had the highest content, with a COD:VS ratio of 2, while 

liquid pig manure had a COD:VS ratio of 1.4. Meanwhile, taking into account only the CODTOT, 

the rapeseed oil had the highest value, which was expected for this type of substrate.  

Liquid pig manure showed some volatile fatty acids, while the influent mixture had a high VFA 

content (80 % acetic acid; 12 % propionic acid; 6 % butyric acid; 2 % remaining), meaning that 

this substrate was partly acidified. Moreover, the influent mixture had a higher VFA:COD ratio 

(0.67 g VFA/g O2 soluble) than the liquid pig manure (0.03 g VFA/g O2 soluble), which means that 

the influent mixture had much more biodegradable compounds to be converted in CH4. 

The liquid pig manure had a high TAN concentration, 3-fold higher than the influent mixture.  
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4.3. FEEDSTOCK OPTIMIZATION TESTS 

4.3.1. Dry mixture of grain maize under mesophilic conditions – Experiment A 

In Table 4.3 is given an overview of all the results of the solubilisation tests of a dry mixture of 

grain maize, with or without additives, under mesophilic conditions, of the analysis made on the 

media during the experiment. The analysis of chemical oxygen demand and volatile fatty acids 

were performed in the supernatant of the media (after addition of de-ionized water) after two 

centrifugations at 10 000 rpm for 10 minutes. As a remark, the media were not perfect 

homogenous mixtures, so all the results have a standard deviation between 10 – 20 %. 

Table 4.3 – Influence of Microbial culture 2, Methanostim liquid, Microbial culture 1 and FeCl2 on the 

solubilisation of a dry grain maize mixture under mesophilic conditions (37 ºC). 

Parameter Test reactor 

Description 
AC A1 A2 A3 A4 

Control MC2 Methanostim liquid MC1 FeCl2 

Active period (d) 10 10 10 10 10 

Grain maize (g) 100 100 100 100 100 

Addition of product (g/kg grain maize)  - 10 10 30 100 

Total Ca(OH)2 added (g/kg grain maize) [1] 15 15 5 15 50 

Effluent analysis 

CODSol  

(g O2/L) 
after 10 d 52.2 ± 7.8 57.8 ± 8.7 47.7 ± 7.2 90.2 ± 13.5 53.8 ± 8.1 

Acetic acid  

(mg/L supernatant) 

after 7 d 4203 3282 2377 3516 1765 

after 10 d 3865 4021 4259 4192 0 

Propionic acid  

(mg/L supernatant) 

after 7 d 367 259 187 297 0 

after 10 d 0 0 315 0 0 

Butyric acid  

(mg/L supernatant) 

after 7 d 189 208 126 197 0 

after 10 d 0 0 169 0 0 

pH 

initial 4.5 4.6 4.5 4.6 2.5 

after 3 d 4.0 3.8 4.6 4.0 1.7 

after 7 d 7.3 6.6 4.9 6.2 5.6 

after 10 d 5.2 5.1 4.5 5.2 3.5 

Total solids  

(%)  

initial 71 71 72 64 71 

after 7 d 71 71 72 70 71 

after 10 d 72 72 71 70 63 

Volatile solids  

(%)  

initial 70 70 70 63 65 

after 7 d 69 70 70 68 61 

after 10 d 70 69 69 68 53 

[1] – The pH adjustments with Ca(OH)2 were performed on day 6, except in reactor A2 (in which Ca(OH)2 was added on day 0); d - days; 

MC1 – Microbial culture 1; MC 2 – Microbial culture 2. 

 

 



43 

As seen in Table 4.3, in the end of the experiment, the chemical oxygen demand in solution 

was measured since the higher CODSol, the higher the solubilisation of the media. Thus, the 

media A3 (with Microbial culture 1) showed the highest value, in fact 73 % higher than the control 

media. The media A1, A2 and A4 did not show significant differences compared to the Control. 

It was aimed to have a higher accumulation of acetic and butyric acids among the experiment, 

and a low production of propionic acid. As shown in Table 4.3, apart from control and A4, all the 

media had a significant formation of acetic acid during the experiment. Microbial culture 2 (A1), 

Methanostim liquid (A2) and Microbial culture 1 (A3) showed an increase in acetate accumulation 

of 23 %, 79 % and 19 %, respectively. Media A4, with FeCl2, showed a drop until zero 

accumulation of acetate, having a significant negative effect. 

It was aimed to have the lowest accumulation of propionic acid as possible, which was noted 

in all the media, except in A2, were in fact the concentration of propionate increased around 68 

%. In all the other media, this value decreased until zero after 10 days.  

Only low concentrations of butyric acid were formed and no valeric or caproic acid formation 

occurred in the test. 

All the media were acidic in the beginning of the experiment, in which A4 (with FeCl2) presented 

the lowest pH value. After 3 days of experiment, all the media suffered a pH decrease, expect 

the reactor A2 (with Methanostim liquid), in part because in this reactor the addition of 0.5 g of 

Ca(OH)2 occurred on day 0, unlike the others media, in which the adjuster was added only on day 

6. All the media received 15 g of Ca(OH)2/kg of grain maize, expect A4, with FeCl2, that received 

a higher amount (50 g Ca(OH)2/kg grain maize) since its pH value was significantly lower than the 

others (1.7). After 7 days of experiment, the Control showed a pH within the desired range (7.3), 

while media A1 showed a pH of 6.6, media A3 and A4 a pH around 6, and A2, with Methanostim 

liquid, a pH significantly below the desired range (pH around 5). During the last days of 

experiment the pH of all the media kept decreasing, achieving a quite low value in the end of the 

test, due to the acidification process. Meanwhile, the media A4 showed a final pH value of 3.5, 

while the others media presented a pH value around 5. 

The total solids content of each media did not change significantly during the test period, 

which was expected since the media were not fed, and the Ca(OH)2 additions were not 

significantly enough to make a change in these contents. The fluctuations observed in TS content 

were probably all within error of analysis due the difficulty of representative sampling. 

Concerning the volatile solids content, there was not a significant difference between the 

media. The VS content suffered a slightly decrease from the beginning of the test experiment in 
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almost all reactors, which was not expected. Meanwhile, these slightly fluctuations could be due 

the difficult sampling, like it was written before. 

From the previous evaluation it could be conclude that Microbial culture 1 was the only 

additive that had a slightly positive effect enhancing the solubilisation of the dry mixture of grain 

maize under mesophilic conditions, having the potential to be a promising additive in feedstock 

streams for high-concentrated biomass reactors. Microbial culture 2 had a slight effect on the 

solubilisation process, although it was not much significant. Chemical additives tested did not 

have a positive effect enhancing the solubilisation, meaning that they could not be the most 

appropriate additives for dry mixtures of grain maize. 

 
4.3.2. Wet mixture of silage maize under mesophilic conditions – Experiment B 

Table 4.4 gives an overview of all the results of the analysis of the effect of the additives 

Microbial culture 1 and Microbial culture 2 in a wet mixture of silage maize under mesophilic 

conditions, in a way to study the influence of these additives on the solubilisation and acidification 

of silage maize. In this test, extra water was added to the silage maize. As a remark, the wet 

silage maize mixtures were not perfect homogenous mixtures, so all the results have a standard 

deviation between 10 – 20 %. 

The COD and VFA analysis were performed in the supernatant of the mixtures after 

centrifugation at 10 000 rpm for 10 minutes, followed by another centrifugation also at 10 000 rpm 

for 10 minutes.  

Table 4.4 – Influence of Microbial cultures 1 and 2 and PRP Fix on the solubilisation and acidification of a 

wet silage maize mixture under mesophilic conditions (38 ºC). 

Parameter BC B1 B2 B3 B4 

Description Control MC2 MC2 + Ca(OH)2 PRP Fix MC1 + Ca(OH)2 

Active period (days) 17 17 17 17 17 

Silage maize added (g) 200 200 200 200 200 

De-ionized water (mL) 200 200 200 200 200 

Total Ca(OH)2 added (g/kg SM) - - 95 - 125 

Total PRP Fix added (g/kg SM) - - - 235 - 

Effluent analysis 

% supernatant/Media sample 10 3 40 11 67 

CODSol  

(g O2/L) 

initial 31.7 31.7 31.7 31.7 31.7 

after 8 d 29.7 19.4 67.5 113.7 82.4 

after 17 d 39.2 38.6 66.7 88.7 92.6 

Acetic acid  

(mg/L) 

initial 1098 1098 1098 1098 1098 

after 14 d 2972 3675 13085 9154 23296 

after 17 d 2742 3511 12373 8873 21150 
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Table 4.4 (Continued) – Influence of Microbial cultures 1 and 2 and PRP Fix on the solubilisation and 

acidification of a wet silage maize mixture under mesophilic conditions (38 ºC). 

Parameter BC B1 B2 B3 B4 

Propionic acid  

(mg/L) 

Initial 49 49 49 49 49 

after 14 d 465 541 384 398 386 

after 17 d 0 0 0 0 0 

Butyric acid  

(mg/L) 

initial 38 38 38 38 38 

after 14 d 0 0 4533 0 38785 

after 17 d 0 0 4466 0 35726 

pH 

initial 4.6 4.6 4.6 4.6 4.6 

after 6 d 4.8 4.9 8.2 4.1 8.2 

after 13 d 4.6 5.0 10.8 5.6 6.1 

after 17 d 4.0 4.9 10.4 5.5 6.0 

Total solids 

(%) 

initial 22 22 22 22 22 

after 17d 21 19 20 26 21 

Volatile solids  

(%) 

initial 22 22 22 22 22 

after 17d 20 18 15 16 12 

d – days; SM – Silage maize; MC1 – Microbial culture 1; MC2 – Microbial culture 2. 

 

The percentage of volume of supernatant after centrifugation per volume of media also 

shows if solubilisation was or was not occurring. As can be seen in Table 4.4, the mixtures B2 

and B4 showed the higher percentages, although Microbial culture 1 (mixture B2) is a liquid and 

had an influence on the total volume of supernatant, comparing with the other solid additives. 

After 17 days of experiment, all the mixtures had more chemical oxygen demand in 

solution than in the beginning of the experiment, which was in agreement with expectations. In 

this case, Microbial culture 1 and PRP Fix showed to have a more positive effect than Microbial 

culture 2 (B2), having 2.4 and 2.3-fold more CODSOL than the control, respectively. The media B2 

also showed a positive effect, although not as significant as Microbial culture 1 and PRP Fix, 

having 70 % more CODSOL than the control. The mixture with Microbial culture 2 and no pH 

adjustment (B1) showed a slight decrease in the CODSOL, having this way a negative effect on 

the solubilisation of this mixture. Meanwhile, the pH was already too low in the beginning of the 

experiment, which inhibits the acidification process. 

Concerning the accumulation of acetic acid, as can be seen in Table 4.4, in the end of the 

test period, all the treatments, including the Control, showed a higher content in acetate 

compared to the beginning of the experiment, which was the purpose of this study. Meanwhile, 

this accumulation was even higher after 14 days than in the end, indicating that the maximum 

acidification under the conditions tested was achieved within 2 weeks. Mixture B4 (with Microbial 

culture 1) had the best positive effect, showing almost 8-fold more acetate formation than the 

Control, followed by media B2 and B3, with respectively 4.5 and 3.2-fold more than the control. 
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The media with Microbial culture 2 and no pH adjustment, B1, had a slightly positive effect of 28 

% more acetic acid than BC. 

Although all the mixtures had an accumulation of propionic acid after 14 days (between 400 

and 500 mg/L), in the end of the experiment, this concentration dropped to zero in all the 

mixtures.  

Finally, it was expected to have also an increase in the accumulation of butyric acid, but the 

only products that had a positive influence on it were Microbial culture 2 (B2) and Microbial 

culture 1 (B4). In these tests, relatively high concentrations of butyric acid were formed, 4455 and 

35726 mg/L, respectively. In the Control test and the other treatments, almost no butyric acid was 

detected. 

To try to keep the pH values within the desired range, different amounts of Ca(OH)2 (in case 

of media B2 and B4) and PRP Fix (in the case of media B3) were used. All the mixtures started 

acidic with a pH value around 5. In the media without a pH adjustment, BC and B1, some 

fluctuations were observed during the experiment, although these pH values were between 4 and 

5. The pH of the Control went down to 4.0 which mean that no more acidification was possible, 

since that the pH decrease caused an inhibition of acidification. In the mixture B1 no pH 

adjustment was made and the pH decreased to 4.9. Due this acidification, slightly higher amount 

of VFA was formed, compared to the Control mixture. 

The pH adjustment in mixture B2 was performed daily during the first week of experiment, 

while in mixtures B3 and B4 was performed every day during the all active period. 

The media with Microbial culture 2 (B2) received less 30 g of Ca(OH)2/kg of silage maize than 

B4 (with Microbial culture 1) and still, kept its pH above 8 from the day 6 till the end of the 

experiment, which was above the expected. The media B4 kept its pH value around 6 after 13 

days. This different could indicate that Microbial culture 2 had a lower buffer capacity than 

Microbial culture 1 (the latter showed more VFAs formed). The PRP Fix (mixture B3) was used 

for pH adjustment instead of Ca(OH)2. The results showed that it was added almost the double 

than the quantity of Ca(OH)2 added to media B4, meaning that PRP Fix was not the best 

adjuster, because it was necessary more of it and also because it is more expensive than 

Ca(OH)2. Apart from B2, that had a very high pH like mentioned before, the others media showed 

a pH below the expectation, even in those in which this parameter was adjusted. 

Unlike the expectation, all the media showed a slight decrease on their total solids content, 

apart from media B3 (with Microbial culture 1), in which this content had an increase of 18 %, in 

part due the relative high amount of PRP Fix (235 g PRP Fix/kg of silage maize) added during the 

experiment.  
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Concerning the volatile solids content, all the media showed a slow decrease during the 

experiment, even the one in which the total solids content suffered a slightly increase (B3). 

Given all the evaluation of the results, it was concluded that Microbial culture 1 had the best 

results in the hydrolysis and acidification processes, being a promising additive for concentrated 

feedstock streams for anaerobic digesters. Moreover, the pH showed to be an important 

parameter and must be adjusted to allow further acidification. Finally, the PRP Fix showed to be 

less efficient as a pH adjuster than Ca(OH)2, since higher quantities are required and because it 

is more expensive. 

 

4.4. ANAEROBIC DIGESTION TESTS 

4.4.1. Anaerobic batch experiments for the influence of additives 

4.4.1.1. Mesophilic anaerobic post-digestion of a mesophilic digestate – Experiment C 

Table 4.5 gives an overview of all the results and process parameters of the experiment to 

examine the effect of different additives on biogas production of a mesophilic digestate. Figure 

4.1 gives the influence of Microbial culture 2 and T-N18 on the residual biogas production. 

Table 4.5 – Influence of Microbial culture 2 and T-N18 on the biogas production of a mesophilic digestate 

under mesophilic conditions. 

Parameter CC C1 C2 

Description Control MC2 T-N18 

Additive - 2.0 g of MC2/L 1.1 g T-N18/L 

Temperature (ºC) 33 33 33 

Active period (d) 23 23 23 

Active volume (L) 0.4 0.4 0.4 

Biogas production 

Residual biogas production         

(LBiogas/LReactor) 
7.28 8.08 7.28 

Average biogas production rate  

(LBiogas/(LReactor.day)) 
0.34 ± 0.19 0.40 ± 0.31 0.32 ± 0.23 

Effluent analysis 

Early-warning 

indicator  

(mg OA/mg Ca2+) 

after  8 d 34 30 54 

after 15 d 25 25 27 

after 23 d 17 16 26 

pH 

initial 8.1 8.1 8.1 

after 10 d 7.7 7.7 7.7 

after 16 d 7.8 7.8 7.7 

after 23 d 7.7 7.7 7.6 

d – days; OA – Organic acids; MC2 – Microbial culture 2. 



48 

 

Figure 4.1 – Influence of the Microbial culture 2 and T-N18 on the residual cumulative biogas production of 

a mesophilic digestate. 

As given in Table 4.5 and Figure 4.1, concerning the biogas production, the reactor with 

Microbial culture 2, C1, produced 11 % more residual biogas than the Control, CC, while reactor 

C2, with T-N18, showed the same biogas production as CC. On average, the biogas production 

rate of the reactor C1 was 18 % higher than the Control, which means that Microbial culture 2 

had a slight positive effect on the biogas production rate and total volume, unlike T-N18. 

Figure 4.2 gives the evolution of the early-warning indicator (EWI-OA/Ca) in this experiment, 

which is calculated as the quotient of the organic acids concentration and the calcium in solution. 

As seen in Table 4.5 and Figure 4.2, all the effluents had a quite low EWI-OA/Ca value (<50) and 

no significant and/or rapid change. All the reactors showed a slight decrease in this parameter 

among the test period, which indicates that no reactor had a process failure or was about to have 

one. Moreover, reactor C1, with Microbial culture 2, had the same behaviour as the Control 

reactor, meaning that this product did not have any effect on the EWI. Although the reactor with 

T-N18, C2, showed higher EWI-OA/Ca values, the difference was not sufficiently significant to 

draw final conclusions about its influence on the digester’s performance. 
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Figure 4.2 – Influence of the Microbial culture 2 and T-N18 on the mesophilic post-digester’s performance, 

given by the evolution of the early-warning indicator (EWI-OA/Ca) in time (in days). 

As given in Table 4.5, all the digestates started with a pH within the appropriate range. During 

the experiment this parameter did not show significant changes. All reactors showed a slightly 

decrease, but still the pH value was always in the desired range for anaerobic digestion.  

 

4.4.1.2. Mesophilic and thermophilic anaerobic post-digestion of a thermophilic digestate – 

Experiment D 

Table 4.6 gives an overview of all the results and process parameters of the experiments to 

assess the effect of Microbial culture 2 and T-N18 on the residual biogas production.  
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Table 4.6 – Influence of Microbial culture 2 and T-N18 on the residual biogas production of a thermophilic 

digestate under mesophilic and thermophilic conditions. 

Condition Mesophilic Thermophilic 

Parameter DC1 D1 D2 DC2 D3 D4 

Description Control 1 MC2 T-N18 Control 2 MC2 T-N18 

Additive (g/L) - 2.0 1.1 - 2.0 1.1 

Active period (d) 21 21 21 21 21 21 

Temperature (ºC) 33 33 33 52 52 52 

Active volume (L) 0.8 0.8 0.8 0.8 0.8 0.8 

Biogas production 

Residual biogas 

production         

(LBiogas/LReactor) 

2.89 2.83 2.24 8.34 8.70 6.04 

Average biogas 

production rate  

(LBiogas/(LReactor.day)) 

0.13 ± 0.17 0.13 ± 0.13 0.10 ± 0.06 0.53 ± 0.53 0.55 ± 0.53 0.28 ± 0.26 

Effluent analysis 

pH 

initial 8.1 8.1 8.1 8.3 8.3 8.6 

after 10 d 7.7 7.7 7.7 8.1 7.9 8.3 

after 21 d 7.7 7.7 7.6 7.8 7.8 8.1 

MC2 – Microbial culture 2; d – days 

 

This test was performed under both mesophilic and thermophilic conditions although the 

digestate was thermophilic, because Microbial culture 2 is known as more effective under 

mesophilic conditions. Figure 4.3 gives the influence of these additives on the residual cumulative 

biogas production during the test period. 

 

 

 
Figure 4.3 – Influence of the Microbial culture 2 and T-N18 on the residual cumulative biogas production of a 

mesophilic (left) and thermophilic (right) post-digestion of a thermophilic digestate. 
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Concerning biogas production, a quite significant difference was noted between the 

mesophilic and thermophilic tests, in which the reactors showed a quite higher biogas production 

at 52 ºC, which was in fact expected since the digestate used to inoculate the reactors originated 

from a thermophilic full-scale digester. Comparing both control reactors, DC1 and DC2, a biogas 

production of 2.89 LBiogas/LReactor and 8.34 LBiogas/LReactor was observed, respectively. 

 Under mesophilic conditions, the reactor D1, with Microbial culture 2, produced 2 % less 

residual biogas than the control DC1, not showing a positive effect. Moreover, the reactor D2, 

with T-N18, produced 29 % less biogas than the control DC1, having this way a significant 

negative impact on the biogas production under mesophilic conditions. Reactor D1 showed the 

same average biogas production rate as DC1, 0.13 LBiogas/(LReactor.day), and D2, 30 % lower.  

 Under thermophilic conditions, the reactor D3, with Microbial culture 2, produced 4 % more 

residual biogas than the control DC2. However, this small difference cannot be considered as a 

significant effect on the biogas production. The reactor D4, with T-N18, produced 38 % less 

biogas than the control, having a significant negative impact, like observed under mesophilic 

conditions. The average biogas production of reactor D3 was 4 % higher than the rate of the 

control DC2, 0.53 LBiogas/(LReactor.day), while the rate of D4 was 90 % lower.  

As given in Table 4.6, all the effluents under mesophilic conditions did not show significant 

changes on their pH value during the experiment. All the media kept this parameter stable 

around 7.7. Under thermophilic conditions some differences occurred: reactor C4 showed always 

a pH above 8.0; Control DC2 and reactor D3 had a slight decrease in their pH, although not 

significant. 

The additives Microbial culture 2 and T-N18, dosed in a thermophilic digestate of high-solids 

reactors, did not have a significant positive effect on the total biogas production (conversion of the 

residual biodegradable compounds). On the contrary, the additive T-N18 clearly had a negative 

effect both on the biogas production rate and on the total biogas volume. 
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4.4.2. Anaerobic co-digestion experiments for the influence of additives 

4.4.2.1. Mesophilic anaerobic co-digestion – Experiment E 

In Table 4.7 is given an overview of all the results of the influence of the addition of Microbial 

culture 2 in a semi-continuous anaerobic co-digestion under mesophilic conditions, mainly on the 

biogas production and on the methane content. The effect of the additives on two different 

feedings, one with liquid pig manure and silage maize, and other with an increasingly 

replacement of the dry matter of silage maize by grass, was tested. The feeding was performed in 

batch wise mode, three times per week and the additive (Microbial culture 2) was added on the 

first day (2.0 g/L) of the experiment and again after 26 days with the same dosage.  

 

Table 4.7 – Influence of Microbial culture 2 on the biogas production of a mesophilic digestate under 

mesophilic conditions. 

Parameter EC1 E1 EC2 E2 

Description Control 1 MC2 Control 2 MC2 

Active volume (L) 0.5 0.5 0.5 0.5 

Active period (d) 33 33 33 33 

Hydraulic retention time (d) 45 45 45 45 

Additive (g/LReactor) - 2.0 - 2.0 

Temperature (ºC) 38-39 38-39 38-39 38-39 

Organic loading rate 

(g TS/(L.day)) [g VS/(L.day)] 
4.8 [4.4] 4.8 [4.4] 4.8 [4.2][1] 4.8 [4.2][1] 

Biogas production 

Total biogas production         

(LBiogas/LReactor) 
59.92 57.12 74.50 69.56 

Average biogas production rate  

(L biogas/(LReactor.day)) 
1.84 ± 0.75 1.78 ± 0.69 2.26 ± 0.76 2.14 ± 0.74 

Biogas yield 

(L/g VS added) 
0.43 0.41 0.57 0.53 

Methane content  

(%) 

after 8 d 71 68 68 65 

after 22 d 72 72 72 72 

after 30 d 73 74 72 72 

Effluent analysis 

Early-warning indicator 

(mg OA/mg Ca2+) 

after 1 d 32 29 23 29 

after 8 d 16 18 18 19 

after 15 d 26 28 29 39 

after 21 d 27 32 23 24 

after 28 d 36 38 35 33 

Total ammonia nitrogen 

(mg/L) 

initial 1778 1778 1778 1778 

after 21 d 2100 1714 1994 1977 

pH 

initial 7.8 7.8 7.8 7.8 

after 6 d 7.8 7.7 7.8 7.8 

after 15 d 7.6 7.6 7.6 7.6 

after 23 d 8.0 7.9 7.9 7.9 

after 30 d 8.0 7.8 7.8 7.9 
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Table 4.7 (Continued)– Influence of Microbial culture 2 on the biogas production of a mesophilic digestate 

under mesophilic conditions. 

Parameter EC1 E1 EC2 E2 

Effluent analysis 

Total solids 

(%) 

initial 7.0 7.0 7.0 7.0 

after 8 d 7.2 6.5 7.2 6.3 

after 21 d 7.7 7.3 7.7 7.6 

Volatile solids 

(%) 

initial 5.4 5.4 5.4 5.4 

after 8 d 5.7 5.0 5.5 5.8 

after 21 d 6.1 5.7 6.0 5.9 

Total volatile fatty acids  

(mg/L) 

initial 0 0 0 0 

after 6 d 0 0 122 0 

after 13 d 74 0 908 295 

after 20 d 0 0 0 0 

MC2 – Microbial culture 2; d – days; TS – Total solids; VS – Volatile solids; [1] For the initial feeding, Feed B. 

Figure 4.4 gives the influence of Microbial culture 2 on the cumulative biogas production of 

the mesophilic anaerobic co-digestion. 

 

Figure 4.4 – Influence of the Microbial culture 2 and T-N18 on the cumulative biogas production of a 

mesophilic co-digestion. 

 

As can be seen in Table 4.7 and Figure 4.4, reactors with Microbial culture 2, E1 and E2, had 

a lower biogas production than the respective controls, EC1 and EC2, which means that this 

additive did not have a positive effect on the biogas production. Meanwhile, comparing both 

feedings, with and without grass, it was observed that EC2 (with grass) produced 24 % more 

biogas than EC1 (without grass). This positive effect of grass was also observed in the reactors 

E1 and E2 (both with Microbial culture 2), which means that the addition of grass to the basic 
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feeding had a positive effect on the biogas production, which is due the more easily 

biodegradable content of this co-substrate. It was also noted that Microbial culture 2 had a 

negative impact on the biogas production in both situations (with and without grass), in which 

reactor E1 produced 5 % less biogas than EC1, and E2 7 % less than EC2. The average biogas 

production and biogas yield also showed the same behaviour. 

About the methane content on the biogas, no significant differences were observed, and all 

the reactors showed around 70 % of methane on the biogas produced. Concerning the addition of 

Microbial culture 2 to the digesters, there was not a positive effect on the methane content on the 

biogas produced. 

In Figure 4.5 is given the influence of the Microbial culture 2 on the mesophilic co-digester’s 

performance, given by the early-warning indicator (EWI-OA/Ca) during the test period (in days).  

 

 

Figure 4.5 – Influence of the Microbial culture 2 on the mesophilic co-digester’s performance, given by the 

early-warning indicator (EWI-OA/Ca) in time (in days). 

From Table 4.7 and Figure 4.5 it was possible to observe that the EWI values of each effluent 

did not have a significant increase or decrease during the test period. Thus, no difference was 

observed between the reactors with and without Microbial culture 2, and with and without grass. 
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Moreover, no performance failure was observed, which was in agreement with the measured 

values of EWI. 

The total ammonia nitrogen concentration in the effluents was more or less the same in all 

the experiments and remained relatively stable during the tests. Internal differences in TAN were 

not very important. 

As can be seen in Table 4.7, during the five weeks of experiment, the pH of all media 

reactors did not change significantly, being approximately 8.0.  

About total solids content, all the effluents presented a TS content within the normal range 

for high-solids co-digestions. The TS content had a slight increase in all the mixed liquors, 

although it was not significant and it occurred due the feedings, which were dry mixtures in both 

cases (Reactors EC1 and E1 were fed with Feed A – 19 % of VS; Reactors EC2 and E2 were fed 

with Feed B – 19 % of VS in the first 3 weeks, and after that were fed with Feed C – 13 % of VS). 

Thus, it was not observed a difference between the two feedings, with and without grass.  

The volatile solids values represented the microbial biomass present in the mixed liquor, but 

also the non-biodegradable compounds were still present in the effluents. Once more, no 

difference was observed between the reactors with or without grass, EC2 and EC1, but there was 

a difference in the reactors with the Microbial culture 2, E1 and E2, in which the VS contents were 

lower than in the respective controls. These could indicate that Microbial culture 2 had an 

influence on the biodegradation of the substrates, although the difference was not very 

significant.  

From Table 4.7 it was observed that in the reactors with grass, EC2 and E2, there was a low 

accumulation of volatile fatty acids in the first two weeks, but still, higher than in the reactors 

with only the feeding with silage maize and liquid manure, EC1 and E1. However, after 20 days of 

experiment, there was not any accumulation of volatile fatty acids. Once more, the Microbial 

culture 2 did not have an influence on the reactor's effluent. 

From the previous evaluation it could be concluded that Microbial culture 2 did not have any 

effect on the digester’s performance, given by the EWI values. Moreover, Microbial culture 2 had 

a slight negative impact on the biogas production and on the biogas yield. On the other hand, the 

grass showed to be a promising co-substrate for mesophilic digestions, since it had a slight 

positive effect on the biogas production and on the biogas yield. 
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4.4.2.2. Mesophilic anaerobic digestion of wet mixtures of silage maize test - Experiment F 

Table 4.8 gives an overview of all the results of the influence of adding as substrates the wet 

mixtures of silage maize previously optimized (Section 3.3.2), on the biogas production of a semi-

continuous anaerobic digestion test. In section 3.3.2 is given the description of each pre-treated 

substrate mixture used. The latter were composed of 200 g of silage maize and 200 mL of de-

ionized water. Table 3.7 gives an overview of the main characteristics of each mixture fed. 

Table 4.8 – Influence of wet mixtures of silage maize on the biogas production of a mesophilic sludge under 

mesophilic conditions (33 ºC). 

Parameter FC F1 F2 F3 F4 

Description Control MC2 MC2 + Ca(OH)2 PRP Fix MC1 + Ca(OH)2 

Active volume (L) 0.5 0.5 0.5 0.5 0.5 

Active period (d) 15 15 15 15 15 

Hydraulic retention time (d) 52 48 51 67 54 

Substrate concentration (g VS/L) 59 57 44 36 36 

Organic loading rate 

 (g TS/(L.day)) [g VS/(L.day)] 
4.0 [3.9] 4.0 [3.8] 4.0 [2.9] 4.0 [2.4] 4.0 [2.4] 

Biogas production 

Total biogas production         

(LBiogas/LReactor) 
4.34 4.08 27.20 21.26 23.52 

Average biogas production rate  

(L biogas/(LReactor.day)) 
0.31 ± 0.28 0.29 ± 0.25 1.96 ± 0.88 1.49 ± 0.61 1.58 ± 0.74 

Biogas yield 

(L/g VS added) 
0.09 0.08 0.71 0.67 0.77 

Methane content  

(%) 

after 4 d 57 59 67 76 77 

after 11 d 49 48 71 78 79 

after 15 d 19 27 75 79 80 

Effluent analysis 

Total volatile fatty 

acids  

(mg/L) 

after 4 d 5963 6244 1194 2318 0 

after 7 d 5807 6536 105 85 255 

after 15 d 12771 11759 161 0 177 

pH 

initial 5.8 5.6 8.3 6.8 6.8 

after 7 d 4.3 4.1 6.7 6.8 6.9 

after 15 d 4.3 4.5 6.7 6.9 6.8 

Total solids 

(%) 

initial 4.3 4.7 4.6 5.1 5.2 

after 15 d 5.0 5.2 4.8 6.4 5.7 

Volatile solids 

(%) 

initial 3.8 4.1 3.5 3.3 3.1 

after 15 d 4.3 4.4 3.1 3.6 3.0 

TS – Total solids; VS – Volatile solids; d – days; MC1 – Microbial culture 1; MC2 – Microbial culture 2. 

 

As can be seen in Table 4.8, the reactor with Microbial culture 2 and pH adjustment with 

Ca(OH)2 (Reactor F2) had 6.3-fold more biogas produced, followed by reactor F4 (Microbial 
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culture 1 and pH adjustment with Ca(OH)2) and reactor F3 (pH adjustment with PRP Fix), 

comparing with the respective control reactor FC. Reactors FC and F1 produced much less 

biogas than the others due to a VFA inhibition.  

The average biogas production rate followed the same order as biogas production 

described before, unlike biogas and methane yields, which were higher in F4 (Microbial culture 

1), followed by F2 (MC2 + Ca(OH)2) and F3 (PRP FIX). 

Not taking into account the methane content on the biogas of reactors FC and F1 (due the 

inhibition suffered and so, a dropping in their methane content on the biogas), F3 and F4 showed 

a slight increase (4 % more methane on the biogas) from the beginning till the end of experiment, 

while F2 showed a significant increase of 12 %. Moreover, the reactors with higher methane 

content on the biogas were the ones with PRP Fix and Microbial culture 1, with 79 % and 80 %, 

respectively.  

Like it was written before, reactors FC and F1 showed a quite significant accumulation of 

volatile fatty acids after 7 days of experiment, comparing with the other reactors and this 

accumulation kept increasing till the end of the experiment. FC showed 2.1-fold more VFA in the 

end of the experiment than in the beginning, and F1 more 1.9-fold more. F3 was the only one 

decreasing its VFA accumulation to zero.  

From Table 4.8 it was also observed that pH values were quite low in the end of the 

experiment, but still in the average range for this type of digestion, except effluents from reactors 

FC and F1, in which a significant acidification occurred. This decrease took to an inhibition, 

observed by the accumulation of volatile fatty acids and also by the biogas production, which was 

significantly lower. Although the pH of these two effluents were adjusted with a solution of NaOH 

5 N, it was not possible to overcome the acidification. Apart from reactor F2, which also had a 

decrease on pH value, although not significant, all the other reactors kept its pH within a normal 

range. 

It was noted that the total solids content of all the effluents had a slight increase during the 

experiment. The higher increase was noted in reactor F3, with PRP FIX (25 % more TS), which 

was expected due the feeding of this reactor. Apart from reactors FC, F2 and F4, that showed a 

not significant increase in their volatile solids content, the other media showed a slight 

decrease. 

From the previous evaluation it was concluded that Microbial culture 2 had a better effect on 

the biogas production, when the mixed liquor pH value was adjusted with Ca(OH)2. Meanwhile, 

the higher biogas and methane yields were observed in the reactor with Microbial culture 1. 
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4.4.3. Anaerobic digestion experiments for the EWI experiments 

4.4.3.1. Thermophilic anaerobic digestion pulsed with rapeseed oil test – Experiment G 

Table 4.9 gives an overview of all the results of the influence of the addition of Ca(OH)2 to a 

thermophilic digestion of a mesophilic mixed liquor (Inoculum 3) pulsed with rapeseed oil, in 

terms of process failures and biogas production. Organic overloads by the excessive addition of 

rapeseed oil were used to induce a decrease in the gas production rate. It was expected to result 

in an accumulation of volatile fatty acids due to the process imbalance, so that the subsequent 

recovery by the addition of Ca(OH)2 could be tested. The experiment was performed in semi-

continuous mode and in the first week both reactors were fed just with the influent mixture and 

after that they were pulsed by the rapeseed oil and Ca(OH)2, alternatively. Figure 4.6 gives the 

cumulative biogas production during the test period. 

Table 4.9  – Influence of Ca(OH)2 addition on the performance of a digester fed with influent mixture and 

pulsed with rapeseed oil under thermophilic conditions (52 °C).  

Parameter GC G1 

Description Control Test 

Active volume (L) 0.8 0.8 

Active period (d) 36 36 

Organic loading rate (g TS/(L.day)) [g VS/(L.day)] 2.3 [1.8] 2.3 [1.8] 

Organic loading rate (g COD/(L.day)) 4.9 4.9 

Hydraulic retention time (days) 80 80 

Daily load of Ca(OH)2 (g/day) - 0.5 

Biogas production 

Biogas production  

(LBiogas/LReactor) 
14.74 50.24 

Average biogas production rate 

(LBiogas/(LReactor.day)) ± Standard deviation 
0.40 ±±±± 0.41 1.56 ±±±± 1.33 

Biogas yield (LBiogas/g VS added) 0.22 0.74 

Methane content on the biogas  

(%) 

after 16 d 62 63 

after 23 d 68 79 

after 30 d 67 78 

after 36 d 66 77 

Effluent analysis 

Early-warning indicator  

(mg OA/mg Ca2+) 

after 14 d 542 263 

after 19 d 303 170 

after 26 d 246 66 

after 30 d 204 61 

after 36 d 118 126 

Organic acids  

(g/L) 

after 14 d 14.8 15.3 

after 19 d 15.0 17.3 

after 26 d 28.0 24.7 

after 30 d 27.3 17.5 

after 36 d 28.1 12.8 
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Table 4.9 (Continued)  – Influence of Ca(OH)2 addition on the performance of a digester fed with influent 

mixture and pulsed with rapeseed oil under thermophilic conditions (52 °C).  

Parameter GC G1 

Description Control Test 

Calcium  

(mg/L) 

after 14 d 27 58 

after 19 d 50 102 

after 26 d 114 375 

after 30 d 134 285 

after 36 d 239[2] 102[2] 

Volatile fatty acids  

(g/L) 

after 9 d 17.6 21.5 

after 19 d 21.1 23.1 

after 26 d 22.4 22.1 

after 32 d 23.6 14.0 

pH 

initial 7.9 7.9 

after 6 d 7.8 7.7 

after 19 d 6.3* 6.8* 

after 26 d 6.0 7.4 

after 36 d 5.6 7.9 

Total solids  

(%) [g/L] 

after 7 d 7.1 [73] 7.2 [74] 

after 14 d 7.8 [80] 8.1 [83] 

after 36 d 10.7 [110] 11.0 [113] 

Volatile solids content  

(%) [g/L] 

after 7 d 3.4 [35] 3.6 [37] 

after 14 d 4.8 [49] 4.2 [43] 

after 36 d 6.9 [71] 6.1 [63] 

TS – Total solids; VS – Volatile solids; d – Days; COD – Chemical oxygen demand; *pH was adjusted with 2 ml of NaOH 0.1 N; [2] 

On day 33, 0.5 g of calcium were added to both reactors. 

 

 

Figure 4.6 – Influence of the Ca(OH)2 addition to a thermophilic digestion pulsed with rapeseed oil on the 

cumulative biogas production. 
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As can be seen in Table 4.9 and Figure 4.6, after 36 days of experiment, the test reactor 

produced 3.4-fold more biogas than the Control reactor, with an average biogas production 

rate of 1.56 LBiogas/(LReactor.day) and a biogas yield of 0.74 LBiogas per g of VS added. In the first 2 

weeks of experiment the biogas production was not much different between both reactors, 

although after that period the addition of Ca(OH)2 had a clear and significant effect on the 

digester’s performance, which took to a high biogas production. 

Concerning the methane content on the biogas, small fluctuations were observed during the 

test period and after the 36 days of experiment, the methane content on G1 reactor was about 77 

%, while GC showed 17 % less, 66 %. Both methane contents were within the normal 

composition of biogas, although it was clear that the Ca(OH)2 addition had a positive effect on the 

biogas quality. Figure 4.7 gives the evolution of the early-warning indicator values among the test 

period, as well as the calcium and organic acids concentrations in the effluents. 

 

Figure 4.7 – Influence of the Ca(OH)2 addition to a thermophilic digestion pulsed with rapeseed oil, on the 

early-warning indicator (EWI-OA/Ca) among the time (in days). 

 

As can be seen in Table 4.9 and Figure 4.10 the early-warning indicator value in the Control 

reactor had a really significant decrease in the last week of experiment, in part due the 

adjustment of the pH value. Moreover, EWI in the Test reactor was much lower than in the 

Control reactor, as expected, due the addition of Ca(OH)2. In the last week, EWI had a significant 

increase in both mixed liquors, although much more sharp in the Control. Due the addition of 

calcium in the control reactor, the mixed liquor had a lower EWI, in fact, 8-fold lower than in the 

previous week. Meanwhile in Test reactor, the calcium addition of 0.5 g was not enough to keep 

the EWI value in the same range as before. In this last week the EWI in G1 had an increase of 39 

%. 

After 14 days of experiments, the organic acids concentration on the G1 reactor was 

approximately 4 % higher than in the GC. These values confirm also the high accumulation of 
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volatile fatty acids observed 5 days before. After 23 days of experiment, the concentration of 

organic acids had a significant decrease in both reactors, which confirms that the failure was 

overcome. After 26 days, both reactors showed a significant increase in their organic acids 

concentration, due the overloading with the rapeseed oil. Still, after 30 days, this concentration 

had a slight decrease in the GC reactor, although the concentration was quite high, and a 

significant decrease in G1 reactor, showing once more that Ca(OH)2 was having the expected 

effect in the mixed liquor.  

Due the addition of Ca(OH)2, it was expected that calcium concentration in the effluent were 

higher in G1 reactor, which was observed. The test reactor had more than the double of calcium 

concentration than GC after 19 days of experiments, and almost 6-fold more after 23 days. In 

both reactors, calcium concentration had increased significantly, mostly in the Test reactor, as 

expected. After 26 days, this concentration increased in the Control reactor, although not very 

much, and decreased in the Test reactor. Still, G1 had much more calcium in solution than GC, 

as expected due the extra additions. On the day 33, a small amount of Ca(OH)2 was added to 

both reactors to see if it would be possible to overcome somehow the failure in the Control 

reactor, and also to see if that small amount was enough to keep Test reactor with a low EWI 

value and still with a good biogas production. The calcium in solution in Control reactor had a 

significant increase, although much higher than it was in fact expected. This concentration 

increased about 87 %. In Test reactor, as expected, the calcium concentration had a decrease of 

28 %. 

Both effluents showed a relatively high concentration of volatile fatty acids after 9 days of 

experiment. The test reactor had 22 % more fatty acids than the respective control, which was not 

expected due the addition of Ca(OH)2. But since the addition of calcium only was made the day 

before these measurements, probably the media were not adapted yet. After 26 days of 

experiment, VFA values had an increase in the Control reactor and a decrease in the Test 

reactor, showing that the Ca(OH)2 was having a positive effect on the digester’s performance. In 

the last week of experiment, the VFAs concentrations did not have many fluctuations in the 

Control reactor, which kept with high VFA values. In the Test reactor, these concentrations had a 

significant decrease of 37 %, which was expected due the calcium additions. 

Table 4.9 indicates that the pH value from both mixed liquors was within the normal range for 

an anaerobic digestion in the first week. After 19 days of experiment, the overloading took to a pH 

drop in both reactors, however this decrease was more evident in the Control reactor. In the 

same day the pH was adjust to 7.5, in a way to overcome the reactor failure. In the next week the 

pH kept decreasing in the Control reactor, showing that it was under an inhibition. In the last week 
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of experiment, the pH in the Control kept acidic at 6, while in the Test reactor the pH kept optimal, 

at 8. 

In both mixed liquors, the total solids and volatile solids content increased in the second 

week of experiment. Comparing final and initial values, both effluents had a significant increase of 

TS and VS contents due the basic feeding added among the test. 

Given the results evaluation, it could be concluded that the additions of Ca(OH)2 had a 

significant and positive effect on the reactor’s performance, even when it was overloaded. 

Moreover, EWI was a satisfactory indicator for reactor's performance and process failures. 

 

4.4.4. Anaerobic digestion experiments with extra additives 

4.4.4.1. Extra addition of grain maize and Booster 1 test – Experiment H 

Table 4.10 gives an overview of all the results of the effect of the extra addition of grain maize 

and Booster 1, which consisted of a solid mixture of grain maize, PRP Fix and Fe2+, on a 

mesophilic digestion of a mixture of pig manure, silage maize and grass under mesophilic 

conditions. The extra feeding was added on the basis of 5 % of the volatile solids loading. Figure 

4.8 gives the influence of the extra additives on the biogas production. 

Table 4.10 – Influence of extra addition of a grain maize mixture and Booster 1 on the biogas production of a 

mesophilic digestate under mesophilic conditions.  

Parameter HC H1 H2 

Description Control Extra grain maize Extra Booster 1 

Active volume (L) 0.5 0.5 0.5 

Temperature (ºC) 33 33 33 

Hydraulic retention time (d) 156 156 156 

Active period [1] (d) 10 10 10 

Organic loading rate (g TS/(L.day)) [g VS/(L.day)] 1.15 [0.97] 1.16 [1.02] 1.16 [1.02] 

Basic feeding Feed D Feed D Feed D 

Total loaded  

(g VS added) [g VS added/L] 
4.8 [9.7] 5.1 [10.2] 5.1 [10.2] 

Biogas production 

Total biogas production  

 (L biogas/LReactor) 
7.43 7.96 8.56 

Total biogas production of extra feeding 

 (L biogas/LReactor) 
- 0.53 1.13 

Average biogas production rate 

(L biogas/(LReactor.day)) ± Standard deviation 
0.81 ±±±± 0.32 0.83 ±±±± 0.17 0.88 ±±±± 0.19 

Biogas yield  (L biogas/g VS added) 0.79 0.78 0.84 

Biogas yield of extra feeding (L biogas/g VS extra) - 0.70 1.49 

Methane content on the biogas 

 (%)  

after 8 d 71 76 70 

after 10 d 69 72 71 
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Table 4.10 (Continued) – Influence of extra addition of a grain maize mixture and Booster 1 on the biogas 

production of a mesophilic digestate under mesophilic conditions. 

Effluent analysis 

Total volatile fatty acids 

(mg/L) 

initial 0 0 0 

final 84 50 225 

Chemical oxygen demand soluble 

(g O2 soluble/L) 

initial 17.7 17.2 19.3 

final 18.5 21.0 17.0 

pH 
initial 7.6 7.7 7.6 

final 7.6 8.1 7.7 

Total solids  

(%) [g/L] 

initial 6.9 [65.5] 6.4 [60.8] 6.9 [65.5] 

final 7.3 [69.3] 7.2 [68.4] 8.0 [76.0] 

Volatile solids  

(%) [g/L] 

initial 5.3 [50.3] 4.9 [46.5] 5.4 [51.3] 

final 5.6 [53.2] 5.5 [52.2] 6.3 [59.8] 

TS – Total solids; VS – Volatile solids; d – Days; [1] From day 6 to day 16 – after the first week of adaptation. 

 

Figure 4.8 – Influence of extra additions of grain maize and Booster 1 to a mesophilic digester on the biogas 

production. 

As can be seen in Table 4.10 and Figure 4.8, H1 (with extra grain maize) and H2 (extra 

Booster 1) showed 7 % and 15 % more biogas production than the Control, respectively. 

Hence, the reactor with Booster 1 showed 8 % more biogas than the reactor with only the grain 

maize. The average biogas production rate was 0.88 ± 0.19 Lbiogas/(Lreactor.day) in H2, 0.83 ± 

0.17 Lbiogas/(Lreactor.day) in H1 and 0.81 ± 0.32 Lbiogas/(Lreactor.day) in the control reactor. 

Meanwhile, reactor with extra grain maize did not show a higher biogas yield, compared to the 
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Control. On the other hand, reactor with extra Booster 1 had a biogas yield of 0.84 LBiogas/g VS 

added, 6 % higher than the Control. 

About the methane content on the biogas, it was noted that after 10 days of experiment, H1 

reactor showed 5 % more methane in the biogas than Control 1, and almost the same as H2, 

meaning that any extra substrate had an influence on the methane content. 

From the effluents analysis, it was noted that the mixed liquors did not have any residual VFA 

in the beginning of the experiment but in the end a slight accumulation took place, in which the 

VFA concentration was higher on H2 (with extra Booster 1). Even with this increase, the VFAs 

concentration were not in an inhibitory range. 

After 10 days of experiment, the soluble chemical oxygen demand had an increase of 5 % 

and 22 % in HC and H1, respectively. In the H2, this value had a decrease of 12 %, which was 

expected since a higher volume of biogas was produced in this reactor. 

The pH values of all effluents were within the normal range for a mesophilic digestion during 

the all test period.  

It was also shown that dry matter and volatile solids content had only some fluctuations 

during the experiment, although not very significant. All the effluents had a slight increase in 

these two contents, which was expected due the feedings. 

From the previous evaluation it could be concluded that Booster 1 had a positive effect (15 %) 

on the biogas production, showing to be a promising additive to high-solid digesters. Grain maize 

also had a positive effect on the biogas production (7 %), although not much significant as 

Booster 1. 

 

4.4.4.2. Extra addition of Booster 2 test – Experiment I 

Table 4.11 gives an overview of all the results and process parameters of the effect of the 

extra addition of Booster 2, which consisted of a solid mixture of grain maize, Nutriflok and 

compost, on a mesophilic digestion of a mixture of pig manure, silage maize and grass. The extra 

feeding of Booster 2 was added on the basis of 5 % of the volatile solids loaded.  
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Table 4.11 – Influence of extra addition of Booster 2 on the biogas production of a mesophilic digestate 

under mesophilic conditions.  

Parameter IC I1 

Description Control Extra Booster 2 

Active volume (L) 0.5 0.5 

Temperature (ºC) 33 33 

Hydraulic retention time (d) 33 33 

Feeding Feed G[1] Feed G + H[1] 

Active period (d) 21 21 

Organic loading rate (g TS/(L.day)) [g VS/(L.day)] 3.0 [2.7] 3.1 [2.9] 

Total loaded  

(g VS added) [g VS added/L] 
30.0 [59.9] 31.5 [62.9] 

Biogas production 

Total biogas production  

 (L biogas/LReactor) 
20.74 26.86 

Total biogas production of extra feeding 

 (L biogas/LReactor) 
- 6.12 

Average biogas production rate 

(L biogas/(LReactor.day)) ± Standard deviation 
0.97 ±±±± 0.37 1.19 ±±±± 0.41 

Biogas yield  

(L biogas/g VS added) 
0.35 0.43 

Biogas yield of extra feeding 

(L biogas/g VS extra) 
- 

1.61[2] 

Methane content on the biogas 

(%) 

after 9 d 62 63 

after 16 d 68 71 

after 21 d 62 64 

Effluent analysis 

Total volatile fatty acids 

(mg/L) 

initial 0 0 

after 5 d 906 2154 

after 16 d 270 0 

after 20 d 172 89 

pH 

initial 7.7 7.8 

after 5 d 7.5 7.3 

after 12 d 7.6 7.6 

after 19 d 7.6 7.6 

Total solids content  

(%) [g/L] 

initial 6.4 [63.2] 7.0 [69.1] 

after 12 d 7.8 [77.0] 6.9 [68.1] 

after 19 d 8.4 [82.9] 8.2 [80.9] 

Volatile solids content  

(%) [g/L] 

initial 4.5  [44.4] 4.9 [48.4] 

after 12 d 5.7 [56.3] 5.1 [50.3] 

after 19 d 6.2 [61.2] 5.9 [58.2] 

TS – Total solids; VS – Volatile solids; [1] Described in Table 3.12; [2] Considering an error of 25 % due the measurements of 

small amounts extra added. 

As can be seen in Table 4.11 and Figure 4.9 (gives the influence of the extra Booster 2 on the 

biogas production), a significant difference could be detected on the biogas production of both 
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reactors. The reactor with extra Booster 2 (I1) produced more 6.12 LBiogas/LReactor than the control 

(IC). The biogas yields and average production rates showed some differences as well. I1 reactor 

showed a biogas yield and an average production rate 23 % higher than the control, which 

mean that Booster 2 had a positive and significant effect on the biogas production.  

 
Figure 4.9 – Influence of extra addition of Booster 2 to a mesophilic digester on the biogas production. 

 

After 9 days of experiment, the methane content on the biogas was between 62 and 65 % in 

both reactors, but after 16 days this content suffered a significant increase, being higher on the 

reactor with the extra Booster (71 %). Meanwhile, in the last day of experiment these values 

showed a decrease again, reaching 62 % of methane in the IC reactor, and 64 % on I1 reactor. 

Concerning accumulation of volatile fatty acids in the effluent, it was noted that the mixed 

liquors did not contain residual VFAs in the beginning of the experiment. After 4 days, a 

significant accumulation of VFAs was observed in both effluents. This accumulation was higher in 

the I1 effluent (with the Booster 2 addition). The effluent from Control reactor had an 

accumulation of, approximately, 1 g/L, while I1 had an accumulation of, approximately, 2 g/L. 

Although these VFA values were not yet in an inhibitory range for a high-solids mesophilic 

digestion, a straight VFA and pH following was made. Meanwhile, in the following days, a 

significant decrease of VFAs concentration occurred on both effluents, being less than 0.2 g/L in 

both effluents. 
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The pH values of the effluents remained within the desired range for a mesophilic digestion 

during the all experiment. 

 Although the effluent had some fluctuations on the total and volatile solids content during the 

test period, they were not significant. Both contents were within the appropriate range for a high-

solids mesophilic digestion. Both effluents had a slight increase due the high-solid content of the 

feedings. 

From this evaluation it can be concluded that Booster 2 had a positive and significant effect 

(about 30 %) on the biogas production and biogas yield, when added on the basis of 5 % of the 

VS content of the basic feeding. 

 

4.5. ECONOMICAL EVALUATION: COST AND BENEFIT ANALYSIS OF THE EXTRA ADDITION OF 

BOOSTER 2 

 

In this section is given the economical evaluation of the extra addition of Booster 2 to a AD, 

because it was the additive that showed the best results concerning the overall biogas production 

and also because it is composed of the cheapest components, such as grain maize, compost and 

Nutriflok.  

The extra addition of Booster 2 showed to promote the biogas production. The highest biogas 

yields were achieved when this booster was added on the basis of 5 % extra of the volatile solids 

of the basic feeding. The latter was composed of liquid pig manure, silage maize and grass. In 

this chapter the costs of the booster and the extra energy profit from the improvement of biogas 

production were estimated. 

The extra biogas production of Booster 2, with a VS content of 766 g VS/kg of wet weight, in 

the anaerobic digestion of liquid pig manure, silage maize and grass was examined at an OLR of 

2.9 g VS/(LReactor.day). The biogas yield of the extra Booster 2 was 1.61 LBiogas/g VS extra added, 

i.e. 1233 m3 of biogas per tonne (wet weight) of Booster 2. 

It is estimated that the average methane content in the biogas is 65 % and a volume of 1 Nm3 

of CH4 is equivalent to 36 MJ (Banks, 2009). Thus, one extra tonne of Booster 2 is equivalent to 

715 Nm3 of CH4, i.e. 25.75 GJ or 7.2 MWh (1 kWh = 3.6 MJ).  
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Considering that the biogas produced is converted to green electric energy (0.19 €/kWhel, 

based on the Europe’s Energy Portal); that the electrical efficiency of a generator is 25 %, and 

estimating that the total costs are 220 € per tonne of wet weight, an extra tonne of Booster 2 

represents a benefit of 340 €, i.e. a profit of 120 € per extra tonne of Booster 2 added to the 

anaerobic digester. Table 4.12 gives the parameters taken into account in the economical 

evaluation of Booster 2 and Table 4.13 gives the results of this evaluation. 

 

Table 4.12 – Parameters taking into account on the economical evaluation of Booster 2. 

Parameter Value 

Price of Booster 2 (€/ton WW) 200 

Other costs (€/ton WW)[1] 20 

Total costs (€/ton WW) 220 

MJ/Nm3 CH4 36 

MJ/kWh 3.6 

Energy price (€/kWhel) 0.19 

Generator yield (%) 25 

WW – Wet weight; [1] Assumed as 10 % of the price costs. 

 

Table 4.13 – Economical evaluation results for the extra addition of Booster 2. 

Parameter Booster 2 

Biogas yield of extra booster  (L biogas/g VS extra) 1.61 

Biogas yield of extra booster  (m3 biogas/ton WW extra) 1233 

Electricity production  (GJ/ton WW extra) = Electricity and heat 25.75 

Electricity production  (kWhel/ton extra) 1788 

Benefit (€/ton WW extra) 340 

Cost (€/ton WW extra) 220 

Profit  (€/ton WW extra)  120 

WW – Wet weight. 
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5. CONCLUSIONS AND FUTURE PERSPECTIVES 

This work aimed at the optimization of high-solids biomass reactors for biogas production. 

Thus, the optimization of the digestion of a concentrated feedstock, the influence of chemical 

and/or microbial additives on the overall biogas production, and the influence of the addition of 

Ca(OH)2 on the digester’s performance were studied. 

 

1. From the feedstock optimization tests the following conclusions can be drawn, in terms of 

hydrolysis of the organic content: 

- Some of the microbial additives tested clearly enhanced the solubilisation of a dry mixture of 

grain maize under mesophilic conditions, when compared with the chemical additives tested 

(Methanostim liquid, FeCl2), that did not have a positive effect. Thus, microbial additives are the 

most appropriate additives for the hydrolysis of dry mixtures of grain maize. 

- The most promising additive for a dry mixture of grain maize was the Microbial culture 1, 

since it gave the highest chemical oxygen demand in solution and also high acetate 

concentrations. 

- In the hydrolysis/acidification of a wet mixture of silage maize under mesophilic conditions, 

Microbial culture 1 had also a better effect, when compared with Microbial culture 2, given by the 

higher acetate and butyrate productions and the higher chemical oxygen demand in solution. 

- To allow a better solubilisation and further acidification of the concentrated feedstocks it is 

really important to follow and adjust the pH of the media. Therefore, PRP Fix and Ca(OH)2 were 

studied, in which PRP Fix showed to be less efficient since it required higher quantities and also 

because it is more expensive. 

 

2. With respect to the influence of different additives on the overall biogas production, 

the following conclusions can be drawn: 

- Microbial culture 2, dosed in mesophilic or thermophilic digestates of high-solids reactors, 

only had a slight positive effect on the biogas production of a batch post-digestion. It achieved 

(without input of extra feed), an extra of 0.06 LBiogas/(LReactor.day) in a mesophilic digestate under 

mesophilic conditions, and an extra of 0.02 LBiogas/(LReactor.day) in a thermophilic digestate under 

thermophilic conditions, or an increase of 11 % and 4 % of the total biogas production. 

- For the same conditions, the chemical additive T-N18 did not have any positive effect on the 

biogas production rate and on the total biogas volume, meaning that once more, microbial 

additives gave better results. 
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- Microbial culture 2, dosed in a mesophilic co-digestion of liquid pig manure, silage maize and 

grass, resulted in no improvement of the biogas production and of the biogas yield, and it did not 

have any effect on the digester’s performance. The latter was also evaluated by the EWI values. 

- The tests with feeding of the concentrated wet mixture of silage maize to a high-solids 

biomass reactor under mesophilic conditions showed that the addition of mixtures with Microbial 

cultures resulted in a higher biogas production compared to the addition of PRP Fix. Microbial 

culture 1 gave an extra biogas production of 1.27 LBiogas/(LReactor.day), and Microbial culture 2, 

1.65 LBiogas/(LReactor.day), i.e., an increase of 5.4-fold and 6.3-fold, respectively, when compared to 

the control. These results indicate that further research concerning the digestion of concentrated 

feedstock streams with maize need to be made. 

 

3. The tests of the influence of adding Ca(OH)2 on the digester’s performance were 

performed in a semi-continuous mode under mesophilic conditions, in which rapeseed oil was 

pulsed to increase the OLR of the reactors. From these experiments the following conclusions 

can be drawn: 

- Additions of Ca(OH)2 had a significant and positive effect on the reactor’s performance at an 

organic loading rate of 4.9 g COD/(LReactor.day). It allowed that the reactor did not have a pH drop 

and/or a high accumulation of fatty acids, and also it allowed an extra biogas production of 1.16 

LBiogas/(LReactor.day), i.e., an increase of 3.4-fold.  

- Under these conditions, EWI was a satisfactory indicator for reactor's performance; an 

important increase of the EWI value was mostly accompanied by a process failure. 

- As a future remark, it would be interesting to test if it would be possible to overcome a 

process failure by adding Ca(OH)2 on a frequent basis and on a longer term. 

 

4. From the influence of boosters on the overall biogas production of mesophilic high-

solids biomass lab-scale reactors, the following conclusions can be drawn: 

- Booster 1 (grain maize, PRP Fix and Fe2+) and Booster 2 (grain maize, Nutriflok and 

compost) had a positive effect on the biogas production. When dosed at 5 % extra of the volatile 

solids load, Booster 1, with a VS content of 68.3 kg VS/kg of wet weight, gave an extra biogas 

production of 0.07 LBiogas/(LReactor.day), corresponding to a biogas yield of 1.49 LBiogas/g VS extra 

added. Under the same conditions tested, Booster 2, with a VS content of 76.6 kg VS/kg of wet 

weight, gave an extra biogas production of 0.22 LBiogas/(LReactor.day), corresponding to a biogas 

yield of 1.61 LBiogas/g VS extra added. The latter data shows that Boosters 1 and 2 are promising 
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additives to high-solid digesters, when added on the basis of 5 % of the VS content of the basic 

feeding to a mesophilic digestion of a mixture of liquid pig manure, silage maize and grass.  

- Grain maize as such had also a positive effect on the biogas production (7 %), although not 

as significant as in combination with chemical additives. The biogas yield of the grain maize was 

0.70 LBiogas/g VS of grain maize extra added. 

- Since Booster 2 had the best results on the overall biogas production and had the cheapest 

components, an economical evaluation of its addition as 5 % extra of the volatile solids content of 

the basic feeding was made, which indicated that a profit of 120 € can be achieved per ton of wet 

weight added. 

- In the future it would be interesting to formulate a new booster composed of grain maize, 

trace elements and calcium, and to study its influence on the overall biogas production, but also 

the digester’s performance and the occurrence of process failures when the digesters are over-

loaded. Therefore, tests on a longer term and on a larger scale are recommended. 
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