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ABSTRACT 
 
Global energy demand is rapidly increasing. In contrast, fossil fuel reserves are decreasing. Today, 

one of the major challenge is energy supply for the future. Furthermore, effects of global warming 

cannot be neglected anymore. Alternative energy sources such as biogas should be developed. The 

biomass has huge biogas potential. However, arable area in the world is limited. Therefore, substrate 

which will be used for biogas production should be chosen carefully. The objective of this study was 

to determine the biogas yields of different substrates. For this reason; red algae, green algae, 

mixture of brown and red algae, mixture of sugar beets and sugar beet leaves, mixture of straw and 

sugar beet leaves, mixture of maize and sugar beet leaves, straw, maize and ensiled ley were chosen 

to conduct a lab-based anaerobic digestion experiment. Biogas production and composition in 

mesophilic (37  OC) conditions during 25 days were measured and compared. The measurements 

were performed in a system  consisting of 32, 1000 ml glass bottles with rubberstoppers. Potential 

energy production and energy requirements of each substrate were calculated. Methane yields 

ranged between 65.8 – 578.9 m3. t-1 VS (Volatile Solids). Whilst the highest methane yield was 

obtained from sugar beets, the lowest methane yields were obtained from the co-digestion of sugar 

beets and sugar beet leaves. The highest total energy potential for Sweden was obtained from 

ensiled ley and the lowest energy potential was obtained from maize. Sugar beet leaves were not 

good co-substrates, when they were digested with sugar beets, since they resulted in a decline in the 

methane yields. The highest total energy requirements for cropping and digestion were calculated 

for sugar beets. The lowest total energy requirements for cropping and digestion were calculated for 

ensiled ley. In the present study, digestion of sugar beets is suggested as good substrates for biogas 

production in Sweden, since it is more economical and helpful to solve the food&energy challenge. 

Although algae did not yield as much biogas as crops, they are interesting for biogas production since 

algae are considered a problem on the beaches and their high growth rates and abundance make 

them attractive for use in energy production. Due to lack of information, further studies are needed 

about economical aspects of algae for using in biogas plants. 
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Explanation of abbrevations which were used in the present study.  
 

VS: Volatile Solid 
TS: Total Solid 
SRT: Solid Retention Time 
HRT: Hydrolic Retention Time 
TAN: Total Ammonia Nitrogen 
VFA: Volatile Fatty Acid 
COD: Chemical Oxygen Demand 
HPr: Propionic Acid 
Hac: Acetic Acid 
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SUMMARY 
 

From the beginning of the industrial revolution, global energy demand has been rapidly increasing. 
As a consequence, fossil fuel reserves are rapidly decreasing which causes an increase in energy 
prices [26]. Effects of global warming are no more negligible. Emissions of carbon dioxide and 
methane should be reduced and temperatures must not be allowed to rise by more than two 
degrees. Both the UN and the EU have set the climate goals. The Swedish government has also 
introduced stricter targets; no biodegredable waste should be put  in landfills after 2005 [42]. For 
these reasons, one of the major challenges for industrialized countries, is energy supply for the 
future. Recently, numerous ideas have been considered to develop alternative energy sources such 
as biogas production [43]. 

Biomass has a huge potential for biogas production. The future biofuel demand of Sweden can be 
met by biomass production and waste [52]. There are many types of substrates that can be used in 
biogas plants to obtain biogas. They all have different biogas production potentials. However, arable 
land in the world is limited. Therefore, selection of the substrate should be made carefully. The 
purpose of this study was to determine the biogas yields of different substrates. For this reason, red 
algae, green algae, mixture of red and brown algae, mixture of sugar beets and sugar beet leaves, 
maize, straw, ensiled ley, mixture of straw and sugar beet leaves, and lastly mixture of sugar beet 
leaves and maize were chosen to conduct a lab-based experiment. 
 
Biogas production and composition in mesophilic (37 oC) conditions during 25 days were measured 
and compared. The measurements were performed in a system consisting of 32, 1000 ml glass 
bottles with rubberstoppers. Potential energy and energy requirements of the each substrates were 
calculated. 
 
The highest methane yield was obtained from sugar beets with a 95/5 mixing ratio. Although red 
algae gave the highest methane yields in comparison with other algae strains, obtained value was 
relatively low compared to the values that could be obtained from crops. Sugar beet leaves were not 
good co-substrates when they were digested with sugar beets. However, they resulted in an increase 
in the methane yields of maize and straw. Due to its high production rate, ensiled ley was calculated 
as the highest total energy potential for Sweden. For Halland and Sweden, the digestion of sugar 
beets was suggested due to its high output energy yields in contrast to their low energy input 
requirements.  
 
From the results, it could be said that sugar beet is the best substrate for biogas production in 
Sweden. However, it has some operational drawbacks which makes it tend to be inhibited easily [30]. 
Using ley for biogas production in Sweden has an advantage in addition to their high energy 
potential. There is a need to find alternative uses for land previously used for cultivating grain, and 
because of the fact that cultivation of ley for energy purposes might help an increase in the nitrogen 
supply for the soil. Ley crop can fix nitrogen into the soil, which then improves the structure and 
production ability [31].  
 
Algae did not produce as much amount of biogas as crops, but since they were considered a problem 
on the beaches and  their high growth rates and abundance make them attractive for energy 
production. They do not need any arable land for production. This opens a new alternative way to 
solve the “food-energy competition” problem. Further study is needed about economical aspects of 
algae for using in biogas plants [43]. 
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1. INTRODUCTION 
 
It has been written widely that the Swedish government gives much attention to climate issues [51]. 
Emissions of carbon dioxide and methane should be reduced and temperatures must not be allowed 
to rise by more than two degrees. Both the UN and the EU have set the climate goals. The EU has 
own emissions targets by 2020 are: 

 a 30% decline in greenhouse gas emission, 

 a 20% increase in use of renewable energy, 

 a 10% increase in proportion of renewable fuel, 

 a 20% increase in effecient energy use [47]. 

The Swedish government has introduced stricter targets such as no biodegredable waste in landfills 
after 2005 [42].  

The potential for biogas production in the world is very large [34] and in Sweden this potential is 
approximately 10 times higher than the present production [39]. In the 1970s, many biogas plants 
were constructed in municipal wastewater treatment plants. The main aim was to reduce the 
biomass that was produced from anaerobic digestion, and it was not to obtain methane. Biogas was 
often released into the atmosphere. The number of farm-size biogas plants increased in the 1970s 
due to an oil crisis but farmers often had problems with the operation. The methane recovery from 
landfills started in the 1980s. This was an important issue, since methane released into the 
atmosphere is nearly 30 times much more effective than CO2 in trapping the earth’s radiated heat 
and contributes 18% to the greenhouse effect  [6]. Today, in Sweden there are more than 233 biogas 
plants [52]. 
 
Due to carbon abatement policies and in order to achieve energy policy targets, use of bioenergy is 
projected to increase in Sweden. The Swedish Energy Agency has distributed SEK 100 million in 
support the use, production and distribution of biogas and other renewable gases [51]. The future 
biofuel demand of  Sweden can be met by biomass production. Biomass for energy in agriculture 
such as many types of liquid manure and energy crops, can be considered to be an increasing interest 
[52]. Using anaerobic digestion, biomass can biologically be converted into methane and hydrogen 
[17]. By 2020 it might be possible to obtain 22 TWh/yr based on energy crops such as straw, maize, 
hay, sugar beets. Global production of sugar beet and sugar cane was estimated as 0.4 billion tons of 
dry matter in 2000 [52]. Therefore, in the near future with a predicted decline in fossil fuel, there will 
be a huge increase in use of energy crops as renewable energy. However, energy crops are not the 
only way to obtain bioenergy. Through anaerobic digestion, solar energy stored in the algal biomass 
as a result of the photosynthesis reaction could be released as biogas [60]. There are also many types 
of substrates that can be used in biogas plant to obtain biogas. They all have different biogas 
production potentials. The purpose of this thesis is to determine biogas yields of different substrates. 
For this reason the following substrates were chosen to conduct a lab-based co-digestion 
experiment; 
- red algae, 
- green algae, 
- mixture of brown and red algae by different mixing ratios, 
- mixture of sugar beets and sugar beets leaves, 
- mixture of Straw and sugar beet leaves, 
- mixture of maize and sugar beet leaves, 
-maize 
- straw 
- ensiled ley.  
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In this thesis, the variety of biogas yields of these different substrates with different mixing ratios 
with inoculum will be illustrated. Furthermore, crop yields per hectare and energy requirements will 
be considered and calculated methane yields will be given. Energy that could be gained from the 
system will be compared with the energy that is needed to run the system in order to decide which 
substrate is the best substrate. Methods which were used in the experiments for biogas production 
could be enabled for use on large-scale biogas plants. However, in the laboratory, solving the 
problems that are faced during the process, is easier than in the large-scale biogas plants. This might 
cause low biogas yields in the large-scale plants in comparison to laboratory.  
 

2. BACKGROUND 
 
From the beginning of the industrial revolution, global energy demand has been rapidly increasing. 
As a consequence, fossil fuel reserves are rapidly decreasing which causes an increase in energy 
prices. For these reasons, one of the major challenges for industrialized countries, is energy supply 
for the future. Recently, numerous ideas have been considered to develop alternative energy sources 
such as biogas production [43]. 
 
Biogas is a renewable gas. It contains methane, which is  produced when biological material is broken 
down by microorganisms in an anaerobic environment. Methane is the energy-rich component of 
both biogas and natural gas [22]. Biogas can be generated from a large numbers of raw material and 
can be used for variable energy services such as heat, power or as a vehicle fuel  [39]. It could replace 
approximately 20 - 30% of the natural gas consumption [34].  
 
Biomass has huge potential for biogas production. There are many advantages and benefits of 
deriving biogas from biomass. 
 

 Because of the economic pressure, many farmers have been forced to find alternative 
incomes. Biogas production is subsidized in many countries, giving the farmer an additional 
income [19]. 

 The cultural lanscape is changing. Biogas production from energy crops and manure might 
provide maintenance of the structure of the landscape within small farms [19]. 

 It saves raw material. For example, if crops are used to produce biogas, one hectare can yield 
twice as much energy as it would if the raw material were used to produce ethanol [22]. 

 Instead of leaving biomass to natural deterioration, energy is produced from them [19]. 

 Production of biogas yields both energy and fertilizer. Therefore there is no need to buy 
mineral fertilizer [19]. 

 It helps with the reduction of landfills and protects to groundwater [19]. 

 Disposal costs of organic wastes are reduced [19]. 

 Nitrate leaching is reduced and the health of plants is increased [19] 

 The digested residue from the biogas plant has less odor [19]. 

 The climatic protection goal that were agreed in the Kyoto Protocol is supported [19]. 
 

2.1. Process and Mechanism of Biogas 

Biogas digestion process is divided into four stages. Fig. 1  illustrates these stages. In all these 
different stages, different microbial activities occur. These stages are hydrolysis, acidogenesis, 
acetogenesis and methanogenesis. Process proceeds without any problems, if degradation of all of 
the stages occurs well. If one of them is inhibited, then the methane production decreases or all the 
process may be shut down. Biogas digestion process consists of different groups of bacteria that 
work in sequence [26].  
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Figure 1. Anaerobic conversion of biomass into methane. Modified from [16]. 

 Stage 1- Hydrolysis: Hydrolysis is the breaking (“lysis”) of a large compound into small 
compounds by adding water (“hydro”). Insoluble components such as carbohydrates, fats and 
proteins undergo hydrolysis in this stage. Complex components are degraded into small soluble 
components by breaking their chemical bonds. Hydrolytic or facultative anaerobes or anaerobes 
are responsible for this stage [26]. 
 

Complex carbohydrates  simple sugars 
Complex lipids  Fatty acids 

Complex proteins  Amino acids 
 

 Stage 2- Acidogenesis: In this stage, soluble components that were produced through hydrolysis; 
are degraded by facultative anaerobes and anaerobes. During degradation, carbon dioxide, 
hydrogen gas, alcohols, organic acids, some organic-nitrogen compounds and some organic-
sulfur compounds are produced. Some of the other compounds are used to form new bacterial 
cells [26]. 

 Stage 3- Acetogenesis: Acetogenesis occurs in the acid-forming stage. Many of the acids and 
alcohols such as butyrate, propionate and ethanol may be degraded into acetate that will be 
used as a substrate by methane-forming bacteria and also carbon dioxide and hydrogen can form 
directly acetate by fermentative bacteria [26]. 
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 Stage 4- Methanogenesis: In this step, methane is mainly produced from acetate and carbon 
dioxide and hydrogen gas. Here all of the compounds must be converted into compounds that 
can be used by methane forming bacteria. Acids, alcohols and other organic-nitrogen compounds 
cannot be used directly by methane-forming bacteria,as a result these components accumulate 
in the digester supernatant [26]. 

2.2. Main Bacteria Which are Responsible for Biogas Process 

2.2.1. Acetate-forming bacteria: Acetate-forming bacteria have a symbiotic relationship with 
methane-forming bacteria. Acetate which is produced by acetate-forming bacteria, is directly used as 
a substrate for producing methane by methane-forming bacteria. When the acetate is produced, 
hydrogen is also produced. This hydrogen creates pressure that affects acetate-forming bacteria 
adversely in the system.Acetate-forming bacteria are so sensitive to hydrogen.They can only survive 
if their metabolic waste (hydrogen) is continuosly removed. However, methane forming bacteria use 
this hydrogen to produce methane and significant hydrogen pressure is prevented. The growing rate 
of acetate-forming bacteria is very slow [26]. 

2.2.2. Sulfate-reducing bacteria: Sulfate-reducing bacteria are also found in the biogas digestion 
system. When sulfate is in the system, they start to multiply themselves by using hydrogen and 
acetate. This situation causes a competition between sulfate-reducing bacteria and methane-forming 
bacteria (Fig. 2). Under low acetate concentrations, substrate to sulfate ratios < 2 , sulfate forming 
bacteria obtain hydrogen and acetate easier than methane-forming bacteria. When substrate to 
sulfate ratios are 2 and 3, competition is particularly intense. At substrate to sulfate ratios > 3, 
methane forming bacteria obtain hydrogen and acetate easily [26]. 

 

 

Figure 2. Competition between sulfate-reducing bacteria and methane-forming bacteria for acetate and hydrogen. Data 

source: [26]. 

 

2.2.3. Methane-forming bacteria: Methane-forming bacteria are some of the oldest bacteria with 
many types of shapes, growth, patterns and sizes. They are oxygen sensitive and their cells have 
unique chemical composition that makes the bacteria sensitive to toxicity. All type of methane 
forming bacteria can produce methane. However, they have different structures, enzymes, substrate 
utilizations and temperate range of growth. In nature, methane-forming bacteria participate in the 
degredation of many organic compounds. Methane forming bacteria can grow well in the strict 
anaerobic environment. Their generation times range from 3 days at 35 oC  to 50 days at 10 oC. In 
order to obtain a large population of methane-forming bacteria at least 12 days are needed. There 
are three types of methane-forming bacteria which are different from eachother by substrate 
utilization [26]. 

-Group 1 Hydrogenotrophic methanogens: They use hydrogen to transform carbon dioxide into 
methane. As a result they help to reduce hydrogen pressure. 

CO2 + 4H2  CH4 + 2H2O 
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-Group 2 Acetotrophic methanogens: They convert acetate into methane and carbon dioxide.This 
carbon dioxide can be used by hydrogentrophic methanogens.This group of methanogens are 
affected more by hydrogen pressure. 

4CH3COOH  4CO2 + 2 H2 

-Group 3 Methylotrophic methanogens: They produce methane from methyl groups such as 
methanol (CH3COH) and methylamines [(CH3)3-N]. 

3CH3COH + 6H  3CH4 + 3H2O [26]. 

2.3. Biogas - Biogas Impurities and Substrates 

2.3.1. Biogas 

Biogas mainly consists of methane, carbon dioxide and several impurities. Composition, energy 
content, density and molar mass of biogas are listed in Tab. 1. [19]. 

Table 1. General features of biogas. Data source: [19]. 

Composition 55-70% methane (CH4) 

30-45% carbon dioxide (CO2) 

Traces of other gases 

Energy content 6.0-6.5 kWh m
-3

 

Fuel equivalent 0.60-0.65L oil/m
3 

biogas 

Explosion limits 6-12% biogas in air  

Ignition temperature 650-750 
o
C 

Critical pressure 75-89 bar 

Critical temperature -82.5
 o

C 

Normal density 1.2 kg m
-3

 

Smell Bad eggs 

Molar Mass 16.043 kgkmol
-1

 

 

2.3.2. Overview of biogas components 

Typical components and impurities in biogas which are described below are listed in Tab. 2 [19]. 

2.3.2.1. Methane and carbon dioxide: The composition of gas depends on the following factors: 
1. The amount of long-chain hydrocarbon compounds. 
2. A longer retention time increases the anaerobic degredation of biomass. 
3. If the material in the bioreactor is well stirred and homogenous, fermentation takes place 

faster. 
4. The type of disintegration is important when the substrate is well enclosed in lignin 

structures. 
5. Higher fluid content in the bioreactor results in lower level of CO2 in the gas phase. 
6. The higher temperature and the higher pressure causes higher dissolved level of CO2 in the 

water. 
7. The substrate should be well prepared [19]. 

2.3.2.2. Nitrogen and oxygen: Normally, biogas contains a 4:1 ratio of nitrogen and oxygen. 
However, when the ventilation is switched on inorder to remove the sulfide and if the gas pipes are 
not fully tight, this ratio can be changed [19]. 
 
2.3.2.3. Carbon monoxide: It is under the detection limit of 0.2% by vol [19]. 
 
2.3.2.4. Ammonia: Normally the level of ammonia is very low. It may exceed 1.5 mg m-3 when a high 
amount of nitrogen rich substrates are used in the plants [19]. 
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Table 2. Typical components and impurities in biogas. Data source: [19]. 

Component Content Effect 

CO2 25-50% by vol -Lowers the calorific value 

-Increases the methane number and the anti-knock properties of 

engines 

-Causes corrosion (low concentrated carbon acid).If the gas is wet. 

-Damages alkali fuel cells. 

H2S 0-0.5% by vol -Corrosive effect on equipment and piping systems (stress corrosion): 

many manufacturers of engines therefore set an upper limit of 0.05% 

by vol. 

-SO2 emmissions after burners or H2S emmissions with imperfect 

combustion – upper limit 0.1% by vol. 

-Spoils catalysts. 

NH3 0-0.5% by vol -NOx emmissions after burners damage fuel cells. 

-Increases the anti-knock properties of engines. 

Water vapour 1-5% by vol -Causes corrosion of equipment and piping system. 

-Condonsates damage instruments and plants. 

-Risk of freezing of piping systems and nozzles  

Dust >5µm -Blocks nozzles and fuel cells. 

N2 0-5% by vol -Lowers the calorific value. 

- Increases the anti-knock properties of engines. 

Siloxanes 0-50 mg m
-3

 -Act like an abrasive and damages engines. 

 

2.3.2.5. Hydrogen sulfide: The concentration of hydrogen sulfide mainly depends on the process and 
type of waste. The concentration of H2S may exceed 0.2% by volume without desulfurizing step. Due 
to the harmful effects on plant components downstream, H2S should be kept at the lowest level 
possible. Therefore biogas is desulfurized when it is still in the reactor [19]. 
 
2.3.2.6. Chlorine, fluorine and mercaptans: Their concentration is usually below the detection limit 
of 0.1mg m-3 [19]. 
 
2.3.2.7. BTX, PAK, etc.: With exceptions in the case of toluene, generally the concentrations of 
benzene, toluene, ethylbenzene, xylene and cumene are under the detection limit of 0.1mg m-3. 
Special wastes that are fermented may cause a high concentration of toluene [19]. 
 
2.3.2.8. Siloxanes: In the digestion tower, high concenrations of siloxanes are carried over into the 
sewage gas. At high temperatures, siloxanes and oxygen form SiO2 which remains on the surface of 
the machine and cause a decline in the flow levels [19]. 

While the biogas digestion process continues, the concentration of the substrate decreases, and 
acids and acetates are formed as the rate of methane production increases. Kinetics of the process 
depend on the rates at which biogas is produced from the fermentation materials or the rates at 
which organic materials are decomposed. Consequently, there are various proposals on the rate-
limiting steps in biogas generation [61]. 
 

2.3.3. Substrates 

Generally, as long as any type of biomass contains carbohydrates, proteins, fats, cellulose as main 
components, they can be used for biogas production.When selecting the  biomass as substrate 
following information should be considered firstly: 

1. Substrates should be chosen depending on their contents, 
2. Higher nutritional value gives higher biogas yield, 
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3. Chosen substrates should be without any pathogens, 
4. For digestion success, harmful substances should be in smaller amounts, 
5. Biogas from the digestion should be appliable for further applications, 
6. Digestion residue should be useful as fertilizer [19]. 

Energy crops, manures and other types of wastes and their mixtures are appropriate substrate for 
biogas production. In Tab. 3 the general characteristics and biogas yields of some agricultural 
feedstocks are shown. 

Land for crop production is limited. The surface area of the world is mainly covered by oceans, only 
149.106 km2 is terrestial land which consists of 9.4% arable area. Therefore crops should be chosen 
mainly depending on their biomass yields per hectare, climatic conditions, availability of irrigation 
water and robustness against diseases. Secondly, when the selection of substrates, economic aspects 
like energy needs of substrates, should be taken into account. After that it may be said which 
substrate is more convenient for biogas production [30]. Factors affecting the net energy yields 
which could be obtained from biomass are shown in Fig. 3. 

Table 3. Biogas yields and methane contents from agricultural feedstocks. Data souce: [34]. 

Feedstocks Total Solids 

(% dissolved solids 

(DS)) 

Volatile 

solids 

(% DS) 

Retention time 

(days) 

Biogas Yields 

(m
3
/kg VS) 

CH4 content 

(%) 

Pig slurry 3-81 70-80 20-40 0.25-0.50 70-80 

Cow slurry 5-12 75-85 20-30 0.20-0.30 55-75 

Chicken slurry 10-30 70-80 >30 0.35-0.60 60-80 

Whey 1-5 80-95 3-10 0.80-0.95 60-80 

Leaves 80 90 8-20 0.10-0.30 NA 

Straw 70 90 10-50 0.35-0.45 NA 

Garden wastes 60-70 90 8-30 0.20-0.50 NA 

Grass silage 15-25 90 10 0.56 NA 

Fruit wastes 15-20 75 8-20 0.25-0.50 NA 

Food remains 10 80 10-20 0.50-0.60 70-80 

 

 
Figure 3. Factors affecting the net energy yields which could be obtained from biomass. 

 

2.3.3.1. Liquid manure and co-substrates: Manures from a variety of animals have large potential for 
utilization in an anaerobic digester. Their biodegredability is high [41]. Liquid manure from all animals 
may involve foreign matter. Some of these, such as litter and residue can be processed in the 
digester, whilst the rest of the foreign matters such as sand, sawdust, soil, skin and tail hair, cords, 
wires,plastics and stones are unwanted due to their harmful effects on the digestion. Generally in 
liquid manure, organic acids, antibiotics, chemotherapeutic agents and disinfectants that cause an 
increased complexity and even distruption of the biogas production, might be found [19]. 

Cultivation and management influence the methane yields of energy crops. Therefore, the quality of 
the substrate for biogas production should be optimized [7]. The most important parameter for 
choosing crops is biomass yield per hectare. Crops should be easily cultivated, harvested and stored. 
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They should be able to tolerate diseases and pests, be able to grow in the soil with low nutrient 
levels. Many energy crops are familiar to farmers and are easy to cultivate and they produce large 
amounts of biomass. They are often characterised by good digestibility. They are also good 
substrates to use in biogas plant. Some crop residues, such as sugar beet tops and straw, generated 
in large amounts in agriculture could also be used as a substrate in biogas production. Harvesting 
crop residues for energy utilization has the benefit that the direct production cost of these materials 
are often cheap, and collecting them from the fields promotes nitrogen recycling and reduces 
eutrophication due to nitrogen leaching [38]. 

 
Biogas yields can be increased by adding co-substrates into the liquid manure by increasing the 
content of organic substrate. It is more profitable from an economic point of view. In Tab. 4, it is 
shown that biogas yields and hazardousness of some of the co-substrates and liquid manure [19]. 

Table 4. Co-ferments, their hazardousness (U= harmless, H= to be hygenized, S=trash containing). Data souce: [19]. 

Substrate for biogas production Biogas yield [m3/kg oTS] Retention 

time [d] 

Production advice 

Hay 0.5 U, S 

Sugar beet 0.4-0.8 U, S 

Maize ensilaged 0.6-0.7 U, S 

Maize straw 0.4-1.0 U 

Liquid manure from cattle 0.1-0.8 U 

 
2.3.3.2. Algae: Today, most of the plants such as crop plants, sugar cane, sugar beets, canola are 
being used for energy generation that causes competition with food. Therefore, the use of plant 
biomass for energy generation is problematic [43]. Algae use sunlight as energy and get CO2 from the 
atmosphere and synthesise their carbon needs [19]. Algae have many advantages in comparison with 
higher plants because of faster growth rates and the possibility of cultivation on non-arable land 
areas or in lakes or the ocean [43]. Harvesting of algae has many advantages: 

 

 Restoration of conditions favourable for fauna and flora, 

 Decrease in bad smell, 

 Increase in removal of nitrogen and phosphorus from coasts, 

 Decrease in sink of nutrients in sediments [23]. 
 
Because of these advantages, quite a number of research projects have been carried out. Recently, 
new harvesting techniques have been invented and valuable co-products that have been produced 
by some algae strains have been discovered. These improvements cause a raise in the interest to use 
these organisms for bioenergy generation [43]. However, their low C/N ratio might cause problems in 
the digester [60]. 
 
2.3.3.3. Wood, straw: Lignocellulosic biomasses that contain lignocellulose, such as wood and straw, 
could be degraded better with pretreatment such as thermal and chemical treatments. Unlike 
cellulose and hemicellulose, lignin is a cross linked network by a hydrophobic polymer. Lignin is 
resistant to anaerobic degredation [24]. Degredation time takes at least 25 days [19], and mostly it 
causes interruptions in hydrolysis step [24].  
 
Straw is a lignocellulosic substrate. Kaparaju et al. (2009) say that lignocellulose consists of cellulose 
(40 – 50%), hemicelluloses (25 – 35%) and lignin (15 – 20%) is extremely resistant to enzymatic 
digestion. Enzymatic degredation of lignocelluloses is usually not so efficient due to high stability of 
the materials to enzymatic or bacterial attacks [53]. Utilization of hemicellulose and pentose-sugar is 
still problem for bacteria in the digestion system [35]. Lignin is a very complex molecule composed of 
phenylpropane units linked in a three dimensional structure which is hard to degrade. There are 
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chemical bonds between lignin and hemicellulose and even cellulose. Lignin is one of the 
disadvantages of using lignocellulosic materials in biogas production, as it makes lignocellulose 
resistant to biological degradation [53].  
 
Pretreatment accelerates the hydrolysis stages, improves the biogas production and decreases the 
hydrolic retention time. In the future, fermenting these kind of biomasses in the biogas plant will 
provide substantial power. It could be considered economically unattractive due to the high chemical 
prices in comparison with low operational costs [24], but it also helps to protect the environment. 
After digestion, low amounts of harmful or unpleasant materials would be released. Digestion of 
wood and straw with liquid manure is much more preferable, since the digestion runs more stable 
[19]. 
 
2.3.3.4. Ley: Ley is a fibre-rich substrate with a high biogas potential. It requires longer retention 
time for digestion. It is the dominant crop in Sweden. It can be grown as permenant grassland or as a 
temporary crop. It can be harvested 2 - 4 times in a year. The highest energy value might be obtained 
from first harvest. Late harvest gives lower biogas efficiency due to lower biodegredability [27]. 
Lignin content of grass is typically lower at earlier harvest (TS 2 – 5%) through the late harvest TS 
content increase to 30% [38]. 

2.4. Factors Affecting Digester Gas Production 

Under mesophilic conditions, biogas yield values for an anaerobic digester range from 0.8-1.0 m3.kg-1 
of volatile solids in destruction. The amount of gas produced depends on variable factors [34]. 

2.4.1. Temperature: The biogas digestion process depends directly on temperature. Mesophilic 
methane forming bacteria are active in 30 - 35 oC and thermophilic methane forming bacteria are 
active in 50 – 60  oC. Between 40 - 50 oC, bacteria are inhibited. Biogas production can occur better at 
35 oC. However, methane production can occur over a wide range of temperatures. When 
temperatures decrease below 32 oC, more attention should be paid to volatile acid to alkalinity ratio. 
When temperatures rise higher than 32 oC, a greater destruction rate of volatile solids and the 
production of methane occurs [26]. 

2.4.2. pH and alkalinity: Anaerobes can be divided into two groups: acidogens and methanogens. 
The optimum pH is 5.5 - 6.5 for acidogens and 7.8 - 8.2 for methanogens. If we combine the cultures, 
it can be said that the optimum pH ranges from 6.8 to 7.4. Since methanogesis is the most important 
rate limiting step, pH should be kept close to neutral. Methanogens are more sensitive to pH changes 
in comparison with acidogens [34]. During the digestion of substrate containing high concentrations 
of TAN, pH affects the growth of microorganisms and the composition of TAN. As the FA form of 
ammonia has been considered as the actual toxic agent, an increase in pH would result in increased 
toxicity. Instability occurs due to ammonia, and often results in volatile fatty acids (VFAs) 
accumulation, which again leads to a sudden drop in pH and thereby declining concentration of FA. 
The interaction between FA, VFAs and pH may lead to a state where the process is running stably but 
with a lower methane yield. The control of pH within the growth optimum of microorganisms may 
reduce ammonia toxicity [12]. Reducing the volumetric organic loading rate to the point where VFAs 
are consumed faster than produced, can solve the problem.  
 
In order not to face pH decrease problem, sufficient buffering capacity (alkalinity) is an important 
factor. Organic matter destruction releases ammonia-N. One equivalent of alkalinity equals each 
mole of nitrogen. Ammonia-N and carbon dioxide convert into ammonium bicarbonate which 
contributes towards alkalinity. Successful biogas digestion requires enough alkalinity. While high 
sulfate/sulfite substrates create alkalinity, carbohydrate-rich substrates do not create alkalinity. 
Stability of biogas digestion system can be judged by VFA/ALK (alkalinity) ratio.0.1-2.5 is considered 
as optimum ratio.Increase in the ratio indicates upset in the digester. Alkalinity can also be supplied 
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by using chemicals such as sodium bicarbonate, sodium carbonate, ammonium hydroxide, gaseous 
ammonia, lime, sodium and potassium hydroxide [34]. 

 
2.4.3. Nutrients: Nutrients are aggregated into two groups: micro nutrients and macro nutrients. 
 

2.4.3.1. Macronutrients: The most important macro nutrients that are needed for all biological 
treatment process are nitrogen and phosphorous. These nutrients are available for methanogens 
as ammonical-nitrogen (NH4

+ - N) and orthophosphate-phosphorus (HPO4 - P). For methane 
forming bacteria, NH4

+ - N is the preferable nitrogen nutrient. The amount of nitrogen and 
phosphorus that must be available in the digester can be determined from the quantity of 
substrate or COD of the digester feed sludge. 
 

2.4.3.2. Micronutrients: Methane-forming bacteria possess different types of enzymes that are 
provided by micronutrients. The need for cobalt, iron, nickel and sulfide is critical. For succesful 
digestion, incorporation of  micronutrients in enzyme system is important.These micronutrients 
are required by methane-forming bacteria inorder to convert acetate into methane. 
 
   2.4.3.2.1. Cobalt: It is required as an activator of enzyme systems in methanogens. 
   2.4.3.2.2. Iron: Although iron concentration in the environment is high, for assimilating it by 
methane-forming bacteria, it should be in solution. 
   2.4.3.2.3. Nickel: Generally it is not essential for most of the bacteria, but it is needed to 
produce some unique enzymes that are needed for methane production. 
   2.4.3.2.4. Sulfide: It is the basic source of sulfur for methane-forming bacteria.Sulfide is 
required in relatively high concentrations for methanogens [26]. 

 
2.4.4. Toxic Materials: Several types of organic and inorganic wastes might cause toxicity in biogas 
digesters. Toxicity might be acute or chronic. Acute toxicity occurs from the rapid exposure of an 
unacclimated population of bacteria to a high concentration of a toxic waste. Chronic toxicity 
happens from the long exposure of an unacclimated population of a bacteria to a toxic waste. 
Bacteria population may adapt to chronic toxicity by repairing their enzyme systems or growing a 
large population of bacteria that are able to degrade toxic organic compounds. Wastes that are toxic 
to biogas digestion system are mainly ammonia, hydrogen sulfide and heavy metals [26]. 

 
2.4.4.1. Ammonia: Ammonia is produced by the degredation of nitrogeneous matter such as 
protein and urea. The quantity of ammonia that will be produced during the anaerobic digestion 
can be calculated by the following equation: 
 

CaHbOcNd + 
          

 
 H2O  

          

 
 CH4 + 

          

 
 CO2 + dNH3 [12]. 

 
Ammonia can be present in the influent or can be produced during digestion. The effects of 
ammonia in the digester are both negative and positive. Ammonium ions can be used as a 
nutrient source. While the pH increases, the amount of free ammonia also increases. Free 
ammonia is toxic for methanogens [26]. A hydrophobic ammonia molecule can diffuse into the 
cell, causing proton imbalance, and potassium deficiency [12]. Methanogens can acclimatize to 
free ammonia, and unacclimated methanogens can be inhibited with free ammonia 
concentrations higher than 50mg/l. Shock loads of ammonia causes an increase in VFA, loss of 
alkalinity and decline in pH [26]. It is believed that ammonia concentrations below 200 mg/L are 
beneficial since the nitrogen produced buffering capacity in the sytem and it is essential for the 
bacteria  [12].  
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2.4.4.2. Hydrogen Sulfide: Bacterial cells are needed to use soluble sulfide as a growth nutrient. 
However, excessive amounts of hydrogen sulfide cause toxicity. Methane-forming bacteria are 
sensitive to hydrogen sulfide that inhibits directly the metabolic activity of bacteria. It is formed 
by the reduction of sulfate and degredation of compounds. Free hydrogen sulfide gas could be 
removed from the digester sludge by production of carbon dioxide, hydrogen and methane [26]. 
Inorder to prevent sulfide toxicity, the input of the digester should be diluted. However, this 
approach is undesirable because of the increase in the total volume of input. A bigger digester 
capacity or low HRT is needed. An alternative way is incorporating a sulfide removal step in the 
overall process. Sulfide removal techniques include physico-chemical techniques like stripping, 
chemical reactions such as coagulation, oxidation, precipitation, or biological conversions [12]. 
 
2.4.4.3. Heavy metals: Soluble heavy metals have a critical effect on the digester. The generation 
of sulfide causes a decline in metal toxicity through formation of insoluble metal sulfides. 0.5mg 
of sulfide can precipitate 1.0 mg heavy metal [34]. Soluble heavy metal can be removed from the 
digester by their adsorption to the surface of bacterial cells. After adsorbing, they deactivate the 
enzymatic system of bacteria [26]. 

 
2.4.4.4. Volatile acids and long-chain fatty acids: A high presence of short chain nonionized 
volatile acids such as acetate, butyrate and propionate cause a decline in pH and in alkalinity. 
Propionate is the most toxic. Because of the special chemical composition of long chain fatty 
acids might dissolve in the cell walls of bacteria and cause toxicity [26]. 

 
2.4.5. Retention times: Solids retention time (SRT) and hydraulic retention time (HRT) form two 
significant retention times in biogas digestion. HRT refers the time that waste water or sludge in the 
digester, SRT refers the time that bacteria (solids) are in the digester. Generation time for methane-
forming bacteria is long, therefore SRT>12 days is suggested for the digester. If retention time is less 
than 10 days, washout of bacteria may occur. High SRT values maximize removal capacity and 
provide extra buffering capacity against shock loadings. HRT controlls the conversion of volatile solids 
to gaseous products [26]. 

 

2.5 Biogas Utilization 

Biogas can be used for variable energy services, the question is which is the best use for biogas. 

Traditionally biogas has been used as fuel for boilers but generally the best usage depends on several 

factors such as amounts of biogas produced, energy costs, energy demand of the plant and 

incentives. Normally in the biogas plants, during the digestion process, more gas is generated than 

needed inorder to support the process. This excess biogas is a potential to use for other functions. In 

Fig. 4, the potential gas use scenarios are illustrated [34]. 

2.5.1. Biogas for Heating: Utilization of heat produced from the biogas has a direct effect on the 
economy of a biogas plant. The gas burns with a clean, clear flame. No soot and slag are present in 
boilers and other equipment, and the plant lasts longer [22]. The heat could be used for: 

 heating swimming pools, industrial plants and greenhouses, 

 warmth transformation in cold, 

 treatment of products, 

 cleaning and disinfection of the milking equipment, 

 heating stables as for the breeding of young animals [19]. 

2.5.2. Biogas for electricity generation: Power generation is the most common use for biogas. This 
electricity can be used for operation of plant, for sale or credit for the local power utility. Electricity 
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generation with biogas can be produced from engine generators, turbine generators, microturbines 
and fuel cells [34]. 

 

 

 

 

 

 

 

 

Figure 4. Avenues for biogas. Modified from [34]. 

 
Figure 5. Development of  biogas and natural gas sales as vehicle fuel in Sweden. Data source: [33]. 
 

2.5.3. Biogas as vehicle fuel: Petroleum fuels will gradually become extinct and these will have to be 
replaced by sustainable fuels.  Replacement of petroleum fuels with biofuels have been addressed by 
the European Commission in the directive 2003/30/EG where the following targets were set: 
  

• 2% biofuels by the end of 2005 
• 5,75% biofuels by the end of 2010 [33]. 

Biogas must be transformed to natural gas quality for use in vehicles. This process requires the 
removal of particulates, carbon dioxide, hydrogen sulfide, moisture and other contaminants [34]. 

Biogas 

Upgrade 

Electricity 

Heating 

Grid Vehicle Fuel 
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When biogas is used as vehicle fuel, it gives the lowest emissions of carbon dioxide and particles of 
all the fuels currently on the market [22]. Fig. 5 shows the development of biogas and natural gas 
sales as vehicle fuel in Sweden. In Sweden using biogas as vehicle fuel is more convenient, since 
there is no need to use biogas for electricity generations or heating. 

Biogas utilization as fuel is in general less problematic and cheaper in comparison with the cost of 
feeding biogas into the natural gas network. The Swedish government has set the future goal  to 
import oil and natural gas. In many cities it is typical to see “green” cars, working with renewable 
fuels. Today, between Linkoping and the city of Vesternik, situated 80km away, city buses, taxis, 
transporters, refuse collectors, private vehicles and even the train are driven by biogas [19]. 

2.5.4. Digester gas for cooking 

The biogas produced from anaerobic digestion of waste streams can be used through conventional 

low pressure gas burners for cooking [34]. 

3. MATERIALS AND METHODS 
 

3.1. Collection of Materials 

Red, green and brown algae that were used in experiments were collected from the Baltic Sea, near 
Halmstad Port. Substrates such as sugar beets, maize, straw, ley were taken from various places 
around Halmstad. Inoculum, which is based on actively digested cow manure slurry, vegetable and 
fruit residues were collected from the Plönninge biogas plant. Plönninge is situated 20 km outside of 
Halmstad. All the substrates were kept under mesophilic temperature. The inoculum was used to 
digest energy crops and other substrates and also used to prepare inoculum/substrate ratios. In 
every experiments different inoculums were used. 

3.2. Structure of the System 

The digester setup consists of thirty two, 1000 ml glass bottles with rubber stoppers, which serves as 
a biogas producer from various substrates. These bottles were placed in a thermostat where the 
temperature was kept at 37 oC  under mesophilic conditions (Photo 1). The rubber stoppers 
have a hole, where a hose is attached by using epoxy. A tube then goes from 
the bottle to another cap, which sits on a U-tube containing water at a specified level. When gas is 
produced in the bottle, the water in column increases through the U-tube and finally, it 
reaches an infrared photo-electrode. Then, a "bubbling" result is obtained and this is recorded by a 
counter (Photo 2). After each bubbling, the water returns to start level again. The counter 
records these bubbles with date, time, temperature, air pressure and volume of the gas that 
is produced. This data is taken at the end of experiment and then it is compiled. Before starting the 
experiments, calibration is completed by pumping air through the hose into the U-tube. During the 
experiments, monitoring is undertaken by webcam. This webcam makes possible to look at records 
after the experiment and make comparison between the real bubbles and the recorded bubbles. 
Therefore, the margin of error is very small. 
 

3.3. Performance 

After harvest, all the substrates were cut into small pieces by a blender. This is mainly aimed at 
increasing the surface area of organic matter and digestibility. The particle size was about 4.0 mm. 
Then, inoculum was added into the substrates with variety of mixing ratios. During digestion, biogas 
yields and biogas quality were measured and compared.  

9 trials were conducted with different substrates and different mixing ratios and have been tested 
with lab-scale experiments, in order to see potential of the biogas production. These trials are listed 
below.  
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Photo 1: The construction of co digester.                           Photo 2:  The machine that records “bubbles”. 

 
 

3.3.1. Red algae 

Trial one was conducted with Polysiphonia sp.(red algae). It was performed with four bottles which 
consisted of one reference bottle. During 25 days biogas production was monitored every day.  In 
Tab. 5, percentages of inoculum and red algae, their weights and total weights are shown. 

Table 5. Weights of red algae and inoculum mixture percentages. 

Bottle 1 2 3 4 

Percentage 90/10. 80/20. 70/30. Ref. 

Inoculum (g) 630 560 490 700 

Polysiphonia sp. (g) * 70 140 210 0 

* Red algae     

 

3.3.2. Green algae 

Trial two was conducted with Cladophora sp. (green algae). The experiment was performed with four 
bottles, consisting of one reference bottle, during 25 days. Biogas production per day was monitored.  
In Tab. 6, percentages of inoculum and green algae, their weights and total weights are shown. 

Table 6. Weights of green algae and inoculum mixture percentages. 

Bottle 1 2 3 4 

Percentage 90/10. 80/20. 70/30. Ref. 

Inoculum (g) 630 560 490 700 

Cladophora sp. (g) * 70 140 210 0 

*Green algae 

 

3.3.3. Mixture of brown and red algae 

Trial three was conducted with a brown and red algae mixture. The experiment was performed with 
four bottles which consists of one reference bottle, over 25 days. Biogas production per day was 
monitored.  In Tab. 7, percentages of inoculum and mixture of brown/red algae, their weights and 
total weights are shown. 
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Table 7. Weights of mixture of brown/red algae and inoculum mixture percentages. 

Bottle 1 2 3 4 

Percentage 90/10. 80/20. 70/30. Ref. 

Inoculum (g) 630 560 490 700 

Brown / red algae (g) 70 140 210 0 

 

3.3.4. Mixture of sugar beets and sugar beet leaves 

Trial four was conducted with a mixture of sugar beets and sugar beet leaves. The experiment was 
performed with 7 bottles, consisting of one reference bottle, and monitored over 25 days. Biogas 
production per day was monitored.  In Tab. 8, percentages of inoculum and mixture of sugar beets 
and sugar beet leaves, their weights and total weights are shown. 

Table 8. Weights of mixture of sugar beets and sugar beet leaves and inoculum mixture percentages. 

Bottle 1 2 3 4 5 6 7 

Percentage  85/15  95/5. 80/15/5 80/5/15. 90/10.  80/10/10 Ref. inoculum 

Inoculum (g) 297 332 279 279 315 279 350 

Sugar beets (g) 53 18 53 18 35 35 0 

Sugar beet leaves (g) 0 0 18 53 0 35 0 

 

3.3.5. Straw and sugar beet leaves 

Trial five was conducted with a mixture of 74% straw and 26% sugar beet leaves. The experiment was 
performed with four bottles, consisting of one reference bottle, over 25 days. Biogas production per 
day was monitored. In Tab. 9, percentages of inoculum and mixture of straw and sugar beet leaves, 
their weights and total weights are shown. 

Table 9. Weights of mixture of straw and sugar beet leaves and inoculum mixture percentages. 

Bottle 1 2 3 4 

Percentage 95/5. 90/10. 85/15. Ref. inoculum 

Inoculum (g) 665 630 595 700 

Straw/sugar beet leaves (g) 35 70 105 0 

 

3.3.6. Mixture of maize and sugar beet leaves 

Trial six was conducted with a mixture of 86% maize and 14% sugar beet leaves. The experiment was 

performed with four bottles, consisting of one reference bottle over 25 days. Biogas production per 

day was monitored. In Tab. 10, percentages of, inoculum and mixture of maize and sugar beet leaves, 

their weights and total weights are shown 

 
Table 10. Weights of mixture of maize and sugar beet leaves and inoculum mixture percentages. 

Bottle 1 2 3 4 

Percentage 90/10. 80/20. 95/5. Ref. 

Inoculum(g) 630 560 665 700 

Maize/sugar beet leaves 70 140 35 0 

Total (g) 700 700 700 700 

 

3.3.7. Straw 

Trial 7 was conducted with maize. The experiment was performed with four bottles, consisting of one 
reference bottle over 25 days. Biogas production per day was monitored.  Water is used in order to 
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liquefy the substrate mixture due to the high TS content of straw. In Tab. 11, percentages of, 
inoculum and mixture of straw and water, their weights and total weights are shown. 

Table 11. Weights of mixture of straw-water and inoculum mixture percentages. 

Bottle 1 2 3 4 

Percentage 95/5. 95/10. 95/15. Ref. 

Inoculum (g) 166 157 149 175 

Straw (g) 9 18 26 0 

Water* (g) 525 525 525 0 

Total (g) 700 700 700 175 

 

3.3.8. Only maize 

Trial 8 was conducted with maize. The experiment was performed with four bottles, consisting of one 
reference bottle over 25 days. Biogas production per day was monitored.  In Tab. 12, percentages of 
inoculum and maize, their weights and total weights are shown. 

Table 12. Weights of mixture of maize - inoculum and the mixture percentages. 

Bottle 1 2 3 4 

Percentage 90/10. 85/15. 95/5. Ref. 

Inoculum(g) 540 540 570 600 

Maize 60 60 30 0 

Total (g) 600 600 600 600 

     

 

3.3.9. Ensiled ley 

Trial 9 was conducted with maize. The experiment was performed with four bottles, consisting of one 
reference bottle over 25 days. Biogas production per day was monitored. In Tab. 13, percentages of, 
inoculum and ensiled ley, their weights and total weights are shown. 

Table 13. Weights of mixture of ensiled ley - inoculum and the mixture percentages. 

Bottle 1 2 3 4 

Percentage 95/5. 90/10. 85/15. Ref. 

Inoculum(g) 570 540 510 600 

Ensiled ley 30 60 90 0 

Total (g) 600 600 600 600 

  

All of the experiments were conducted at the University of Halmstad. 

3.4. Analyses 

Biogas production was monitored every day. Analyses of samples were done by taking some contents 
(about 40 grams). Then, they were put in an aluminum container. Firstly, the weights of the empty 
containers were considered, and secondly, the containers were weighed with contents. After that, 
the containers were placed in a furnace at 105°C for 24 hours. That was mainly aimed to evaporate 
all the water from the content and to calculate total solids (TS). After, the containers have been 
removed from the oven and they have been weighed again. After this operation, the contents were 
put in another furnace at 550°C for 3 hours, in order to calculate volatile solids (VS) of the contents.  
Then, they have been weighed again. Mathematical formulas that are needed to calculate the TS and 
the VS are shown below. 
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A = weight of dried sample after 24 hours at 105 oC, 
B = weight of container, 
C = weight of wet sample, 
D = weight of burnt sample after 3 hours at 550 oC; 
 

TS = 
   

   
 ,    VS = 

(   ) (   )

(   )
 –   

 
Results from the experiments are compared depending upon methane yields that were obtained 
from different substrates. Formula that is shown below was used to calculate methane yields. 
 
x = wet weight of substrates, tones 
y = TS (% of ww), 
z = VS (% of TS), 
t = Total biogas production, m3 

w = Methane content, %; 

Methane yields (m3.t-1 VS) = 
 

     
*   

 
Carbon and nitrogen concentrations of the substrates were measured with Elemental Analyzer  (EA) 
machine (Flash EA 1112 Series NC Soil Analyzer), which is suitable for organic or inorganic samples; 
oxidation reactor reaches a temperature of 900°C, allowing complete conversion to elemental gas of 
even those samples containing refractory material. pH values of the substrates have been measured 
with a pH meter. The gas concentrations that were produced during the digestion have been 
measured with a gas chromatograph (Varian CP- 3800). The samples have been collected from a hose 
at 0.2 µl and were injected into the chromatograph. The column temperature was 30° C and helium 
was used as a carrier gas. Galaxie Work Station Software was used to categorize the components of 
the gas. The sample gas concentration has been compared to a standard gas mixture that was 
consisting of 20% methane and 0.15% carbon dioxide, or pure methane. The machine was calibrated 
with high concentrations of methane (50, 75 and 100%).  
 

4. RESULTS 
 

4.1. Red Algae 

The largest amount of biogas (6.8 l) and the highest volume of methane (65%) were obtained from a 
bottle with a 70/30 mixing ratio. This result leads to the highest methane yield. Changes in methane 
contents by analysis days are shown in Fig. 7. Whilst the bottle with a 80/20 mixing ratio produced 
4.2 l of biogas, the  bottle with a 90/10 mixing ratio produced the lowest amount of biogas (2.2 l). 
The most biogas was produced during the first ten days due to the high biological degredability of 
red algae. The biogas production enhanced as much as the increase of the mixing ratio (Fig. 6). 
However, the lowest methane yield was obtained from the bottle which has 80/20 mixing ratio, 
because bottle with a 80/20 mixing ratio had the lowest VS content.  

The reference bottle showed stable and consistent gas production over the whole digestion period 
(Fig. 6). TS and VS contents of the bottles are shown in Tab. 14.  

Red algae have a rather low C/N ratio (Tab. 14). Definitively, co-digestion of red algae with a 
substrate which has higher C/N ratio would increase the methane and the biogas yields. From this 
experiment, it is easy to say that a 70/30 mixing ratio was the most preferable option due to higher 
methane yield. 
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Figure 6. Cumulative biogas production of red algae. 

 

 
Figure 7. Methane contents of red algae by analysis days. 

 
Table 14. Substrate properties for red algae. 

  90/10. 80/20. 70/30. Ref. Polysiphonia sp. 

pH (day 27) 7.6 7.7 7.6 7.7 NA 

TS (% of wet weight) 4 5 6 2 24 

VS (% of TS) 62 55 58 53 80 

C/N ratios 11 10 10.3 8.2 NA 

Total biogas productions (ml) 2205 4180 6794 378 - 

Mean methane contents (%) 61 61 65 29 - 

Methane yields, m
3
t

-1
VS 100.1 94.9 109.5 - - 

 

4.2. Green Algae 

The largest amount of biogas (3.9 l) was produced from bottle with a 70/30 mixing ratio. Methane 
contents were the same for all bottles (64%). While the bottle with a 80/20 mixing ratio produced 2.8 
l biogas, bottle with a 90/10 mixing ratio produced the least biogas amount (2.4 l). The most biogas 
was produced during the first 10 days (Fig. 8) due to high biological degredability of green algae. 
Lower amount of TS and VS contents of green algae caused higher methane yields in comparison 
with red algae. The highest methane yield was obtained from the bottle with a 90/10 mixing ratio. In 
contrast to red algae, the higher mixing ratio caused the lower methane yields (Tab. 15). Methane 
yields vary depend on mixing ratio. When the mixing ratio increased two times, biogas amount 
increased less than two times. This resulted to obtain the highest methane yield from the bottle 
which had the lowest amount of biogas and methane content 

The reference bottle showed stable and consistent gas production over the whole digestion period 
(Fig. 8). Dry matter contents varied between 5 - 3%. The bottle with a 90/10 mixing ratio had the 
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highest VS and TS contents. Changes in methane contents by analysis days are shown in Fig. 9. 
Digestion run without any problems. In comparison with red algae, green algae has lower C/N ratios 
and it produced a lower amount of biogas. Therefore, we may say the bottle with a 90/10 mixing 
ratio was found more suitable option for the digestion. 

Table 15. Substrate properties for green algae. 

  90/10. 80/20. 70/30. Ref. Cladophora 

pH (day 31) 7.6 7.6 7.5 7.3 NA 

TS (% of wet weight) 5 3 4 1.7 23 

VS (% of TS) 60 47 44 54 41 

C/N ratios 9.8 9.6 9.2 8.9 NA 

Total biogas production, ml 2454 2818 3877 420 - 

Mean methane content, (%) 64 64 64 51 - 

Methane yields, m
3
t

-1
VS 237.9 136.6 125.3 - - 

 

 
Figure 8. Cumulative biogas production of green algae. 

 
Figure 9. Methane contents of green algae by analysis days. 

4.3. Mixture of Brown and Red Algae 

The largest amount of biogas (6.2 l) were produced from bottle with a 70/30 mixing ratio. Whilst the 
bottle with a 80/20 mixing ratio produced 2.6 l amount of biogas, the bottle with a 90/10 mixing ratio 
produced the least amount of biogas (2.5 l). The most biogas was produced during the first 10 days 
(Fig. 10). Although increase in mixing ratio from 90/10 to 70/30 caused almost three times higher 
biogas, it caused a lower amount of methane content. The highest methane yields was found in the 
bottle with a 90/10 which had the highest VS content. Changes in methane contents by analysis days 
are shown in Fig. 11. 
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The reference bottle showed stable and consistent gas production over the whole digestion period. 
Dry matter contents varied between 3 – 4% (Tab. 16). Co-digestion of red algae with brown algae 
resulted lower methane yields in comparison with digestion of red algae. This could have been due to 
lower C/N ratios of mixture of red and brown algae.   

 
Figure 10. Cumulative biogas production of a mixture of brown and red algae. 

 
Figure 11. Methane contents of red and brown algae mixture by analysis days. 

Table 16. Substrate properties for a mixture of red and brown algae.  

  90/10. 80/20. 70/30. Ref. Brown/red algae 

pH (day 27) 7.5 7.6 7.6 7.7 NA 

TS (% of ww) 3 3 4 2 40 

VS (% of TS) 56 50 40 53 58 

C/N ratios 9.7 9.3 8.5 8.9 NA 

Total biogas production, ml 2250 2478 6256 420 - 

Mean methane content (%) 61 59 53 29 - 

Methane yields, m
3
t

-1
VS 84.5 45 68 - - 

 

4.4. Mixture of Sugar Beets and Sugar Beet Leaves 

The highest amount of biogas (4.5 l) was obtained from bottle with a 80/5/15 mixing ratio which had 
a 36% methane content. However, the highest  methane content (53%) was found in the bottle with 
a 95/5 mixing ratio. (Tab. 17). Biogas and methane contents of these bottles are shown in the Tab. 
17. Changes in methane contents by analysis days are shown in Fig. 13. The most biogas was 
produced within the first five days (Fig. 12). Due to rapid degredability of sugar beets, methane 
production was inhibited in most of the bottles. The bottle with a 95/5 mixing ratio was the most 
suitable option for digestion, since the highest methane yield was obtained from it. We could say 
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that the bottles with 80/15/5, 85/15 and 80/10/10 mixing ratios were inhibited and lower pH values 
supported it. The bottle with a 80/5/15 mixing ratio restarted to produce biogas after 13 days and 
the bottle with a 90/10 restarted to produce biogas after 23 days due to acclimization of 
methanogenic bacteria. However, it is hard to say what exactly resulted in this situation. Co-digestion 
of sugar beets with sugar beet leaves resulted in lower biogas production than the digestion of sugar 
beets.  

The reference bottle showed stable and consistent gas production over the whole digestion. Dry 
matter contents and C/N ratios are shown in Tab. 17. pH values varied between 4.2 – 7.7. Sugar 
beets for anaerobic digestion need more buffering capacity, process monitoring and require co-
digestion with other convenient substrates. 

Table 17. Substrate properties for mixture of sugarbeets and sugar beet leaves. 

  

 95/5 

 

90/10 

 

 85/15 

 

80/15/5 

 

 80/10/10 

 

80/5/15 

 

Ref. 

inoculum 

Leaves 

 

Beet 

 

Inoculum 

 

pH (day 29) 7.7 7.2 5.1 4.2 5.2 7.4 7.8 NA NA NA 

TS (% of ww) 2.5 2.1 3 4 3 2.8 1.6 13 22 1.5 

VS (% of TS) 67 63 76 77 70 67 63 84 98 61 

C/N ratios 8.6 11.8 9.7 9.5 9.5 10.8 8.9 11.8 36 10.4 

Total biogas 

production, ml 
4239 

 

2438 

 

3015 

 

1524 

 

2250 

 

4472 

 

352 

 

- - - 

Mean methane 

content (%)  

53 3 1 0 0.75 36 3.5 - - - 

methane yields  

m
3
t

-1
VS 

578.9 9.7 2.6 0 1.5 166.5 - - - - 

 

Figure 12. Cumulative biogas production from mixture of sugar beets and sugar beet leaves.  

 
Figure 13. Methane contents of sugar beets and sugar beet leaves mixture by analysis days. 
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4.5. Straw and Sugar Beet Leaves 

Co-digestion of sugar beet leaves and straw resulted in higher methane yields than the digestion of 
straw. The highest amount of biogas and methane content (11.7 l and 62%) were obtained from a 
bottle with a 85/15 mixing ratio. Biogas production and methane yields increased with increasing of 
substrate ratios in mixture. However, the highest methane yield was obtained from the bottle with a 
95/5 mixing ratio. Biogas production from bottle with a 85/15 mixing ratio increased after first 11 
days. This happened due to a stop in the hydrolysis step because of high fibre content of substrate. 
Substrate properties of these bottles are shown in Tab. 18. The highest biogas rate was produced 
within first 7 days (Fig. 14). Changes in methane contents by analysis days are shown in Fig. 15. 

Reference bottle showed stable and consistent gas production over the whole digestion. Dry matter 
contents varied between 2.5 – 4.1. 

Table 18. Substrate properties for mixture of straw and sugar beet leaves. 

 bottles 95/5 90/10 85/15 reference Straw/leaves Inoculum 

pH (day 27) 7.8 7.6 7.6 7.7 NA NA 

TS (% of wet weight) 2.5 4.1 3.9 2.8 27.4 2.1 

VS (% of TS) 57 62 62 53 91 67 

C/N ratios 10.6 10.5 10.1 8.2 NA 9.7 

Total biogas production, ml 5173 9135 11674 378 - - 

Mean methane content (%) 56 60 62 29 - - 

Methane yields, m
3
t

-1
VS 331.9 314 276.4 - - - 

 

Figure 14. Cumulative biogas production from mixture of straw and sugar beet leaves. 

Figure 15. Methane contents of straw and sugar beet leaves mixture by analysis days. 
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The largest amount of biogas (8 l) and methane content (64%) were found in the bottle with a 95/5 
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methane contents. The highest methane yield was obtained from the bottle with a 95/5 mixing ratio. 
If pH values and methane contents are considered, from lower values we could say that an increase 
in the mixing ratio resulted in inhibition in bottle with a 80/20 mixing ratio. When the bottle with a 
95/5 mixing ratio is considered, it is easy to say that co-digestion of maize and sugarbeet leaves 
resulted in a higher methane yields than the digestion of maize. Substrate properties of these bottles 
are shown in Tab. 19. The highest biogas was produced within first five days (Fig. 16). The bottle 
which was consisting of a 95/5 mixing ratio, was the most convenient one for digestion.  

The reference bottle showed stable and consistent gas production over the whole digestion. Changes 
in methane contents by analysis days are shown in Fig. 17. While dry matter contents varied between 
2 – 3, pH values varied between 5.5 – 8.1. In this study, sugar beet leaves as co-substrates were good 
option for digestion with maize. 

Table 19. Substrate properties for mixture of maize and sugar beet leaves. 

  95/5 90/10 80/20 Reference Maize/ beet 

leaves 

Inoculum 

pH (day 52) 8 8.1 5.5 8.1 NA NA 

TS (% of wet weight) 2 2 3 1 27 2 

VS (% of TS) 58 57 69 50 95 65 

C/N ratios 8.5 9.9 8 8.7 NA 11.2 

Total biogas production, ml 8052 6762 3432 2332 - - 

Mean methane content (%) 64 38 21 60 - - 

Methane yields, m
3
t

-1
VS 574 143.1 20.1 - - - 

 

Figure 16. Cumulative biogas production from mixture of maize and sugar beet leaves. 

Figure 17. Methane contents of maize and sugar beet leaves mixture by analysis days. 
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4.7. Straw 

The largest amount of biogas (4 l) was produced from bottle with a 85/15 mixing ratio. Digestion 
occurred slowly because of the high fibre content of straw. Substrate properties of these bottles are 
shown in Tab. 20. The biogas production increased after first five days (Fig. 18). Whilst an increase in 
mixing ratio caused an increase biogas production, it resulted in a decrease in methane contents. The 
highest methane yield was found in bottle with a 90/10 mixing ratio. Changes in methane contents 
by analysis days are shown in Fig.19.  

The reference bottle showed stable and consistent gas production over the whole digestion. Dry 
matter contents varied between 0.7 – 1.3.  

Table 20. Substrate properties for straw.  

 bottles 95/5 90/10 85/15 reference Straw Inoculum 

pH (day 25) 6,9 6,8 6,8 7,8 NA NA 

TS (% of wet weight) 0,7 1,3 1,3 4,7 81 3,9 

VS (% of TS) 57 64 74 66 94 68 

C/N-ratio 10 11.3 11.1 10.5 88.3 10.5 

Total biogas production, ml 1232 3059 4048 360 - - 

Mean methane content (%) 60 57 47,6 7,4 - - 

Methane yields, m
3
t

-1
VS 107.9 127.2 97.3 - - - 

 

Figure 18. Cumulative biogas production from straw.  

 Figure 19. Methane contents of straw by analysis days. 

 

4.8. Maize 

The largest amount of biogas (14.5 l) was produced from bottle with a 90/10 mixing ratio which had 
57% methane content. However, the highest methane content (61%) was found in the bottle with a 
95/5 mixing ratio. The higher mixing ratios caused the lower methane contents. Changes in methane 
contents by analysis days are shown in Fig. 21. The substrate properties of these bottles are shown in 
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table 25. The most biogas was produced within the first 10 days (Fig. 20). The bottle which was 
consisted of a 95/5 mixing ratio of inoculum and maize, was the optimum one for the digestion due 
to high methane yield. Lower pH values resulted in inhibition in bottle with a 85/15 mixing ratio.  

pH values varied between 5.2 – 7.6. The reference bottle showed stable and consistent gas 
production over the whole digestion period. Dry matter contents varied between 4.1 – 4.4. The 
substrate properties of maize are shown in Tab. 21. 

Table 21. Substrate properties for maize. 

 bottles 95/5 90/10 85/15 Ref. Maize Inoculum 

pH (day 26) 7,6 7,6 5,2 7,8 NA 7.6 

TS (% of wet weight) 4.1 4 4.4 2.4 41 4.6 

VS (% of TS) 72 70 76 60 98 73 

C/N ratios 10.6 11.3 10 10.1 NA 9.5 

Total biogas production, ml 9121 14534 9049 540 - - 

Mean methane content (%) 61 57 4 43 - - 

Methane yields, m
3
t

-1
VS 461.6 343.6 10 - - - 

 

Figure 20. Cumulative biogas production of maize.  

Figure 21. Methane contents of maize by analysis days. 

4.9. Ensiled Ley 

The largest amount of biogas (15.4 l) was produced from bottle with a 85/15 mixing ratio. Whilst the 
bottle with a 90/10 mixing ratio produced 12 l biogas, the bottle with a 95/5 mixing ratio produced 
5.9 l biogas. An increase in the mixing ratio resulted in an increase in biogas production. However, 
the highest methane yield and methane content were obtained from the bottle with a 95/5 mixing 
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ratio. The substrate properties of these bottles are shown in Tab. 22. The most biogas was produced 
within first 10 days (Fig. 22). Changes in methane contents by analysis days are shown in Fig. 23.  

The reference bottle showed stable and consistent gas production over the whole digestion. Dry 
matter contents varied between 3.3 – 3.5.  

Table 22. Substrate properties for ensiled ley. 

 bottles 95/5 90/10 85/15 reference Ensiled ley 

 

Inoculum 

pH (day 26) 7.8 7.7 7.7 7.8 NA 7.6 

TS (% of wet weight) 3.3 3.5 3.3 2.4 31 4.6 

VS (% of TS) 72 64 61 60 91 73 

C/N ratios 10.1 10 9.8 10.1 NA 9.5 

Total biogas production, ml 
5896 11979 15400 540 

- - 

Mean methane content (%) 67 64 66 43 -   - 

Methane yields, m
3
t

-1
VS 466.8 452.9 400.3 - - - 

 

Figure 22. Cumulative biogas production from ensiled ley. 

 
Figure 23. Methane contents of ley by analysis days. 

5. CALCULATIONS 
 
There are many factors which affect the biogas production process. These factors are illustrated in 
Fig. 24. Inorder to decide which substrate is a better option, all of the factors that affect the whole 
system from planting to end products should be taken into account.  
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Figure 24. Influences on biogas production from plant along the production process. Data source: [55]. 

5.1. Potential Energy Yields 

5.1.1. For crops 

Biomass yields and total production of substrates for Sweden and Halland are given in Tab. 23. For 
straw; mean biomass yields of winter wheat, spring wheat, winter rye, winter barley, spring barley, 
oats, rye wheat and meslin were used. For ley, grass data was used. Biomass yields, total production 
and area are shown in the Tab. 23. Whilst the highest biomass yields (kg/ha) were obtained for sugar 
beets, the lowest biomass yields were obtained from straw. 

Table 23. Biomas yields per year and total production of some crops that were used in the experiment. Data source: [47]. 

Crops Biomass yields (kg/ha) Area (ha) Total production (ton) 

For Halland For Sweden For Halland For Sweden For Halland For Sweden 

Sugar beets 58 600 60 500 865 39 765 50 700 2 405 800 

Maize 10 000 
a
 6 600 1020 16 210 20 100 106 986 

Ley 6 090 5 420 36 913 889 298 224 800 4 820 000 

Straw 5 532 4 905 8948 133 586 49 500 655 238 

a Maize bimoass yield 10t.ha
-1

 assumed. Based on: Linda Karlsson,Rural Economy and Agricultural Society,2011. 

 
In the Tab. 23 total production values from ton were converted into ton. VS. Then, calculated 
methane yields were found. Methane yields that were affected by inhibition were not considered for 
the calculations of measured mean methane yields. 
 
Energy contents were calculated by assuming:  

Energy content of 1m3 CH4 = 35.315 MJ [21]. 

Calculated methane yields and energy contents are represented in Tab. 24. From the experiments 
the highest methane yields were obtained from digestion of sugar beets. Land that is used for ley 
cropping is the biggest area in Sweden. This makes ley, the crop which has the highest total energy 
potential. 

5.1.2. For algae: 

The algae cover value was assumed as 400 m3.km-1 (149 ton.km-1) based on a study which was 
conducted in Trelleborg by Detox [54]. The EU Life’s study showed the amount of algae in Trelleborg 
was 70 000 m3 or about 26 000 tonnes during a four month season [56]. Calculated methane yields of 
algae are represented in Tab. 25. The highest methane yields were obtained from green algae. For 
Sweden the highest potential energy could be obtained from red algae. However, this value is lower 
than the potential energy value that could be obtained from energy crops. Total energy potentials for 
algae were calculated based on assuming the total coastline of Sweden as 3218 km [10]. 
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Table 24. Measured total methane yields and calculated methane yields values based on standard deviation for crops 
that were used in the experiment.  

Substrates Measured mean 

methane yields  

m
3
t

-1
VS 

Calculated methane yields 

m
3
.ha

-1
 

Calculated potential energy 

content MJ.ha
-1

 

Total energy 

potential for 

Sweden, TJ For Halland For Sweden For Halland For Sweden 

Sugar beets  578.9 7314 7551 258 294 266 664 10 604 

Sugar beets and beet leaves 166.5 1612 1636 56 928 57 775 2 297 

Straw and sugar beet leaves 307.4 ± 28.3 1482 1484 52 337 52 407 5 722 

Maize and sugar beet leaves 574 2474 2083 87 369 73 561 1 435 

Straw 110.8 ± 15.2 467 413.8 16 492 14 613 1 952 

Maize 402.6 ± 83.4 1618 1068 57 140 37 716 611 

Ensiled ley 440 ± 35 756 673 26 698 23 767 21 136 

 
Table 25. Biomass yield for algae per year and calculated methane yields based on standard deviation (Biomass yields for 
all types of algae were assumed same). 

Algae substrates Biomass yield 

of algae  

Ton.km
-1

 

Measured 

methane yields 

m
3
t

-1
VS 

Calculated methane 

yields  m
3
km

-1
 

Calculated 

potential energy 

content MJ.km
-1

 

Total energy 

potential for 

Sweden  TJ 

Red algae  

149 

101.5 ± 7.4 2904 102 555 330 

Green algae 166.6 ± 62 2341 82 672 266 

Mix. of red and brown algae 65.8 ± 19.8 2275 80 342 258 

 

Figure 25. The comparison of measured methane yields of substrates (m
3
.t

-1
 VS). 

 
The comparison of measured methane yields of all the substrates that were used in the experiments 
are illustrated in Fig. 25. Here, it is interesting to see that the use of sugar beet leaves as co-substrate 
were good when they were digested with maize and straw. Whilst sugar beet leaves increased the 
maize and straw methane yields, they resulted decline in methane yields of sugar beets. 

 

 
Figure 26. The comparison of total potential energy of crops per year for Sweden (TJ). 
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Figure 27. The comparison of total potential energy of algae per year for Sweden (TJ). 

 
The comparison of total potential energy of substrates for Sweden is illustrated in Fig. 26 and in Fig. 
27. Ensiled ley has the highest energy potential for Sweden and maize has the lowest energy 
potential among the other crops due to lower amount of arable area that is being used for maize 
production. Algae have the lowest energy potentials. 

 
5.2. Energy Requirements 

5.2.1. For crops 

The energy requirements for crops are represented in Tab. 26. Energy demands for cropping and 
digestion were calculated based on the results from Berglund and Börjesson (2006) and Biogasmax 
(2007). However, these are the rough data, since energy requirements mainly depend on system 
designs and substrates [3]. Whilst heating and electricity were considered as digestion energy 
demand, cultivation and harvesting were taken into account for cropping energy requirement. Sugar 
beets require more cropping energy due to need of herbicides and pesticides. Ley has lower energy 
needs, because ley does not require energy for sowing and soil ploughing and crumbling. However, it 
still requires energy for the silage process [27]. Straw needs higher retention time for digestion that 
makes it the highest digestion energy requiring substrate. Operation of the biogas plants for all 
substrates is the most energy demanding part [3]. 
 
50% of the total cropping energy requirement is related to fertiliser, about 22% for machinery, 15% 
for transport fuel and almost 13% for pesticides. For digestion, approximately 15% energy need is 
related to electricity and 20-35% is related to heating requirement. The rest of the energy is about 
transfer losses [30]. 
 
Table 26. Rough calculation of net energy yield and output/input ratios of crops. Data source: [5]; [4]. 

Crops Maize Sugar beets 

and leaves 

Sugar beets Straw Ensiled ley Straw and 

sugar beet 

leaves 

Maize and 

sugar beet 

leaves 

Process energy 

demand for 

digestion MJ.ha
-1

 

For Halland 2625
D

 3692
C
 3692

C
 6452

B
 793

A
 5734 2774 

For Sweden 1732
D

 3812
C
 3812

C
 5721

B
 706

A
 5225 2032 

Energy 

requirement in 

Cropping MJ.ha
-1

 

For Halland 3784
d

 6963
c
 6963

c
 1255

b
 3587

a
 2739 4229 

For Sweden 2497
d

 7187
c
 7187

c
 1112

b
 3192

a
 2692 3154 

Total energy 

requirement 

For Halland 6409 10655 10655 7707 4380 8473 7003 

For Sweden 4229 10999 10999 6833 3898 7917 5186 

Output/input For Halland 8.9 5.3 24.2 2.1 6.1 6.2 12.5 

For Sweden 8.9 5.2 24.2 2.1 6.1 6.6 14.2 
a Ensiled ley energy input for cropping was assumed 1.9 GJ/dry tonne. Based on [3]. 
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A Ensiled ley energy input for digestion in large-scale biogas plant was assumed 420 MJ/ dry tonne. Based on [4]. 
b Straw energy input for cropping was assumed 0.28 GJ/dry tonne. Based on [3]. 
B Straw energy input for digestion in large-scale biogas plant was assumed 1440 MJ/ dry tonne. Based on [4]. 
c Sugar beets energy input for cropping was assumed 0.54 GJ/dry tonne. Based on [3]. 
C Sugar beets energy input for digestion in large-scale biogas plant was assumed 360 MJ/ dry tonne. Based on [4]. 
d Maize energy input for cropping was assumed 18.2 GJ/ha for harvest period. Based on [5]. 
D Maize energy input for digestion was assumed 12.6 GJ/ha. Based on [5]. 

 

When output/input ratios of substrates are considered, the highest yield could be obtained from co-
digestion of sugar beets for Sweden and Halland. 
 

 
Figure 28. Comparison of energy requirements for different crops in different regions, MJ/ha. 

 
A comparison of energy requirements for Sweden and Halland are illustrated in Fig. 28. The average 
values for Sweden mainly contains the south part of the Sweden that makes the crops yields higher 
due to more convenient climatic conditions. That results in sometimes lower energy requirements 
for Sweden in comparison to Halland. 
 
5.2.2. For algae 

Energy requirements of algae for digestion process and harvesting are shown in Tab. 27. For 
digestion process energy requirement, heating and electricity requirements were considered. Due to 
lack of data, the same energy requirements were considered for all algae strains.  

 
The calculations and literature shows that the total energy input required to run the systems lower 
than the energy output. Among the all algae strains that were used in the experiments, red algae has 
the highest output/input ratio. 
 
Table 27. Rough calculation of net energy requirements for algae (Calculations were done based on study conducted by 
Lardon et al., 2009). 

Substrates Red algae Green algae Red-Brown algae 

Process energy demand for digestion MJ.km
-1

 27 924 27 924 27 924 

Energy requirements for harvesting, MJ.km
-1

 5 420 5 420 5 420 

Total energy requirement 33 344 33 344 33 344 

Output/input ratios 3.1 2.5 2.4 

 

6. DISCUSSION 
 

6.1. Algae (Red, Green and Mixture Of Red - Brown Algae) 

In this study, experiments were conducted with red, green and a mixture of red and brown algae at 
25 day retention times. An increase in the mixture ratio caused an increase in the biogas production 
in all three experiments. However, the highest methane yields were gained with lower mixing ratio 
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except red algae. The mixture of red and brown algae gave lower methane yield due to low VS and 
C/N value in comparison with red and green algae. Brown algae were not good co-substrates when 
they were digested with red algae. The highest methane yields were obtained from green algae that 
makes green algae better substrate for biogas production. 

The earliest study which was about biogas production from algae was conducted by Golueke et al. 
(1957) showed that algae could yield as much as 250 – 500 m3CH4t

-1 VS at an 11 day retention time 
when incubated at 35-50 °C. They suggested that the relatively low digestability and the result of cell 
walls resisting bacterial degradation could give lower methane yields. In this study, whilst the highest 
amount of methane yields were gained from green algae, the least amount of methane yields were 
gained from a mixture of red and brown algae.  

The red algae with a 70/30 mixing ratio produced the highest amount of biogas. TS values of all 
bottles varied, this is more likely because, when the samples were taken to solid measurements, they 
were not fully representative. When the experiment ended, the gas production in the bottles were 
still good and conditions were stable in the digester, there is a reason to believe that the digestion 
could continue and more biogas could be produced. 

Algae biomass typically has a high protein content and low C/N ratio which could contribute to high 
total ammonia concentrations in the process [60]. This might cause low methane yields due to 
ammonia inhibition. Furthermore cadmium content of algae might cause toxicity in the digester. 

In this study, when red algae is compared with other algae, it has higher C/N ratio (11/1). However, it 
is still insufficient when literature is considered (optimum C/N: 20/1 – 30/1). Co-digestion of algae 
strains with high-carbon, low-nitrogen substrates might increase the biogas yield and it has potential 
for diminishing any ammonia toxicity. Yen and Brune (2007) added waste paper (50% w/w) to algae 
sludge to adjust the C:N ratio which was doubled the methane production rate from 0.6 m3.t-1 VS to 
300 m3.t-1 VS  at 35°C and with a 10 day retention time.  

Red algae has the highest energy potential (330 TJ) and output/input ratio (3.1) for Sweden in 
comparison with other algae strains. Although, algae did not produce as much amount of biogas as 
crops, their higher growth rates make them attractive for energy production. As it was shown before, 
their calculated methane yields and potential energy contents are at the average level in comparison 
with crops and their digestion energy requirements are high. However, they do not require as much 
attention as crops for cultivation and digestion. They do not need any arable land for production. 
This opens a new alternative way to solve the “food-energy competition” problem [43]. Residue from 
the digestion can be used as fertilizers. The fact that algae strains are considered as a problem on the 
beaches. Anaerobic degradation of red algae on the beaches creates red colored effluents which 
tend to leak into the sea. This results toxic effects on marine environment [48]. Harvesting of algae 
may help to clean the beaches and it may solve the eutrophication problem in the Baltic Sea [23]. 
However, high costs for collecting of algae and desalting process which mainly depends on salinity of 
the water environment might be problem. 

6.2. Sugar Beets 

Amon et al. (2007) indicate that different plant parts, harvesting frequency, plant age, clonal 
variations, nutrient addition, and particle have effect on biogas yields. Therefore, different biogas 
yields were obtained from different substrates. 
 
In the present study, the highest methane yield was obtained from sugar beets. The bottle which was 
consisted of a 95/5 mixing ratio of sugarbeets gave the highest methane content and methane yield 
with 7.7 pH value. Lower amount of sugar beets did not cause drop in pH. Most of the digestion 
happened in the first five days which shows us that microorganisms did not need time to acclimatize 
to the substrate due to active inoculum [1]. 
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The difference in the degradation efficiencies could be a result of the inhomogenity of the  
samples that were used in the experiments [1]. Degradation of sugar beet leaves needs longer 
retention time. Therefore it was thought that digestion of sugar beets with sugar beet leaves could 
be beneficial and and it could be possible to obtain higher methane yields. However, this did not 
happen and inhibition occured. It is hard to describe possible reasons of inhibition. 
 
For co-digestion of sugarbeets and sugar beet leaves, the bottle with a 80/5/15 mixing ratio 
produced the highest amount of biogas and gave the highest methane yield. However, methane 
content was only 36% which means calorific value of the biogas was low. This result leads us the idea 
that sugar beet leaves were not good option as co-substrates when they were digested with sugar 
beets. This is supported with a study which was conducted by Ramiran, 2010. In that study it was 
seen that using sugar beet leaves as co-substrate caused  a decrease in biogas production from 750 
m3 to 540 m3. Lehtomaki (2006) obtained 200 m3.t-1 VS CH4 yield in her study on sugar beets. 
Furthermore, Mathisen (1984) found 0.89 l/g VS biogas production from sugar beets and 0.52 l/g VS 
biogas production from sugar beet leaves. Many literature results show sugar beet leaves have lower 
biogas yields than sugar beets.  
 
Sugar beets have operational drawbacks due to soil contamination and sand accumulation in the 
digester. This could cause lower methane yields. Therefore, sugar beets are seldomly used for 
anaerobic digestion [30].  
 
Sugar beet is a carbohydrate-rich substrate and it mainly contains simple sugars which are 
broken down rapidly. This rapid breaking down causes rapid hydrolysis and acid forming stage [59]. 
This causes insufficient time for the methanogenic bacteria to consume organic acids that were 
produced in the acid forming stage. Accumulation of acids starts and it causes serious drop in pH 
value. This problem may even cause to stop the digestion process which was happened in the bottle 
with a 80/15/5 mixing ratio of sugar beets and sugar beet leaves. Methanogenic bacteria are so 
sensitive to changes in pH value. When pH value is less than 6.9, methane production almost stoppes 
[26]. This theory was totally supported in the bottles with 85/15, 80/15/5, 80/10/10 mixing ratios. 
Sufficient alkalinity is required in order not to face with this kind of problems. In the digestion, ph 
drops caused harmful effect on methanogenic bacteria that resulted low methane yields. Demirel 
and Scherer (2009) say that when the digestion of carbohydrate rich substrates, the most important 
parameters should be handled are pH and buffering capacity. Co-digestion with nitrogen rich 
materials may help to solve the problem. Because when nitrogen is broken down, ammonia is 
released which might react with carbon dioxide inorder to form ammonium bicarbonate. This 
increases the alkalinity [14]. Furthermore as an inoculum chicken or pig manure with high nitrogen 
content can be used instead of cow manure [34]. Other way is adding some chemicals for increasing 
buffer capacity. Ammonium hydrogen carbonate (NH4HCO3) or ammonium chloride (NH4Cl), while 
sodium hydrogen carbonate (NaHCO3), potassium hydrogen carbonate (KHCO3) or potassium 
hydroxide (KOH) could be used as buffering agents [18]. 
 
Another good option when the digestion of easily degradable substrates is using a two stage 
process. A two stage process provides an opportunity to have hydrolysis and acid formation in 
a single step. This prevents the high pressure on methanogens. This allows  to get better control over 
the conditions that the methanogens might be exposed. However, a two-step process is more 
expensive and complicated [28]. 

Biogas production in the bottle with a 90/10 mixing ratio stopped after the first five days and 
restarted after 20th day. The reason was probably that, methanogenic bacteria regained the 
convenient environmental conditions for reproduction. When the experiments finished, biogas 
production was good in the bottle with a 90/10 mixing ratio. There is a reason to believe that 
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digestion could continue and more biogas and methane could be gained from that bottle. TS values  
of all bottles varied, probably because, the samples were taken to solid measurements were not fully 
representative at the time of sampling. 

Table 28. Comparison of crops yields between Sweden and Europe (Modified from [30], [32], [20], [40]. 

 Crops Crop yield t.ha
-1

 

Europa Sugar beet 37 – 83
a
 65

b
 3-16

c
 

Sweden 58 – 60 

Europa Maize 9 – 30 

Sweden 6.6 – 10 

Europa Straw 3.3 – 8.5 

Sweden 4.9 - 5.5 

Europa Ley 12 – 14 

Sweden 5.4 – 6 

a
 Data obtained from [20] 

b
 Data obtained from [40] 

c Data obtained from [30] 
 
Tab. 28 shows the comparison of some biomass yields between Sweden and Europe. Here three 
different biomass yields are listed. Since the climatic conditions are the same for Sweden and 
Europe, it is more possible to expect almost same crop yields in Sweden and in Europe. Optimum 
climate conditions for sugar beet planting is at the beginning of April with 15 - 21 oC for 90 days. This 
explains the same sugar beet crop yields in Sweden and in Europe. 3-16 ha crop yields might be 
related to sugar content yields of the crops. However, it is still low value which leads us to think that 
data is wrong.The highest methane yield was obtained from sugar beets among the all substrates 
that were used in the experiment. Although, In Sweden, not so many arable areas are being used for 
sugar beets production, sugar beets are at the second place for the potential energy after ensiled ley. 
Output/input ratio of sugar beets was the highest one which makes them the most preferable crop 
for biogas production. Cropping energy requirement is the highest among the other crops due to 
high requirement of herbicides and pesticides [1] and their limited storability requires preservation 
of them as silage [59]. Furthermore, machinery is not efficient for harvesting of sugar beets. 
However, digestion energy requirement of sugar beets is two times lower than straw due to need of 
straw’s high retention time.  

Ramiran’s report (2010) says that in Polish conditions, the income obtained from digestion of sugar 
beets is almost 2 times higher than in comparison with sale of sugar beets to sugar factory. It could 
be the same for Sweden, however, this requires further study. 
 

6.3. Maize 

Maize is a starch-rich substrate and also contains fiber and protein. Varieties with a high protein, fat, 
cellulose, hemi-cellulose, and starch  content  and with a high potential for biomass production are 
especially suitable for anaerobic  digestion.  During the first 10 days, higher biogas amount obtained 
from digestion of maize. Starch is able to degrade easily and quickly. When it is compared with sugar 
beets, its degradation took more time than sugar beets due to its fiber content. In this study, the 
highest methane yield (461.6 m3t-1VS) was obtained from bottle with a 95/5 mixing ratio. Amon et al. 
(2007) found 266 – 334 m3t-1VS CH4 yield from maize in their study. Harvesting and silage process 
also influence biogas yield from maize [1]. 
 
Maize has higher TS value and C/N ratio than sugar beets. However, their VS values were the same. 
The highest amount of biogas was obtained from the bottle with a 90/10 mixing ratio. In the bottle 
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with a 85/15 , biogas production was normal, however, methane yield was the lowest. This shows us 
that although hydrolysis and acidogenic steps continued well, methanogenic bacteria were inhibited. 
 
Raposo et al. (2006) found serious pH drops after 48 hours in their study which is about biogas 
production from maize. Furthermore, they observed that pH values were increased over the 
remaining period of digestion. They explained this situtation with the contribution of soluble CO2 
from biogas, which was not completely removed from the reactor as gas. Maize has natural alkalinity 
due to its protein value. When protein breaks down by microorganisms it forms ammonia. Therefore, 
another factor was the level of bicarbonate which was degraded from ammonia, which contributed 
alkalinity buffer for the volatile acids [46]. However, rapid degradation of maize cause high 
accumulation of volatile acids that decreases the pH value as described in the sugar beets section. 
Therefore, in bottle with a 85/15 mixing ratio, methanogenic bacteria were affected in a negative 
way. This caused lower methane content. 
 
in this study, bottle with a 85/15 mixing ratio was inhibited and Raposo et al., 2006 explains the 
reason of inhibition. The lower mixing ratio causes greater accumulation of longer chain VFAs. This is 
related to their metabolism and the activity of methanogenic bacteria. Where long chain fatty acids 
occur Hac in the medium for extended process, it is formed by the process of acidogenesis. When 
this process progresses by oxidation from VFAs, odd number of carbon atoms HPr. is formed.  Its 
further degredation is inhibited when the Hac concentration is greater then 1400 mg/l. Due to the 
complex nature of acid fermentations and the conversion of longer chain acids through to acetic 
acid, it is impossible to say whether the mixing ratio influenced the proportions of different VFA 
produced [46]. TS values  of all bottles varied, this is more likely because, the samples were taken to 
solid measurements were not fully representative at the time of sampling. 

In Sweden, the lowest hectars of arable areas are being used for maize production. Therefore, maize 
has the lowest energy potential (611 TJ) in Sweden. Furthermore, biomass yield is not so high due to 
cold weather, short vegetation period and less fertiled soil [27]. This also explaines the higher maize 
biomass yields in Europa (Tab. 32). Biomass yields of maize are higher than the biomas yields of ley 
and straw. Therefore, if more area for maize production could be used in Sweden, it would be 
possible to obtain more potential energy from maize. Although today, climatic conditions are not 
good for maize production in Sweden, in the near future with increasing temperature, it is expected 
to be used more arable area for maize production in Sweden due to effect of climate change. 
 
Energy requirements for digestion and cropping of maize is at the average level. Although energy 
input that is required for cropping and digestion of maize is relatively lower among the other 
substrates, energy output from the digestion of maize is not much higher. Therefore, output/input 
ratio of maize is relatively low (8.9). 
 

6.4. Mixture of Maize and Sugar Beet Leaves 

In this study, sugar beet leaves were used as co-substrates. The reason of why sugar beet leaves 
were chosen instead of sugar beets was, co-digestion of sugar beets and maize definately might 
cause inhibition impact on methanogenic bacteria due to high and rapid biodegredability. However, 
sugar beet leaves may make the digestion slower due to fibre content. This is more favorable for  
methanogenic bacteria and the whole process. However, it still can cause problems as happened in 
this study. The experiment was conducted with 86% maize and 14% sugar beet leaves. Definitively, 
this ratio was not enough to prevent inhibition and more sugar beet leaves could have been better. 
 
The highest methane yield (574 m3t-1VS) was obtained from bottle with a 95/5 mixing ratio. In this 
study sugar beet leaves were good option as co-substrates, since co-digestion of maize and sugar 
beet leaves increased the methane yield which was obtained from digestion of maize. When the 
mixing ratio was decreased from 95/5 to 90/10, methane content decreased from 64% to 38%. 
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Therefore, higher methane yields could not have been obtained. Bottle which has a 80/20 mixing 
ratio did not produce biogas after day 9 due to inhibition. As explained before, possibly, rapid 
degredation of carbohydrates caused accumulation of organic acids which dropped the pH values. 
For the inhibited bottle, pH value was 5.5 that supports the explanation. A decrease in pH caused the 
death of methanogenic bacteria that resulted no biogas production after day 9 [59]. TS values of all 
bottles varied, this is more likely because, the samples were taken to solid measurements were not 
fully representative at the time of sampling. 
 
Whilst digestion of sugar beet leaves with maize increased the methane yields, digestion of sugar 
beet leaves with sugar beets decreased the methane yields. We might say that higher alkalinity that 
were contributed by maize and relatively lower hydrolysis step due to fibre content of leaves helped 
the digestion. This resulted in the higher amount of methane yields. 

Co-digestion of sugar beet leaves and maize resulted in two times higher energy potential than 
digestion of maize. Because of the high amount of maize that were used in the experiments, co-
digestion  process  and cropping requires high energy making them economically unpreferable. 
However, their total potential energy could make them a good option for biogas production. Co-
digestion of maize and sugar beet leaves gave the second highest energy output with low energy 
input. Halland is not suitable region for maize production. Therefore, when maize is needed to be 
produced in Halland, it is more expensive which makes cropping energy requirement higher than in 
Sweden. For Sweden, when energy yields are considered co-digestion of maize and sugar beet leaves 
is the best option. 
 

6.5. Straw 

Lehtomaki (2006) obtained the highest methane yield from straw and grass in her study which is 
about biogas production from different crops such as willow, reed canary grass and Jerusalem 
artichoke, rhubarb, nettle, giant knotweed and sugar beet tops. However, in the present study, the 
lowest methane yields were obtained from straw due to straw’s need of longer retention time. The 
greater mixing ratio resulted a greater amount of biogas. However, this resulted a decrease in 
methane content. The highest amount of methane yield (127.2 m3t-1VS) was obtained from a bottle 
with a 90/10 mixing ratio which has 60% methane content. 

 
The hydrolysis of lignocellulose is limited by several factors. Crystallinity of cellulose is just one of 
these factors. Other factors are polymerization degree, moisture content, available surface area and 
lignin content [29]. In this present study, all of  the substrates were chopped into small pieces. The 
aim of doing it was that the reduction in particle size leads to an increase of available specific surface 
and a reduction of the degree of polymerization (DP) [29]. Hydrolysis step takes so much time for 
degradation of the straw. Long retention time is needed, depending upon the lignocellulose content 
of straw. Pretreatment could help to increase biodegredability of straw. Pretreatment causes a 
decrease in the amounts of hemicellulose and lignin [9]. In this study, we do not know the 
lignocellulose content of straw, however, when the experiment finished at 25th day, it was still 
possible to obtain more biogas. That supports the need of longer retention time. 
 
Straw tends to produce recalcitrant or inhibitory products during anaerobic digestion which causes 
drops in the rate of digestion. However, these problems can be solved over the digestion unless 
loading rate is high [29]. The bottle which has the highest mixing ratio of straw (85/15) in the 
experiment resulted in a low amount of methane content. Therefore, it might be concluded that 
lignin compounds affected the methanogenic bacteria. However, other steps progressed well, if we 
consider biogas amount. 
 
Due to the high TS of straw, all of the substrates diluted. Substrates with solid levels of above 10% 
are not suitable for digestion [8]. However, dilution adds more water volume into the digester 
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causing a decrease in amount of substrate and making the digester more expensive [13]. TS values of 
all bottles varied, most likely because, the samples taken to solid measurements were not fully 
representative at the time of sampling. 

As was mentioned before, in the present study, mean biomass yield values of crops that has 
potential to produce straw was used instead of sum of biomass yields values for calculations. All the 
straw types do not have the same methane yield potential due to different lignocellulose contents of 
crops. Therefore, using mean values of biomass yields was a more suitable method. Straw has high 
energy potential and provides high methane yields. Using straw as a substrate could help to solve 
food and energy challenge. 
 
Although crop yields of straw is almost the same for Sweden and Europe, methane yields of straw in 
Sweden are much lower than in Europe [30]. This might be explained by the different climatic 
conditions affecting the amount of lignocellulose contents in different ways. We could say straw that 
is obtained from Sweden has a lower biodegredability level than in Europe or the straw that we used 
in the experiment was a type with higher biodegredability. Results could be also changed relating to 
inoculum. 
 
The cropping energy requirement of straw is the lowest, because straw is obtained from different 
types of crops such as winter wheat, spring wheat, winter rye, winter barley, spring barley, oats, rye 
wheat and meslin. It does not require special energy requirement such as herbicides,pesticides and 
fertilizer. Digestion energy requirement is the highest, due to long lasting hydrolysis periods. These 
result the lowest output/input ratio value for straw (2.1). 
 

6.6. Mixture of Straw and Sugar Beet Leaves 

Fig. 25 shows that co-digestion of sugar beet leaves with straw caused an increase in methane yields 
of straw. Both straw and beet leaves contain high content of fibre. Therefore it has been expecting to 
get decrease in methane yields. When it is considered that sugar beet leaves caused a decrease in 
the methane yields of sugar beets and an increase in the methane yields of straw, it could be thought 
that sugar beet leaves have same characteristic like sugar beets and they are also acidic. Adding beet 
leaves to the straw decreased the TS value of the substrate from 81 to 27.4. What we expect in all 
experiments was getting higher biogas yield from the substrates with high VS value. However, it did 
not follow this trend due to digestion unstability. 
 
The highest methane yield (331.8 m3t-1VS) was obtained from a bottle with a 95/5 mixing ratio. 
Whilst an increase of the mixing ratio caused an increase in the amount of biogas and methane 
content, the amount of methane yields were decreased. Inhibition did not occur during the whole 
digestion process. Lower methane yields were probably due to insufficient mixing ratios. TS values of 
all bottles varied, this is more likely because, the samples were taken as solid measurements were 
not fully representative at the time of sampling. 

In this experiment, all of the limitations related to lignocellulose content. Hydrolysis of lignocellulose 
takes much time as was mentioned in the straw section. Relatively, low biogas amounts were 
obtained due to the need for higher retention time. We might say that cellulose contents of 
substrates  in this experiment was higher than straw. Therefore we could not get high biogas amount 
and when the experiments finished, the bottles were still producing biogas. If the experiment lasted 
longer, then biogas amounts would be higher. 
 
Co-digestion of straw and sugar beet leaves did not produce high methane yields and needed longer 
retention time. Furthermore, it was seen that sugar beet leaves were good co-substrates for straw, 
since they enhanced the methane yield of straw. Output/input ratio of co-digestion of straw and 
sugar beet leaves was low (6.2-6.6). If biomas yields and areas that were used for the production of 
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straw and sugar beets in Sweden are considered, co-digestion of straw and sugar beet leaves would 
be preferable. The total energy requirement for digestion and cropping is lower and the potential 
energy content that could be obtained is at an average level. 
 

6.7. Ensiled Ley 

Nowadays, the interest in ley is increasing due to the need to find alternative uses for land previously 
used for cultivating grain, and because of the fact that cultivation of ley for energy purposes might 
help to increase the nitrogen supply for the soil. Ley crop fixates nitrogen into the soil, which then 
increases the structure and production ability [31]. 

 
In this study, it was observed that biogas production increased with an increase in the amount of ley 
that was used in the digestion. However, the highest methane yield was obtained from bottle with a 
95/5 mixing ratio. When it is compared with other crops, methane yields that were obtained from 
digestion of ensiled ley were higher. Possibly, the ensilage process also affected the biogas 
production. Because, during the silaging process lactic acid, acetic acid, methanol, alcohols, formic 
acid, H+ and CO2 are formed. These products are important factors for methane formation. 
Furthermore, silaging process helps the predecomposition of crude fibre that provides an avaibility of 
nutrients for methanogenic bacteria [1]. 
 
The C/N ratio of the crops varied from 9.8 to 10.1. TS values  of all bottles varied, this is likely 
because, the samples taken to solid measurements were not fully representative at the time of 
sampling. Ley has lower lignin content than straw. There is a reciprocal correlation between the 
lignin content and the biodegradability when relating the lignin content with the biodegradability of 
the substrate [24]. That explains lower methane yield of gras in comparison to straw. 

In the study of Wiley (2006), it is suggested that higher biogas yield for maize than ley and sugar 
beets. However, in the present study, ley and sugar beets gave higher amounts of methane yields 
than  maize. 
 
Although ley has lower biomass yields, the energy potential per cropped area is the highest. 
Furthermore ley can be grown with high yield in places where other crops would not reach the 
maximum yield [27]. Energy that could be obtained from digestion of ley is six times higher than the 
energy that is needed  for cropping and digestion of ley. 
 
Digestion energy requirement for ley is the lowest amount, since it requires limited handling [4]. 
However, it requires relatively higher amounts of energy for cropping. Ley might cause bottom layers 
which blockes to pipes and pumps of the biogas plant [30]. TS content of ley affects the quality of the 
silage, which can bring about indirect energy requirements and it also influences biogas production. 
If the TS content is below 35%, there will be a growth of harmful bacteria which will make the silage 
spoiled [31]. 
 

7. CONCLUSIONS 
 
All substrates have different biogas potential. Therefore, the substrate which will be used for biogas 
production should be chosen carefully. From this study, it was concluded that sugar beet is a really 
good substrate due to its high methane yield. Although the highest biomass yields per hectare for 
Sweden and Halland were obtained from sugar beets, ley has the highest potential energy yield, 
since the largest arable area is being used for ley production.   
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Straw in this experiment was diluted due to high TS value. In a large-scale biogas plant, this is a 
disadvantage, since dilution adds more water volume into the digester causing a decrease in amount 
of substrate and making the digester more expensive.  
 
Mixing ratios have a large effect on biogas yields. Therefore, an optimum mixing ratio should be 
chosen. Algae strains did not produce as much methane yields as crops. However, because of their 
high productivity and no arable lands requirement, they could be an alternative solution for the 
energy sector.  
 
Sugar beet leaves were not a good co-substrate for sugar beets, since they caused a decrease in the 
methane yields. However, when they were codigested with maize and straw, they caused an increase 
in the methane yields of maize and straw.  
 
It was seen that energy output values from the digestion of all substrates were higher than the input 
energy values required to run the systems. However, energy requirements change mainly depending 
on biogas plant design and substrates that will be used. The highest output/input energy value was 
obtained from digestion of sugar beets for Sweden and Halland. However, in the laboratory, solving 
the problems that are faced during the process, is easier than in the field. This might cause different 
amounts of biogas yields in the field in comparison to laboratory. 
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