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SAMMANFATTNING 

 

I naturen bryts organiska ämnen ned med hjälp av mikroorganismer. Under nedbrytningen bildas 
bland annat metan, koldioxid, svavelväte samt flera andra gaser så som VOC. Detta har utnyttjats då 
man med hjälp av anaeroba rötkammare skapat miljöer där dessa mikroorganismer trivs. I dessa 
kammare samlas gaserna ihop till någonting som kallas för biogas. 

Biogas är en förnyelsebar energikälla där man utnyttjar metangasens naturliga förutsättningar till att 
förbrännas i syrehaltiga miljöer. Genom att separera metangasen från de övriga gaserna, kan 
energivärden nära naturgas fås. Den uppgraderade gasen kan på så vis agera som ett substitut till 
naturgas och därmed användas som drivmedel till fordon, ett behov som ökat under de senaste åren. 
Detta är att föredra då naturgas är ett fossilt bränsle. 

En teknik som används för separeringen av gaserna är vattenskrubbrar. Genom att utnyttja gasernas 
olika benägenhet att lösa sig i vatten så kan koldioxiden och svavelvätet tas bort. Under denna 
process absorberas även mindre mängder metan och VOC. Den uppgraderade biogasen får genom 
processen cirka 98 % metanhalt och kan därefter användas för att driva fordon. De borttagna 
gaserna frigörs samtidigt från vattnet och släpps istället ut från uppgraderingsanläggningen med 
hjälp av en luftström. Detta har bedömts vara olämpligt då svavelvätet är korrosivt och en mycket 
giftig gas. Metanen och VOCn som följer med den utgående luften har negativa egenskaper för 
växthuseffekten och den globala miljön. 

Denna studie har undersökt hur de gaser som normalt släpps ut med det utgående luftflödet skall 
behandla. Med hjälp av mätningar av de procentuella gasmängderna i den utgående luften samt i 
den råa biogasen har kvantiteter på årliga emissionerna kunnat uppskattas. Utifrån dessa har olika 
reningsmetoder analyserats där slutsatsen är att reducera svavelvätet med hjälp av Järn i ett filter. 
Metangasen har istället föreslagits bli renad i ett kompost filter. 
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ABSTRACT 

 

In nature, organic matter is degraded by microorganisms. During the degradation gases formed 
includes methane, carbon dioxide, hydrogen sulfide, and small amounts of other gases such as 
VOCs. This has been utilized with help of anaerobic digesters, where environments have been 
created, in which these organisms thrive. In these chambers the gases are collected together into 
something called biogas. 
 
Biogas is a renewable energy source where the methane gas natural affinity for combustion in 
oxygen-containing environments is being used. By separating the methane from the other gases, the 
energy value becomes closer to that of natural gas. The upgraded biogas can thus act as a substitute 
for natural gas and be used as a fuel for vehicles, a need that has increased during the last years. 
This is preferred since natural gas is a fossil fuel. 
 
A technique used for upgrading biogas is water scrubbers. By using the gases different tendency to 
dissolve into the water, carbon dioxide and hydrogen sulfide can be removed. During this process a 
small amount methane and VOC becomes absorbed as well. The upgraded biogas obtains a methane 
content of approximately 98 % and can then be used as a fuel for vehicles. The removed gases are at 
the same time released from the water to the effluent air leaving the upgrading plant. This has been 
deemed inappropriate since the hydrogen sulfide is a corrosive and highly toxic gas. The methane 
and VOCs that leaves with the effluent air provides negative effects to the greenhouse effect and 
global environment.  
 
This study has examined the issue of how to treat the gases that are emitted by the effluent air. 
Using measurements to find the percentage amounts of the different gases in the effluent air and in 
the raw biogas, annual quantities of emissions could be calculated. From these, various treatment 
methods have been analyzed where the author finally concluded that a reduction of hydrogen 
sulfide should be achieved with help of iron in a filter. Methane has instead been proposed to be 
treated with a compost filter.  
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1    INTRODUCTION 
 

When the global warming related to emissions from fossil fuels became an awareness, it became 
obvious that a reduction of greenhouse gases has to be made in order to protect our environment. 
Since the Kyoto-agreement, the developments of sustainable energy sources have become much 
more important. When the benefits of biogas, as a sustainable energy source, became highlighted, 
both companies and universities started to develop technology and research ways to create biogas.  

Biogas is the end product of microorganisms and is created naturally around the world. The biogas 
producing microorganisms lives in oxygen free environments, called anaerobic environments, 
where they can digest organic compounds. Hence the process is called anaerobic digestion. 
Examples of these digestions can be found inside our stomachs, in the sediment in swamps and so 
on. An anaerobic digester can be explained as an airtight chamber, where different types of organic 
compounds can be added and digested. The biogas produced by the microorganisms in the chamber 
is collected. (TMOAD, 2003, literature). 

Biogas is a gas mixture of mostly methane (CH4) and Carbon-dioxide (CO2). Methane is a natural 
flammable gas and is the gas of economical value in the biogas mixture. (TMOAD, 2003, 
literature).  Biogas normally consists of 60-65 % CH4, 35-40 % CO2, 0.1-0.5 % H2S, and some 
small quantities of other gases such as Volatile organic compounds (VOC). (Stern et al, 1998). 
When producing biogas the use of methane as an energy source becomes available.  

One use of the biogas is as a replacement for natural gas. Since the natural gas is considered a fossil 
fuel, it is desirable to replace it with a renewable energy source. Natural gas come from organic 
materials that long time ago degraded in to hydrocarbons. The gas travelled in the bedrock and 
eventually ended up in gas pockets, from where it can be extracted to the surface. It can usually be 
found with oil since they are created in similar ways. (Energimyndigheten – Natural gas, internet 
ref). However, to be able to use the biogas as a replacement for natural gas, it must first be 
upgraded. This is done by separating the methane from the other gases. After the upgrading the 
methane-content can, depending on the technique used, be as high as 100 % (Johansson, 2008, 
Thesis). This makes the upgraded gas a suitable substitute for natural gas. (Stern et al, 1998). 
 
Biogas is most commonly used for three different things. These are the production of heat, 
production of electricity and the use as a vehicle fuel. The production of heat and electricity can be 
done with biogas that has not been upgraded. This is because the gas still contains enough methane 
to combust and act as a heat source. (Holm-Neilsen et al, 2009). To be able to use biogas as a 
vehicle fuel, the methane content must be at least 90 % and non-corrosive. To achieve this, the 
biogas must be upgraded and the corrosive H2S must be removed. (Stern et al, 1998). However, 
before using the upgraded gas as a fuel, it should be compressed to take up as little space as 
possible. The compressed biogas (CBG) can now act as a fuel.  

Flotech a company who earlier had been working with natural gas, decided to use their knowledge 
and apply them for biogas. The subgroup Greenlane, with focus on biogas, got created within 
Flotech. By offering biogas upgrading plants to producers of biogas, Flotech made their way in to 
the biogas market and contributed with a way for the biogas to be upgraded. (Winqvist, verbal ref). 
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At the Flotech plants, biogas is upgraded by letting the gas enter a water scrubber under high 
pressure. Here the more water-soluble gases become absorbed. While the gas travels up through the 
scrubber, water falls down and absorbs the CO2, H2S and a smaller portion of methane and VOC. 
This causes the gas to exit the scrubber with a methane content of 98-99 %. 

After absorbing the other gases, the water needs to be cleansed. By lowering the pressure in the next 
stage, most of the absorbed methane gets released from the water. This methane returns back to the 
beginning of the scrubber. The rest of the water continues towards the last stage where it enters a 
striper through the top, this time with normal pressure. When the water falls down, it meets an air 
stream. Most of the remaining gases, CO2, H2S, and some CH4 and VOC, become released in to the 
effluent air stream and continues out through the plant via a chimney. (Bartlett, verbal ref). 

One of the problems with biogas upgrading plants is the emissions of H2S, VOC and CH4 with the 
effluent air. It is important to make sure the methane slip is as low as possible. This is due to the fact 
that methane is greenhouse gas, about 24 times as potent as CO2 in a span of 100 years. 
(Naturvårdsverket – Global warming, internet ref). At the same time it is important to reduce the 
emissions of H2S since the gas got a corroding effect and is poisonous. The H2S reacts with iron at 
the plant and can over time damage parts. For an example: if the H2S corrosion creates a hole in a 
pipe, it can lead to large amounts of methane slipping through. (Obanijesu, 2009). H2S is highly 
toxic in addition to its corrosive effect. The gas is colorless but got a distinct odor of rotten eggs 
which makes it easy to detect. At concentrations between 10 - 500 ppm, symptoms can range from 
irritated nose, to acute respiratory failure which can be fatal. Concentrations between 500 – 1000 
ppm are immediately fatal. (Doujaiji & Al-Tawfiq, 2009). The effects that VOC bring along 
themselves are: oxidant formation, ozone degradation, odor problems and a variety of other effects 
on the climate. (Miljöskyddsteknik, 2005, literature). 
 
The H2S, VOC and CH4 contents of the biogas can differ a lot depending on the substrate digested. 
This results in different concentrations of H2S, VOC and CH4 in different plants. Difference can 
occur from time to time in the same biogas plant and with the same substrate. A lower efficiency 
can as an example result in different compositions of the biogas. (TMOAD, 2003, literature). 

A upgrading-plant running at lower efficiencies have no problem with the cleaning process. 
However, when flows becomes higher and starts to reaches a maximum, the plant can have a hard 
time to separate all the biogas in a proper way. This can lead to higher methane emission, in effluent 
air. It is vital to understand how different parameters in the upgrading plant change the 
concentrations of H2S, VOC and CH4 in the effluent air. (Bartlett, verbal ref). Since one type of 
plant have a different range of gas concentrations then the next, it's important to be prepared for 
scenarios where the gases in the effluent air exceeds the values allowed.  

There is a need for development of a purification method that, in a good and effective way, can 
clean the air from H2S, VOC and CH4 before leaving the plant. Different plants might need different 
techniques depending on the concentrations of H2S, VOC and CH4 in the effluent air. 
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1. 1    Purpose 

The purpose of this study is to increase the knowledge to develop the biogas-upgrading plants. This 
will be achieved by collecting data on the effluent air for evaluation of the technologies available 
for the purification of CH4, VOC and H2S.  
 

1.2    Aim 

The aim of this study is to: 

• To gather basic knowledge of the anaerobic digestion for the purpose of understanding how 
the biogas production could affect the effluent air. 

• Learn the process of the Flotech water upgrading-plants to be able to provide good 
suggestions for treatments. 

• Determine the H2S, CH4 and VOC content in the raw biogas and the effluent air at two 
biogas upgrading plants to provide a basis for evaluation. 

• Contribute with a basis for treatment of H2S, VOC and CH4 in the effluent air, based on 
parameters gathered at two plants.  

 

1.3    Demarcations 

 

• Measurements for two different types of plants 

The measurements in this study will be on two different plants.  

• Treatment techniques inside the upgrading plant.  

The study will look into possible treatment techniques inside of the upgrading plant.  

• Economical analyses 

No economical analysis using LCC or similar will be made, but economical aspects will be kept in 
mind.  

• Easy to adapt 

The technology should be easy to adapt to current systems without making large adjustments to the 
plant. 
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2    Background and theory 

 

When producing biogas there are a many factors that affect the outcome of the effluent air. Beside 
the effect from the process parameters in the upgrading plant, there are several other factors outside 
of the plant. To be able to contribute with a basis for the treatment of H2S and CH4, a deeper 
underlying knowledge of the biogas process is needed, this including biology and technology since 
both can affect the outcome of effluent air.  

2.1    Biogas in figures 

Biogas can be produced from nearly all kinds of biological material, both from the agriculture 
sector, with substrates such as manure or straw, and the municipal sector with substrates such as 
kitchen wastes. (Holm-Nielsen et al, 2009; El-Mashad, Zhang, 2010). Since biogas is created from 
natural substrates via degradation made by bacteria, the gas itself comes from a renewable energy 
source. The methane that is produced turns into water and carbon-dioxide during the combustion. 
(TMOAD, 2003, literature). 

There are 230 biogas producing plants located all around Sweden, producing at total of 1363 
Gwh/year worth of biogas. Previously the major parts of the production have been located in sewer-
treatment plants and landfills. However, during the last years an increase can be found in co-
digestion plants and agriculture-based plants. (Energimyndigheten – Biogas, internet ref). 

 

Table 1: Plants percentage of the total Swedish biogas production the year 2009. 
(Energimyndigheten - Biogas, internet ref). 

Type of plant       Percentage of biogas production           
    

Sewer-treatment      44 

Landfills       25 

Co-digestion       22 

Industrial       8  

Agriculture       1  
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Table 2: The production and usage of biogas in GWh during 2009 in Sweden.(Energimyndigheten – 
Biogas, internet ref). 
 
Plant    Heat   Electricity CBG  Flaring Missing    a 
           data   

Sewer-treatment  267,7   28,7   243,4   65,2   0 

Co-digestion  34,2   0   244,7   16,7  3,6 

Agriculture  12,4   4,6   0,2   0,1   0,6 

Industrial  90,2   3,2   0   9,8   2,3 

Landfills   262,4   27,2   0   43,7   2,2 

Total   666,8   63,6   488,3   135,5   8,7 

 

The production of biogas 2009 was mainly used as a source to produce heat, 49 %. This is 
especially common in agriculture and industrial plants and landfills. The farmers most common 
need from the biogas is heat and electricity. Even do there is a possibility to make money by selling 
upgraded gas, the investment cost is often too high for it to be economically justified. 
(Pipatmanomai et al, 2009).  The industrial-plants often use the biogas production as a heat-source 
by digesting their organic wastes. Such substrates could be waste from the paper industry or diary 
industry. The production of CBG is almost completely located to sewer-treatment plants and co-
digestion plants. Co-digestion plants are commonly built just for the purpose of producing CBG. 
(Energimyndigheten - Biogas, internet ref). Municipalities often use their sewer-treatment plants to 
produce CBG as a fuel for public transports (Winqvist, verbal ref). 

10 % of the produced biogas in Sweden is flared. This is mainly done when plants produce more 
biogas than they are able to deliver to the next stage. As an example: If the biogas-plant deliver the 
produced biogas, via a pipe, to a upgrading-plant that currently is broken, the gas has to be flared 
instead since there is no where to send the gas. The upgrading plant cannot receive the gas since it is 
broken, and by releasing the biogas into the air, a lot of methane is released. This instead could be 
flared and turned into water and carbon-dioxide which will not affect the global warming. (Bartlett, 
verbal ref). 

Even do the production of biogas in Sweden is worth 1.36 TWh, the evaluated biogas potential from 
all organic waste lies about 15 TWh. (Mellbin, 2010, Thesis). Thus, there is a large space for the 
development of biogas production in Sweden.  
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2.2    Anaerobic Digesters 

Anaerobic digesters are commonly used for the production of biogas. The digester can be described 
as an airtight chamber where different types of substrates are being digested by microorganisms. 
Depending on the type of material to be digested, different types of digesters could be used. The 
digester used for solid substrates is not as well suited for the digestion of organic matter in water 
and vice versa.  Inside the anaerobic digester is an environment free from molecular oxygen (O2), 
which allows the anaerobic micro-organisms to survive. (TMOAD, 2003, literature). 

 

Figure 1: A simplified drawing of a plant with suspended growth system, and a plant with a fixed 
film. 

2.2.1   Bacteria and Archaea 

2.2.1.1   Bacteria 

In the feces from human beings, more than 300 types of bacteria can be found. Most of these, about  
80 %, are strictly anaerobe, which means they can only be active in an oxygen free environment. 
These can be divided into two subgroups: Oxygen-tolerant and oxygen-intolerant. The difference 
between these two is that while oxygen-tolerant bacteria can survive in the presence of free 
molecular oxygen, the oxygen-intolerant dies. The oxygen-tolerant bacteria will however be 
inactive during the present of oxygen since it is unable to perform normal cellular activities. 
(TMOAD, 2003, literature). 

The rest of the bacteria is classed as an facultative anaerobe type of species, which means that they 
can live under anaerobic conditions even do they do not have to. Hence, they can survive in an 
environment containing oxygen. To survive in both conditions the bacteria adapt itself to its 
surroundings current condition. The bacteria normally uses different molecules, such as nitrate  
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(NO-
3) to degrade waste under anaerobic conditions. However, when oxygen is present, it adapts 

itself and uses that O2 for its enzymatic activity. (TMOAD, 2003, literature). 

These types of bacteria that lives in anaerobic digesters uses enzymes to degrade the substrates. All 
the bacteria have the ability to produce endoenzymes, which degrades substrates inside of the 
bacteria. The problem is that most of the substrates are too big to enter the bacteria and therefore 
needs to be split up in smaller parts before the bacteria are able to degrade them inside of 
themselves. To solve this, some of the bacteria produce exoenzymes. These are released from the 
body through the slime that is coating the bacteria. Since no bacteria are able to produce the whole 
variety of exoenzyms that are needed to degrade all kinds of substrates, a large and diverse 
community of bacteria is needed. (TMOAD, 2003, literature). 

2.2.1.2   Archaea 

Contrary to popular belief, the methane-forming bacteria are not bacteria at all, they are archaeas, a 
completely different species. This misconception was from the beginning due to some 
misunderstandings. Besides that most of the archaeas and the bacteria looked much alike, the 
archaeas went unrecognised as a different species for a long time because the extreme conditions 
they lived in made them hard to culture. (Berkeley – Introduction to archea, internet ref). 

When looking closer at the genetics and biochemistry of archaeas they differ as much from the 
bacteria as a human being do. Unfortunately there are still many books and articles that refer to the 
archaeas as "Archaebacteria", a term that should been abandoned since they are not bacteria. 
(Berkeley – Introduction to archea, internet ref). 

The archaeas inhabit some of the most extreme environments on earth. They can as an example be 
found in deep sea vents with temperatures higher than 100 oC, in extremely acidic waters or in 
petroleum deposits underground. (Berkeley – Introduction to archea, internet ref). 

The methanogens, a type of archaea, are the micro-organisms inside the anaerobic digester that 
produce the methane. Despite being able to survive in some of the most extreme environments, the 
archaeas are still sensitive to change. The methanogens have as an example a more obligate 
anaerobic nature than the anaerobe bacteria which would cause them to be die faster during 
exposure to air. Some of the bacteria inside the anaerobic digesters are facultative anaerobes and 
would survive this without problems, some of the anaerobic bacteria are oxygen-tolerant, and would 
just be inactive. (TMOAD, 2003, literature; Berkeley – Introduction to archea, internet ref). 

2.2.2   The anaerobic food chain 

Bacterial habitats without free molecular oxygen and nitrate ions cause degradation of the complex 
organic compounds present. This is done with help of anaerobic and fermentative reactions. The 
result of the degradation is simplistic organic compounds. The degraded soluble compounds quickly 
become degraded by the next group of bacteria. The process continues in this way and becomes a 
food chain where bacteria are passing down the organic compounds through the stages of digestion 
making it more and more simplistic. This end with the archaeas being able to use the produced 
compounds for the production of methane, Figure 2. (TMOAD, 2003, literature). 
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Figure 2: The methane producing part of the anaerobic food chain (TMOAD, 2003, literature). 

All groups of micro-organisms inside the anaerobic digester are important for degradation to be 
completed. Many of the bacterial groups also live in a syntrophic relationship with each other. This 
means that the two bacteria need each other to be able to perform their activities. As an example: 
The hydrogen-producing bacteria will only be active as long as the hydrogen-pressure does not 
exceed 0.001 Bar. Because of this the hydrogen-producing bacteria needs the hydrogen-reducing 
bacteria to keep the pressure low. The hydrogen-reducing bacteria are at the same time dependent 
on the hydrogen-producing bacteria to produce hydrogen. Without these two, or other syntropic 
bacteria, working together, an accumulation would start which could disturb the anaerobic process. 
(TMOAD, 2003, literature). 
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When looking closer at the anaerobic digestion, the organic compounds breaks down through 4 
stages. The four stages are Hydrolysis, Acidogenesis, Acetogenesis and Methanogenesis.  

 
1. Hydrolysis – During the first step, the most complex insoluble compounds, like proteins, 
carbohydrates and fats, undergo hydrolysis. Here the hydrolytic bacteria break down the complex 
chemical structures to amino acids, fatty acids and simple sugars with help of exoenzymes. The 
hydrogen and acetate produced in this step can be directly used in Methanogenesis. (TMOAD, 
2003, literature). 
 
2. Acidogenesis - During the acid forming stage, the soluble compounds from the hydrolysis 
continues to be degraded. During the degradation, bacteria produces carbon-dioxide, hydrogen-gas, 
alcohols, organic-nitrogen, organic-sulfur and organic acids. The carbon-dioxide and hyrdogen gas 
can be converted to acetate which is one of the most important organic acids used by the methane-
forming archeas. (TMOAD, 2003, literature). 
 
3. Acetogenesis – In this stage, bacteria start to degrade some of the acids and alcohols that where 
produced during acidogenesis. During the degradation acetate is produced, which said above is one 
of the most important organic acid used by the methane-forming archaeas. (TMOAD, 2003, 
literature). 
 
4. Methanogenesis - The final step is where the methane is created. Acetate, carbon dioxide and 
hydrogen is what the archea mainly uses for the production of methane. However, other compounds 
such as formate and methanol can also be used for the production. (TMOAD, 2003, literature). 
 
Methane produced from carbon-dioxide and hydrogen-gas. (TMOAD, 2003, literature). 
CO2 + 4H2  →  CH4 + 2H2O 
 
Methane production from acetate (TMOAD, 2003, literature). 
CH3COOH  →  CH4 + CO2 

 
Methane production from formate (TMOAD, 2003, literature). 
2HCOOH  →  CH4 + CO2 

 

2.2.3   Substrates  

 
During anaerobic digestion, the micro-organisms are exposed to a variety of substrates. These 
contain different amounts of proteins, carbohydrates and lipids, which are the most common 
building stones that microorganisms use during the digestion. (TMOAD, 2003, literature). 
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2.2.3.1   Carbohydrates 

Carbohydrates are chains of sugar common in most plants. Via photosynthesis, carbon-dioxide in 
the air becomes glucose. However, the length of the chain of sugars can vary greatly. 
Monosaccharide is the smallest of the carbohydrates and can easily enter the bacterial cells. 
Disaccharides on the other hand only, is composed of two linked monosaccharides and needs to be 
converted to monosaccharides before further degradation can begin. The longest chains of sugars 
are polysaccharides, and are a chain of several linked monosaccharides that requires several 
enzymatic steps to be degraded. (TMOAD, 2003, literature). 
 
During the digestion bacteria starts to break down the carbohydrates with help of exoenzymes. This 
is because carbohydrates are too big to enter the bacterial cells in their complex forms. Once 
hydrolyzed and broken down in to monosaccharide, the carbohydrates are now able to enter the 
bacterial cells. Here the endoezymes inside the bacteria start to degrade the sugars. During this 
process, organic acids and alcohols are produced. (TMOAD, 2003, literature). 
 

2.2.3.2   Lipids 

The most commonly used lipids in anaerobic digestion can be described as fats and oils naturally 
occurring in plants and animals. All fats and oils got a similar structure containing glycerol 
combined with three fatty acids. During the hydrolysis-step, fats, oils and the more complex fatty-
acids becomes degraded into organic acids with the help of lipase exoenzymes. The glycerol 
released from this process continues to be degraded while the fatty acids, normally containing about 
12-18 carbon units, continues to degrade two carbon units at the time. (TMOAD, 2003, literature). 
 

2.2.3.3   Proteins 

The proteins got two general structures being aliphatic, made of amino-acids in a straight chain line, 
or cyclic, made out of amino-acids linking together as a ring. The amino-acids, regardless of their 
structures, all have an amino-group, -NH2, and a carboxyl group, -COOH. Since proteins are 
containing long chains of amino-acids, they are unable to enter bacterial cells. To be able to degrade 
the proteins, bacteria uses exoenzymes to hydrolyze the bonds between the amino-acids. The 
released amino-acids can in their turn enter the bacterial cells where they become degraded into 
organic acids. (TMOAD, 2003, literature). 
 

2.2.3.4   Volatile acids 

During the degradation of carbohydrates, lipids and proteins, organic acids is released, whereas 
some are considered volatile acids. Many of these volatile acids are used by the archaeas to produce 
methane. However, the short chains in the acids make them able to evaporate at atmospheric 
pressure, hence the name volatile acids. If the concentration of volatile acids in an anaerobic 
digester grows two large, problems related to alkalinity and pH can occur. (TMOAD, 2003, 
literature). 
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2.2.4   Alkalinity and pH 

The pH, alkalinity and volatile acids are in many ways related to each other and for the methane-
forming archaeas, a pH of 6.8-7.2 is needed to perform well. Volatile acids are needed for the 
formation of methane but the production of volatile acids will cause the pH to decrease. The 
alkalinity prevents this from happening since it serves as a buffer against rapid changes in the pH. 
(TMOAD, 2003, literature). 

When methane-forming archaeas consumes volatile acids for the production of methane, alkalinity 
is produced. This prevents the pH from decreasing and causes the pH of the digester to stabilize. If 
the alkalinity in a digester drops and becomes too low, there is a risk that the pH will decrease and 
cause a failure in the digester. There are some ways this could happen, one of them being a 
accumulation of volatile acids due to methane-forming archaeas unable to convert acids to methane 
fast enough, another one being a big discharge of organic acids into the digester. (TMOAD, 2003, 
literature). 

To create a high alkalinity, the composition and concentration of the feed is vital. The alkalinity is 
mainly produced from protein based feeds, where amino-acids and ammonia is created during 
digestion. If the feed to the digester is to low on alkalinity-producing compounds, alkalinity must be 
added to the digester to prevent the pH value to drop. This can be done with the insertion of 
different chemicals such as Sodium-bicarbonate or anhydrous ammonia. Another way of controlling 
the pH is by the insertion of lime since this will cause the pH to increase fast even do it won’t 
increase alkalinity significantly. During the insertion of chemicals it is important to be careful since 
some of them are toxic to the micro-organisms. (TAMOD, literature). 

 

2.2.5   Toxicity 

There are many different types of inorganic compounds; arsenic, heavy metals etc, and organic 
compounds; chloroform, benzidine etc, which are toxic to micro-organisms. These are able to cause 
toxicity inside the digester if their guideline values are exceeded. Methane-forming archaeas can 
despite that sometimes be able to withstand values higher than the normal guideline values. 
(TMOAD, 2003, literature). 

There are two types of toxicity that can occur in an anaerobic digester. One of these are the chronic 
toxicity, where the micro-organisms is exposed to toxic wastes under longer periods of time. During 
the chronic toxicity, microorganisms might try to adapt to the toxicity in two different ways. One 
way to adapt is to repair their enzyme systems so that they are adjust to the toxic environment. 
Another way for the micro-organisms to adapt is to grow a large amount of bacteria that are able to 
degrade the toxic wastes. (TMOAD, 2003, literature). 

The second toxicity, acute toxicity, can occur when unacclimated micro-organisms become rapidly 
exposed to a high concentration of toxic wastes. (TMOAD, 2003, literature). This can cause an 
inhibition of methanogenesis, and by such preventing the production of methane (Sung & Liu, 
2003). 
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Some of the compounds that are toxic are compounds that the bacteria produces. Examples of these 
are ammonia, fatty-acids or hydrogen-sulfide. To avoid toxicity caused by the bacteria a two-stage 
anaerobic digester might be used. The production of fatty-acids and other compounds that might 
cause toxicity are made in the first digester and the methane production occurs in the next one. 
Another way to prevent toxicity is to increase the retention-time for the compounds, which will 
allow the micro-organisms to increase in numbers and also give them a longer time to adapt to the 
toxicity. (TMOAD, 2003, literature). 

 

2.2.6   Sulfur and hydrogen-sulfide 

For the micro-organisms to be able to grow in numbers, some nutrients must be present. Besides the 
need of carbon, oxygen and nitrogen, there are also other nutrients that are required for the 
elementary composition of bacterial cells. In this study, the most important one to look in to are 
sulfur. Sulfide is the principle source that provides the methane-forming archaeas with sulfur. About 
2.5 % of the dry weight of the archaeas consist of sulfide and is because of that a necessity for the 
production of archea. (TMOAD, 2003, literature). 

The methane-forming archaeas needs sources such as amino-acids containing a thiol group (-SH) to 
satisfy their needs for sulfide. However, a problem can also occur since non-ionized hydrogen-
sulfide (H2S) is able to enter the microbiological cells and severely damage them. In the anaerobic 
digesters H2S is one of the most toxic compounds for the methane-forming archaeas. (TMOAD, 
2003, literature). 

The production of H2S comes as a by-product when sulfate-reducing bacteria uses sulfur to degrade 
organic compounds. However, by having a high upkeep in the biogas production, sulfide toxicity is 
less likely to occur. Since the methane-forming archaeas and sulfur-reducing bacteria both compete 
for hydrogen and acetate, high methane production also includes a lower production of H2S. 
(TMOAD, 2003, literature). 

The production and toxicity of H2S is dependent on the pH. Because H2S is a non-ionized molecule, 
a change of pH can cause the H2S to become less problematic. During operation with a pH value 
between 6.8 and 6.9, high concentrations of H2S can be found. To prevent this from happening, 
especially since the operation values of a digester should be between 6.8-7.2, it is important to have 
control over the alkalinity and pH and by doing so, keeping the H2S concentrations as low as 
possible. (TMOAD, 2003, literature). 

Some of the sulfide leaves the digester as a free hydrogen-sulfide gas (H2S), which is one of the 
gases this study is supposed to treat. By reducing the amount of H2S in the sludge, a reduction can 
also be achieved in the gas. Other treatment measures inside the anaerobic digester can include 
diluting the sulfides or adding iron to react with the sulfide to produce iron-sulfide. (TMOAD, 
2003, literature). 
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2.2.7   Co-digestion 

Co-digestion is the process where different kinds of substrates are degraded together instead of 
alone. (Energimyndigheten - Biogas, internet ref). By digesting substrates together, an improved 
biogas yield can be gained. During digestion of cow manure, 30% of the volatile solids where added 
as sugar beets, energy grass and straw. This resulted in an increase in methane yield by 65, 58 and 
16% respectively compared to when only cow manure was digested.(Lehtomäki et al, 2007). It is 
still important to be careful when using co-digestion since an unbalance between the digested 
substrates could lead to inhibitory effects in the digester due to accumulation of the volatile fatty 
acids. (Molinuevo-Salce et al, 2010).  

Co-digestion can be considered a tool for keeping alkalinity, pH values and toxicity under control. 
When digesting pig manure with potatoes, results showed a lower methane production compared to 
the digestion of only potatoes. Despite this, co-digestion in this context should be considered as an 
option. The use of pig manure for digestion often causes ammonia to become a problem. The 
potatoes in turn has an acidifying effect, which means that these two together can provide a more 
stable pH-value in the digester. (Kaparaju & Rintala, 2005).  

Other examples where the importance of chemical parameters can be noticed is during co-digestion 
of food wastes and cow manure. During calculations of the co-digestion, the production of methane 
is assumed to increase as long as more food waste is mixed into to total feed. The maximum 
potential methane production is reached at 100% food waste. The problem with these assumptions 
is that the estimated biogas potential is calculated without taking into account factors such as 
acidity, pH and ammonia levels. (El-Mashad & Zhang, 2010). In another laboratory experiment, 
cow manure and kitchen waste where examined. Again, it was estimated during calculations that the 
maximum methane potential was reached using 100% kitchen waste. The tests carried out, however, 
showed that the optimal ratio for methane production was 1:3, the weight solids from cow manure 
and kitchen wastes respectively. Although the ratio 1:3 was the best, both the ratio of 1:2 and 1:1 
produced a higher methane production than 100% kitchen waste, 0:1. One of the main reasons for 
the low methane production for digestion of kitchen waste alone was an acidification of the reactor 
and a pH of only 3.4. (Li et al, 2009). 
 

2.2.8   Biogas 
The biogas is the end product in an anaerobic digester. During the digestion a mixture of gases is 
produced, this mixture is known as biogas. The gas mostly consists of CH4 and CO2, but also a 
small amount of other gases such as H2S, N2O and different types of VOC.  

Methane is as described during the introduction the gas of economical value since it is a natural 
flammable. The gas composition is normally 60-65 % CH4, 35-40 % CO2 and 0.1-0.5 % H2S, and 
some small amounts of other gases. (Stern et al, 1998) 
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2.3    Upgrading techniques 

Because natural gas is a fossil fuel, it is desirable to use the biogas as a substitute since it is a 
renewable energy source. However, the biogas itself cannot be used as a substitute for natural gas 
since the energy value usually lies between 18600 - 24200 kJ/m3, compared to pipeline quality 
natural gas, 39100 kJ/m3. (Stern et al, 1998). By upgrading the biogas, simply by removing all gases 
except methane, the methane content can be become as high as 100 % depending on the technology 
used (Johansson, 2008, Thesis). The energy value of pure methane, 35700 kJ/m3, is much closer to 
that of natural gas. This makes the upgraded biogas usable as a substitute for natural gas. (Stern et 
al, 1998). 

Of the produced biogas the year 2009, 36 %, 488 GWh, was used for the purpose of upgrading. The 
rest of the production is used for production of heat, 49 %, or the production of electricity, 5 %. 
(Table 2). During the last 5 years, the production of CBG in Sweden has increased, and while the 
production of biogas is increasing, so does the percentage amount of CBG. It will be important to 
continue to develop the upgrading-plants since the current trends indicate that the production of 
both biogas and CBG will continue to increase in the future, (Table 3). (Energimyndigheten - 
Biogas, internet ref). 

 

Table 3: The amount CBG produced in Sweden from biogas during the year 2005 to 2009.   
(Energimyndigheten - Biogas, internet ref). 
 
Year    2005   2006   2007   2008  2009 
 
Produced CBG 112   218   303   355  488 
(GWh) 
 
Total amount  1285   1213   1258   1359   1363 
of biogas (GWh) 
 
Percentage of  8,7  18,0  24,1  26,1  35,8 
total production  
 
 
There are 3 different types of biogas upgrading plants used in Sweden. These are pressure swing 
adsorption (PSA), water scrubbing, and chemical-scrubbing with amines. Out of these plants, the 
water scrubber is the most commonly used with a total of 26 plants active in Sweden, compared to 
the usage of PSA, 6 plants, and chemical amine-scrubbing, 5 plants. (Energimyndigheten - Biogas, 
internet ref). 
 
In a pressure swing adsorption system, gas is compressed and transported into a bed consisting of a 
material able to adsorb CO2 and H2S while under high pressure. Since more and more gas becomes 
adsorbed on the material, separation of the gases will be inhibited when the content of gas adsorbed 
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becomes too high. Because of this the system will have to consist of two beds. When one bed 
becomes full, the gas flow is switched over to the other bed. The pressure in the full bed is reduced 
and the gases is released from the bed. (SGC - PSA, internet ref). 
 
The water- and chemical-scrubber works in similar ways. Biogas is transported through a scrubber 
from the entry in the bottom to the exit at the top, figure 5. On the way through the scrubber, the 
biogas meets a fluid that absorbs the more soluble compounds, CO2 and H2S. To be able to absorb 
as much of the CO2 and H2S as possible, the contact surface should be as big as possible. One way 
of doing this is with the help of nozzles that creates a mist of small fluid particles. Another way of 
increasing the contact surface is by adding packing inside the scrubber, figure 5 below. Liquid is 
distributed evenly over the packing with help of nozzles. This causes the biogas to have contact 
with both the liquid film on the packing and with the liquid droplets. (Miljöskyddsteknik, 2005, 
literature) The biggest difference between a chemical amine-scrubber and a water-scrubber, is that 
while the chemical absorption is using a chemical bonds reaction between the amine and the 
molecule of the gas the physical absorption of water, is using a physical property, solubility, to 
separate the gas. (Pierre, verbal ref). 
 
Beside the technologies used in Sweden there are other ways to upgrade biogas. One example of 
these is the membrane separation where biogas is pressurized and pressed against a membrane. The 
membrane is semi-permeable and lets some of the gases through. (Miljöskyddsteknik, 2005, 
literature). A problem with this technology is that it needs treatments to protect the membranes from 
being damaged by raw biogas (Makaruk, et al, 2010). 
 
Another technology that is not currently used in Sweden is biogas upgrade with the help of 
cryogenics. Since different gases condensates at different temperatures, lowering the temperature 
makes it easy to remove unwanted gases. As an example: While CO2 condensates at -78,5 oC, 
methane needs a temperature of -161 oC. With this the methane content can be as high as 100 % 
since a perfect separation can be achieved. One of the downsides with this technology is that it 
requires a larger amount of energy compared to other upgrading processes. One of the positive sides 
is on the other hand that the liquefied methane, LBG, or more specific liquefied biogas, takes up 
600 times less space than the CBG making it easier to transport. (Johansson, 2008, Thesis). 
 
The focus of this study has been set on the water-pressure upgrading plants, since they are the ones 
most commonly used around Sweden. 
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2.4    The water-pressure upgrading process 

2.4.1   Description of the upgrading plants 

 

The study was conducted on plants created by the company Flotech. Flotech produces 6 different 
types of plants for biogas upgrading using a scrubber technology. All six types are similar in 
technology and are built in similar ways. The biggest differences are the sizes of the buildings, 
something that leads to mostly visual differences of the plants. The names are taken from trees and 
bushes found in the natural fauna of New Zeeland. (Bartlett, verbal ref). 

 

Table 4. The capacity and fuel consumption needed for Flotechs different types of plants. (Flotech – 
Plants, internet ref). 

Type of   Capacity   Fuel consumption provided           
plant    (Nm3/h)   (cars/year)   

Manuka   5-80    330 

Manuka+   25-130    540 

Kanuka   100-300   1250 

Rimu    300-800   3330  

Matai    400-1200   4990  

Totara    650-2000   11235  

 

In the plants the gas first enters an inlet separator where water drops become removed from the 
biogas stream using a thick mesh. While the gas flow continues through the holes in the mesh, 
water drops stick to it and becomes bigger until they fall down. After having the water removed 
from the gas-stream, the biogas needs to be compressed. This is done to increase the water 
solubility of the CO2 and H2S, so that they more easily can be separated from the methane. (Pierre, 
verbal ref). 

At the smaller Manuka and Kanuka plants the gas become compressed to 9 bar with a screw 
compressor, figure 3, but the big flow, ranging from the Rimu- to the Totara-type plants, makes 
them unable to compress the gas efficiently. Instead the gas enters the first of two sliding vane 
compressors, figure 3. The increasing pressure causes the temperature to rise when the gas gets 
compressed and since this type of compressor are less heat resistant compared to the screw-type, the 
gas needs to be cooled. If the temperature increases too much during the compressing process, the 
blades compressing the gas will start to soften and cause a breakdown of the compressor. Instead a 
smaller pressure, of 3 bars, is created and after leaving the first compressor, the gas enters a heat 
exchanger where it is cooled down. (Pierre, verbal ref). 
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Figure 3: Picture of a sliding vane compressor and a screw compressor. (Sliding vane compressor, 
internet ref; Screw compressor, internet ref) 

 

At this point the gas is colder but, because of the compressor, containing some oil particles since oil 
is used as a lubricate when increasing the pressure. To remove the oil-particles the biogas travels to 
a discharge separator were the particles become removed by the same process as in the inlet 
separator. This process is unnecessary in for the screw-type compressors since they are lubricated 
with water instead of oil. (Pierre, verbal ref). 

Since the upgrading stage requires a pressure of 9 bars, compared to the 3 bars after the first 
compressor, the gas needs to be compressed a second time. Hence the following procedures with 
compression, heat exchanging and gas separation needs to be done a second time. The only 
difference is in the second discharge separator that uses a coalescing filter instead of a mesh for the 
separation. The gas has now reached a pressure of 9 bar, particles have been removed, and it 
continues to travel towards the scrubber. Here the biogas will enter in the bottom of the scrubber 
and exit through the top. (Figure 5) (Pierre, verbal ref). 

In the scrubber, water is released from the top by nozzles in a shower like manner. The water drops 
falls down towards small packing balls in a packed bed, figure 4 and figure 5, with help of gravity. 
The packing balls is packed in a tight bed to take up as much room as possible and create a bigger 
contact surface for the gas and water. This causes the water and biogas to travel through narrow 
spaces and to have contact with each other for longer periods of time. (Pierre, verbal ref). 
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Figure 4: Packing balls (Packing balls, internet ref) 

 
The separation of CO2 and H2S from methane exploits the fact that the CO2 and H2S dissolve more 
easily in water than methane does. Carbon dioxide and H2S has a solubility of 1.7163 and 4.67 
vol/vol, while methane only has a solubility of 0.054 vol/vol in water at 1.013 bar and 0 oC. By 
compressing the biogas, the solubility is increasing even further, which allows the scrubbing water 
to absorb more gas. (H2S Properties, internet ref; Willén, 2010, Thesis). 
 

Figure 5: Example of a scrubbing tower (Scrubbing tower, internet ref) 
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Since the water falls through the gas, the moist content of the gas becomes higher. To be able to 
remove the water, the gas travels to a gas drier & purifier that works similar to the PSA earlier 
described. Here the airborne water molecules get soaked up by zeolites. The gas is now dry and 
have reached a methane content of 97-99 %. The gas is after this compressed and can then be called 
CBG. (Pierre, verbal ref). 

As described above, the water absorbs some parts of the gases from the biogas. Hence the water 
gets contaminated. From the scrubber the water is pumped towards a flashing vessel where the 
pressure becomes dropped as much as possible, depending on size of the plant, to about 1.8 bar. It 
should be noted that the reason for the pressure to stay above 1.8 bar is because the water needs to 
be sent up 14 meters in the next stage. The flashing vessel can be explained as a accumulation of 
water inside a tank. When the pressure becomes lower in the vessel, the least soluble gases, mostly 
methane, gets released from the water. These gases are sent back to the start of the upgrading plants 
and become mixed up with the raw biogas. This is to make sure that as much methane as possible 
should be kept from not leaving the plant as CBG. (Bartlett, verbal ref). 

The water continues from the flashing vessel towards the stripping vessel. The stripping vessel 
works in a way similar to the scrubber. The main differences here is that the stripper have a 
atmospheric pressure and uses air as a gas medium instead of biogas. This causes the air to purify 
the water from gases so when the water reaches the bottom, most of the gases are in the effluent air. 
The water now purified travels back to the scrubber to once again start the process over. (Bartlett, 
verbal ref). 

A note should be that even do big parts of the gases gets removed, some still remain in the water. 
There are also some problems with biomass growing inside the system. To stop this from getting out 
of control, some of the water continuously gets changed. The air that cleans the water in the 
stripping vessel gets ventilated out through the system via a funnel. Figure 6. (Bartlett, verbal ref). 
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Figure 6: The process of a manuka/kanuka biogas upgrading plant. (Flotech – Plants, internet ref). 

 

2.4.2   Compressed Biogas (CBG) 

With the introduction of upgraded biogas, a substitute for natural gas was found. (Weiland, 2010). 
By upgrading biogas to a mol-content of more than 90 % methane, the gas can be used as vehicle 
fuel, (S.A Stern etc, 1998) but the allowed minimum methane-content are higher in some countries.  
Many countries also have other requirements regarding CO2, oxygen and/or H2S. One of the most 
important of these are the requirement regarding H2S since it can corrode engines and at the same 
time lead to a hazardous environment because of the toxicity. Using biogas with a high H2S content 
can severely reduce the life span of an engine. (Pipatmanoma, et al. 2009). 

To be allowed to be called CBG, the raw biogas from the plants must first be upgraded. This is done 
by increasing the methane-content and removing the hazardous compounds in the gas. The 
upgraded gas must then afterwards be compressed to 200 Bar. (Johansson, 2008, Thesis). The 
upgraded gas is now suitable as a vehicle fuel. 

The allowed concentrations of H2S and other soluble sulfides, in Sweden, are 23mg H2S/Nm3 when 
used as a fuel to power vehicles (Sprängämnesinspektionen, internet ref). The methane content must 
be about 97 % (AGA, internet ref). 
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2.5    Gases to be treated 

2.5.1   Hydrogen sulfide  

H2S is a highly poisonous gas without color and with a distinct odor of rotten eggs. (EPA – H2S, 
internet ref). At concentrations between 10 - 500 ppm, symptoms can range from rhinitis (irritated 
nose) to acute respiratory failure which can be fatal. Concentrations between 500 – 1000 ppm is 
immediately fatal. (Doujaiji & Al-Tawfiq, 2009). The H2S is also, which previously been 
mentioned, corrosive and can react and damage material. Hence, the three main reasons for 
treatment of H2S are to avoid odors, prevent health issues and prevent corrosive damage. 

2.5.2   Volatile organic compounds 

VOC occurs naturally in many forms and is a part of the produced gases during the biogas 
production.  The VOCs are organic compounds that are able to evaporate under normal atmospheric 
conditions and temperatures. (EPA - VOC, internet ref). 

The VOC contains different types of compounds, amongst them is volatile fatty acids, volatile 
sulfur compounds and some nitrogen-containing compounds.(TMOAD, 2003, literature). It is 
important to remove the VOC since it not only can be harmful to the environment, but also for 
humans. (Rasi et al, 2007). 

2.5.3   Methane 

Methane is in fact a VOC. However, in this thesis it has been separated as a name from the other 
VOCs since it is more important. When CH4 leaves the plant in the effluent air, it adds to the 
greenhouse effect since it is about 24 times more potent than carbon-dioxide as a greenhouse gas. 
(Naturvårdsverket – Global warming, internet ref). 
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3    Treatment techniques 

 

When looking at the available treatment techniques, these could be divided into two main 
categories. These are separation-methods and reaction-methods. The separation-methods, as it 
sounds, separate gases with techniques such as absorption, adsorption, condensation or membrane-
separation. In the case with the water-pressure scrubber, absorption is used to separate the methane 
from H2S and CO2. These techniques are good for the separation of the gases, but do not contribute 
with an effective treatment of the pollutants.  

As in the case with the scrubber: The methane content is about 98 %, but the remaining gases have 
now polluted the water used in the scrubber and will eventually leave the plant as untreated 
pollutants in the effluent air. Hence, the separation methods can be well used for the separation of 
gases but does not contribute with a way to treat the pollutants. The separation-methods are because 
of this not suitable for the purpose of treating the pollutants. Removal of the pollutants in the 
effluent air can occur with these techniques. However this would only transfer the pollutants from 
one medium to another. One way to use this technique is to send the polluted medium to another 
company, contracted to take care of the disposal.  

Reaction-methods on the other hand use different kind of reactions; biological, chemical, or 
combustion, to dispose of the pollutants. The pollutants are helped to react in different manners and 
by doing so, other compounds such as carbon-dioxide, water or elemental sulfur can be created 
instead. 

The treatment techniques sections have been written to provide a wide view of the different 
techniques available. These are in many cases similar with few differences and to, as an example, 
thoroughly describe all available adsorbents would be a waste of time since they more or less work 
in the same or similar ways. Because of this, regarding the adsorbents, the most commonly used and 
most suitable will be explained. The same goes for a number of other chemical- and catalytic 
techniques. Instead of describing all, the most important will be explained.  
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3.1    Biological treatment methods 

The process of biological treatment methods is the usage of micro-organisms, such as bacteria or 
mycelium, for the removal of unwanted compounds. Different types of micro-organisms oxidize 
different types of compounds to survive and multiply. To make use of this, the organisms can be 
feed with H2S, Methane and VOC.  

3.1.1   Sulfur-reducing bacteria 

The two different types of sulfur-reducing bacteria are called Chemotrophic and Phototrophic. The 
chemotrophic bacteria gain their energy form inorganic oxidization, while the phototrophic, much 
like plants, gain their energy from light. From here the bacteria can be divided in to subgroups, 
autotrophic and heterotrophic, eg Chemoautotrophic.  

The autotrophic bacteria, uses inorganic carbon-dioxide or bicarbonate a source to acquire carbon. 
This is done by synthesizing the carbon-dioxide and using other compounds, e.g. H2S, and an 
external energy source, sunlight or chemical reactions depending on if the bacteria is photo- or 
chemotrophic.  

the heterotrophic bacteria need to use organic compounds as a food source for carbon since they 
cannot synthesize the inorganic compounds.  

From Greek: autos = self and trophe = nutrition,  

From Greek: heterone = other and trophe = nutrition 

The phototropic bacteria are, as an example, commonly found in still water ponds where they form 
a green belt near the surface. They tend to live in the upper anaerobic zone where H2S is available 
and where the light still is able to penetrate. Over the phototrophic bacteria closest to the surface, 
aerobic chemotrophs dominate. Below the phototropic bacteria, anaerobic chemotrophs dominate. 

(Syed et al, 2006; Bergey’s manual of determinative bacteriology, internet ref). 

3.1.2.1   Photoautotrophic bacteria 

When using Phototropic bacteria to degrade H2S, studies have shown that the Autotrophic bacteria 
known as Green sulfur bacteria, Cholorobium limicola, is suitable for the oxidation of H2S since it 
is effective compared to chemotrophic bacteria. (Syed & Henshaw, 2003). The bacteria use the 
sunlight and CO2 to oxidize H2S to elemental sulfur and the overall reaction looks like formula (1). 
(Syed et al, 2006). 
 

2nH2S + nCO2 + light energy → 2nS0 + n(CH2O) + nH2O      (1) 

 

When working with photoautotropic bacteria it is important to control the light irradiance (W/m2). 
With too much H2S in comparison to the incoming light an overloading occur which results in an 
accumulation of Sulfide. With too much irradiance on the other hand, the surplus light causes the 
formation of sulfate instead. Formula (2). (Syed et al, 2006). 
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nH2S + 2nCO2 + 2nH2O + light energy → nSO4
2- + nH2

+ + n(CH2O)    (2) 
 
In a study, Cork et al. was able to create a curve based on the reactor feed of H2S in comparison to 
the irradiance. By adjusting both variables to the curve, all the sulfide could be oxidized to 
elemental sulfur without the creation of sulfate. This curve was named “The Van Neil curve”. 
(figure 7) (Cork et al, 1984). 

Figure 7: The Van Niel curve. (Cork et al, 1984). 

The biggest issues with photoautotrophic bacteria is their requisite of light. This makes many 
techniques, used by chemotrophic bacteria, unavailable for the photoautotropic ones. Since 
techniques such as biofilters and tricklingfilters, chapter 3.1.6 and 3.1.7, depend on bacteria in 
enclosed environments, light would not be able to reach all bacteria. To use photoautotrophic 
bacteria, the only techniques to be used is the ones where light is able to reach all bacteria. 

 (Syed et al, 2006; Janssen et al, 2005). 

 

3.1.2.2   Chemotrophic bacteria 

When using Chemotrophic bacteria for the purpose of degradation of H2S, a number of different 
bacteria is suitable. The bacteria are able to grow under both aerobic and anaerobic conditions 
depending on the type. When under aerobic conditions, the chemotrophs uses O2 as an electron 
acceptor. In anaerobic conditions alternative sources for electron acceptors, such as nitrate, needs to 
be found. (Syed et al, 2006) 

The different types of chemotrophic bacteria have different types of reaction mechanisms. 
Examples can be found in table 5. (Syed et al, 2006). 
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Table 5: Example of chemical reactions of Chemotropic bacteria, (Syed et al, 2006). 

 

3.1.2   VOC-reducing bacteria 

When looking at the VOC, methane included since it is a VOC, there is such a large diversity of 
compounds that no bacteria are able to treat all of them. Some of the compounds are much alike 
while some are completely different. The different types of bacteria come from many different 
genuses such as Bacillus, Micrococcus, and Acinetobacter.  

The bacteria can be used for treatments in both water and gas with the help of, as an example 
bioscrubbers, biofilters, tricklingfilters or compost filters, chapter 3. A note to add is that the 
different VOC  got different biodegradability. The Toluene, which the test found samples of, chapter 
5.2, have a moderate biodegradability which would cause it to not be as biodegradable as some of 
the other compounds. VOC-reducing bacteria are despite that still able to perform degradation and 
in a study, (Rothenbuhler et.al, 1995), 90 % of the VOC was reduced with help of a biofilter.  

(Guieysse et al, 2008; Sandhu et.al, 2009). 
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3.1.3   Continuous-flow reactor 

The continuous-flow reactor can be used with both phototrophic, chemotrophic and VOC reducing 
bacteria. The only difference is that when working with the phototrophic bacteria, a light source and 
translucent walls must be present to provide them with light. The reactor is a tank containing a 
liquid, with a bacteria culture, that is stirred continuously. The bacteria can be either suspended in 
the liquid or immobilized on other medium that are stirred with the liquid. 
 
Gas is fed continuously to the liquid at the same rate that it is removed, and with help of the stirring 
allowing it to also mix with the whole liquid content. When working with the phototrophic bacteria 
the stirring have another function. It can sometimes be hard for the light to penetrate deep enough 
into the liquid to provide all the phototrophs with light. However, with the continuous stirring the 
bacteria will move in and out from the walls, allowing all to get their share of light. During the time 
in the liquid bacteria will oxidize the pollutants in the gas, Figure 8.  
 
(London south bank university, internet ref; Syed et al, 2006; Wendtlandt et al, 2010) 
 

Figure 8: Example of what a continuous-flow reactor might look like, (Syed et al, 2006). 
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3.1.4   Phototube reactors 

The phototube reactors are biological reactors that uses a fixed film, allowing the bacteria to grow 
on the inner walls of the tubes. The techniques uses transparent tubes that are sensitive to light 
which is allowed to penetrate and reach the bacteria, hence the technologies is used for the 
phototrophic bacteria. When working with chemotrophic bacteria other techniques with fixed films 
are better suited for the purpose of H2S reduction. The bacteria develop on the walls where they are 
able to gain compounds from the gas or fluid passing by, figure 9. (Syed et al, 2006). 

 

 

 

 

 

 

 

 

 

Figure 9: Example of an Phototube reactor. (Syed et al, 2006). 

 

3.1.5   Bioscrubbing  

Currently the biogas upgrading plants, relevant for this study, already uses water scrubbers for the 
purpose of separating H2S, and the other gases, from the methane. The difference between the 
current scrubber and the bioscrubber is that the bioscrubber adds a biological step. By adding 
allowing bacteria to thrive on the packed bed, pollutants can be treated while passing through the 
scrubber. (Syed et al, 2006). 
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3.1.6   Biofilters 

Biofiltration is a technology where air with a pollution is vented through a packed bed of porous 
material. This packed material is adapted to promote a bacterial growth inside it and can by doing 
so create an environment where H2S, VOC and Methane can be removed while traveling through 
the bed. Because of the packed bed, light cannot be provided to the phototrophic bacteria. Hence, 
only chemotrophs and VOC reducers can be used. (Syed et al, 2006; Miljöskyddsteknik, 2005, 
literature). 

When working with biofilters it is important to have a high moist content inside the packed bed to 
provide the bacteria with water. A constant stream of gas will eventually dry out the filter. By 
adding moist to the gas stream this can be prevented, figure 10. (Miljöskyddsteknik, 2005, 
literature). 

By adding levels to the biofilter specific types of bacteria are able to be promoted at every level. 
Since different types of bacteria require different pH-values etc, H2S-reducing bacteria might be 
promoted in level one, but another type of VOC/methane reducing in level two. (Miljöskyddsteknik, 
2005, literature). 

 

Figure 10: An example of what a biofilter might look like, (Biofilter, internet ref). 
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3.1.7   Biotricklingfilters 

The biotrickling filter works similar to a biofilter with a packed bed with a material used to promote 
the bacterial growth. The technique can be applied to both gas streams and on polluted water. This 
technique is not suitable for phototrophs since there are problems with providing them with light. 

When using a biotrickling filter to treat a polluted gas-stream, water is constantly trickled over the 
packed bed to keep it moist. The gas itself does not need to have to be humidified before traveling 
through the bed. While traveling through the bed, bacteria make use of the H2S, methane and VOC 
leaving a clean stream of gas behind when exiting. 

When using a biotrickling filter to treat pollutants absorbed in water, the technique is similar. The 
water gets trickled over the packed bed where gravity pulls it down through. On its way bacteria 
uses the pollutants, cleaning the water as it trickles through. When using aerobic bacteria a blower 
is used to constantly ad oxygen to the system by sending in air. When using anaerobe bacteria this 
part is removed. 

(Miljöskyddsteknik, 2005, literature). 

Figure 11: An example of what a trickling filter might look like. (Trickling filter, internet ref). 
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3.1.8   Compost filter 

Another way of treating the gas is with the help of a compost filter, figure 12. The filter itself is 
similar to the biofilter. The biggest differences in how they work is while biofilters is using bacteria 
to treat the gas, the compost filter partly uses the mycelium from fungus. The compost filter have a 
higher survivability in comparison to biofilters since both the micro and macronutrients needed by 
the bacteria, can be found in the compost mass. The mycelium can survive with help of cellulose 
during times when reduced transfers of polluted gas occur.  

The compost filter is easier to use compared to the biofilter since it do not need as much attention. 
However, it also has a longer retention time inside the bed. This causes the compost filters to take 
up much larger areas. With a flow of 10 000m3/h, a one meter thick bed needs to cover a 100 m2 
area.  

The compost filter, as well as the biofilter, needs the gas to be humidified. Another way to keep the 
compost humid is by letting it be trickled. The compost bed will over time degrade making it harder 
for the gas to penetrate, but also as the degradation continues, an accumulation of salts will occur. 
Because of that, the compost bed will need to be change after a couple of years.  

(Miljöskyddsteknik, 2005, literature). 

Figure 12: An example of what a compost filter might look like 
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3.2    Chemical treatment methods 

The chemical treatment of the pollutants can occur in both the water and in the gas. By letting the 
pollutants react with compounds, other less- or none-hazardous compounds can be released instead. 
Some of the techniques explained in the biological treatment chapter can as well be used for the 
chemical treatment. As an example: instead of using a tricklingfilter with a bacterial fixed film, a 
few other compounds that react with the pollutants can be used instead. The principal is the same, 
but instead of letting the bacteria reduce the pollutants, the packing itself reacts and removes the 
harmful compounds from the gas. Reactions can also occur by adding new gas- or liquid-
compounds to the system.  

3.2.1   Hydroxyl radicals  

Hydroxyl-radicals (OH) is a chemical compound that can be used to oxidize organic compounds. 
The reactions can occur in four different ways, these are addition, (3), hydrogen abstraction, (4), 
electron transfer (5), and radical interaction (6). 

 

OH + C6H6 → C6H6(OH)          (3) 

OH + CH3OH  → H2O + CH2OH         (4) 

OH +  [Fe(CN)6]
4- →  OH- +  [Fe(CN)6]

3-        (5) 

OH + OH → H2O2           (6) 

 

When the OH reacts with VOC free radicals are produced instead of the VOC. (Dorfman, 1973)  

One example of how hydroxyl-radicals can be used is with the fenton chemistry. The fenton 
chemistry is based on the reactions of hydrogen-peroxide (H2O2), and ferrous iron (Fe2+).  This 

causes a reaction, formula (7), which produces a hydroxyl-radical, and one neutral form OH−. 

 

Fe2+ + H2O2 → Fe3+ + OH + OH−          (7) 

 

The OH can then be used to treat the pollutants coming from the scrubber. 

(Stadtman & Berlett, 1991; Chen et al, 2001). 
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3.2.2   Reactions with metals 

H2S is as previously noted a corrosive compound. Its corrosive nature can because of this be used as 
a treatment by, as an example, adding different metals in a filter. This would cause the H2S to react 
with the metal, as an example iron, and instead produce iron sulfides. Example of other metals able 
to react: Copper or Zinc. The treatment of H2S can be applied to both air and water depending on 
the type of iron used. An example could also be the trickling filter where the gas can be in both gas 
and aqueous solution. (Afonso & Stumm, 1992; Polychronopoulou et al, 2005; Tran et al, 2003; 
Cantrell et al, 2003). 

In an experiment (Cantrell et al, 2003) used Iron oxides to treat H2S in air at room temperature. By 
allowing the H2S to react with the iron oxide; S0, FeS2, FeS, sulfate, and thiosulfate where created 
instead. Also (Kim et al, 2007) showed how hematite, one of the most common iron ores, could 
react with H2S via the reaction 3H2S + a-Fe2O3 → Fe2S3 + 3H2O.  

3.2.3   Oxidizing agent.  

Oxidizing agents are reactive compounds that react by either by taking electrons from another 
compound, or by transferring oxygen-atoms to another compound. A number of oxidizing agents 
can be suitable for the purpose of treating VOC in effluent air. One example of this is Ozone. 

(Cameo Chemicals, internet ref; Chungsiriporn et al, 2004; Bodner – Oxidizing, internet ref). 

One problem with the releases of VOC in to our environment is, as previously mentioned, that it 
can cause degradation of ozone. This is on the other hand something to consider as a treatment 
technique as ozone as, put in with the pollutants, can act as a way to treat the effluent air. 
(Miljöskyddsteknik, 2005, literature). The technique was evaluated in a study that showed 
reductions of VOC by up to 98% when using ozone as an oxidizer. (Domeno et al, 2010). 
Reductions of methane is also possible by adding heated ozone 75-175oC to it. This will cause a 
reaction that forms formaldehyde, water and molecular oxygen. 

 

CH4 + 2O3 → CH2O + H2O + O2          (8) 

 

(Toby & Toby, 1989). 
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3.3    Combustion 

The combustion process is actually, like the previous chapter, a chemical reaction where oxygen 
reacts with the pollutants. The biggest difference from the traditional chemical reactions is that 
combustion requires oxygen and high temperatures to oxidize compounds. This is done by heating 
them to their combustion temperature. The process requires large amounts of energy to provide the 
necessary heat to reach combustion levels. However, most of this can be provided through a heat 
exchanger and the heat released from methane and VOC during the combustion. 

One way to get rid of VOC and CH4 is by thermal combustion. Since the methane and the other 
VOC are reactive with O2, a combustion could turn the pollutants to water and carbon-dioxide. With 
the help of higher temperatures and/or catalysts, H2S can be treated with these methods.  

(Miljöskyddsteknik, 2005, literature). 
 

3.3.1   The Claus process 

The Claus process is a process mainly used for the purpose of recovery of elemental sulfur from 
H2S. However, this treatment also combusts the CH4 and VOC passing through. The process is most 
commonly used at the oil industries since both the crude oils and the natural gas contains high 
amounts of sulfur. Approximately 90 to 95 percent of the recovered sulfur is produced by the Claus 
process.  

The Claus process uses a multistage catalytic oxidation to be able to convert the H2S to elemental 
sulfur and water, figure(13). The overall reaction can be simplified as (9) 

 

2H2S + O2  →  2H2O + 2S          (9) 

 

Each of the catalytic stages uses a gas re-heater, a catalyst chamber, and a condenser to create the 
oxidation. Before entering the catalytic stages, one-third of the H2S will be oxidized together with 
air in a reactor furnace. This is to cause an reaction that creates sulfur dioxide, (SO2), since it will be 
required in later parts of the process. For the reaction to work the temperature needs to range 
between 980 – 1540 oC. The reaction will look as follow, (10). 

 

2H2S + 3O2   →   2SO2 + 2H2O + Heat        (10) 

 

As earlier noted, only one-third of the H2S is used at this reaction and of the produced sulfur 
dioxide, some also reacts with H2S inside the furnace and produces sulfur. (11) 

 

2H2S + SO2     →    3/2S2 + 2H2O         (11) 
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After exiting the reactor furnace the heated gas can be heat exchanged, which will allow the 
removed energy to be used for other needs. The gas then enters a condenser where the liquid sulfur 
separates via a seal and continues to a cover pit where it will be collected.  

The remaining parts of H2S, from the Claus furnace, is reacted with the SO2 at temperatures about 
200 - 350 oC. This happens with the help of an alumina- or titanium dioxide based catalyst which 
helps the gases to react with each other. The most common reaction is (12), but the overall reaction 
of the catalytic part looks like (13). 
 
2H2S + SO2 → 3/8S8 + 2H2O          (12) 
 
2H2S + SO2 → 3/nSn + 2H2O          (13) 
 
Each of the catalytic stages can convert about two-thirds of the incoming sulfur. This causes the 
catalytic process to be repeated to be able to convert as much sulfur as possible. Commonly two or 
more catalytic stages are used. Up to, somewhere between, 95 to 98 % of the sulfur can be 
converted depending on the numbers of catalysts. One problem with the conversion in the catalytic 
converters is that liquid sulfur tends to absorb on to the pores and deactivate the catalytic surfaces. 
The liquid sulfur is at the same time desired in the sulfur condenser, as the plant is designed to 
remove the sulfur here by lowering the temperature and allowing it to condense. To prevent the 
Liquid sulfur from entering the catalytic converter, a re-heater is used which will allow the sulfur to 
evaporate. Figure (13).  
 
(Sassi & Gupta, 2008; NREL – Claus, internet ref; EPA – Claus, internet ref). 

Figure 13: An example of the Claus process (EPA – Claus, internet ref) 



Thesis 
Rickard Skogsdal       
Karlstad University 

 

43 
 

3.4    Adsorbents 

Adsorption is the effect where pollutants in gases or fluids are bound to surfaces of the adsorbents. 
To be distinguished from absorption where the pollutants enters the absorbent. The adsorbents make 
use of different physical or chemical effects such as the Van der Waals-force or covalent bounds to 
attract the pollutants and bind them on to themselves. One problem with the use of adsorbents is 
that they get saturated during the use which makes them lose the adsorbing effect more and more. 
To prevent this the adsorbent either needs to be changed or in some way regenerated. The 
regeneration can occur in different ways, the most common of these are to increases the temperature 
while a carrier gas moves the pollutants away. (Miljöskyddsteknik, 2005, literature). 

3.4.1   Zeolites 

Zeolites are crystalline aluminum silicates that occurs naturally all over the world, most often from 
regions related to volcanic eruptions close to water. The Zeolite with its crystalline structure, is  
porous, and it is also these pores that makes them suitable in treatment techniques. The pores in the 
Zeolites are able to accommodate different type of cations. These are held loosely inside the pores 
which helps the Zeolites to perform a selective ion exchange. The Zeolite is effective as an 
adsorbent, providing the molecules are able to fit inside the pores, and with different types of 
Zeolites, both VOC and H2S is able to be adsorbed. (EPA – Zeolite, internet ref; Brosillion et al, 
2001). 
 
In a study, (Melo et al, 2006), The Zeolite 13X where evaluated as a treatment method on natural 
gas with a H2S content of 100ppm. Efficient removal occurred for about 12hours before reduced 
effect occurred, due to saturation. When using Zeolite 13X during the test, up to 53Mg H2S/mg 
Zeolite was able to be absorbed at a temperature of 25oC. During the time before the saturation was 
starting to reduce the effect, almost all H2S was removed (figure 14). 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: The Y % amount of H2S not removed by Zeolite X13 after X minutes. (Melo et al, 2006). 
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3.4.2   Activated carbon 

Activated carbon is organic material that have gained a porous structure after being heated to 1000 
oC where partial oxidization occurs. This technique gives the activated carbon a hydrophobic 
surface containing a large amount of micro pores that creates a large surface, up to 1500 m2/g 
activated carbon. (Miljöskyddsteknik, 2005, literature).  

Activated carbon make use of the Van der Waals force for the adsorption and have a high potential 
of adsorbing methane from gas streams. The effectiveness of this technique have caused much of 
the focus to be on improving the surface area of the activated carbon since this would allow more 
methane to be stored in smaller spaces. (Bagheri & Abedi, 2011). The technique can also be applied 
for the use of adsorbing H2S (Pipatmanomai et al, 2009). 
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4    Material and methods 

 

This study is supposed to provide a basis for the treatment of H2S, CH4 and VOC in the effluent air 
from a water-scrubbing plant. It is important to understand the whole process, not only inside the 
upgrading plants, but also in the anaerobic digester. As seen in the background there are many 
factors involved in the production of CBG. These are able to affect the outcome of the effluent air.  

4.1    Information gathering 

4.1.1   Studies of the production of biogas 

An understanding of the anaerobic process was as vital for this study as the understanding of the 
upgrading plant itself. The biogas is the raw material used by the upgrading plants. Besides the 
understanding of why, where, and how the biogas is produced, the literature study also contributed 
with something else. Since different compositions of the raw biogas affect the outcome of the 
effluent air, so does all factors that might affect the composition of the raw biogas. The choice of 
treatment of the effluent air is mostly based on the results gained from the measurements taken at 
the plants, but since effects inside the anaerobic digesters might change the gas composition or 
cause different types of problems, a variety of other aspects are also needed to be considered during 
the choice of treatment. 

To gain an understanding of the anaerobic process, the literature study was made, mostly based on 
articles, information from government instances and books written with the aim to teach. The 
searches for articles where conducted at the homepage EngineeringVillage, (Engineering Village, 
internet ref) in compendex and inspecs databases, and at Google Scholar. Most of the background 
has been based on the books because they have better basic descriptions. Articles and information 
from government and educational instances, .gov and .edu, was used mainly to cover up 
information that was considered relevant, but missing from the books. The government instances 
were used to collect information regarding laws related to pollution and allowed concentrations for 
different substances in CBG. Regarding the health effects of H2S, searches were made at the 
medical database Medline via pubmed.gov.  
 

4.1.2   Studies of the upgrading plant 

The most important part of the initial study was to understand the process of the upgrading plant. To 
get a better understanding, it was decided that the study first should be made by learning all parts  
and systems of the plant with help of a P&ID map (Example of a P&ID can be found at 9.1). With 
the help of two P&ID maps a basic understanding for both the Manuka – Kanuka systems, and the 
Rimu – Totara systems, was obtained. This contributed with a basic knowledge of how the system 
worked, but since it only was an explanation on paper, a deeper and more advanced understanding 
was needed.  
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By traveling to one of Flotechs upgrading-plants with a P&ID chart a deeper understanding was 
gained. Visiting the site provided an understanding of the plant in reality. This provided a better 
picture for the study since it helped to determine how different purification techniques can create 
problems due to the design or similar, and also what placements where the most suitable. 
 

4.1.3   Studies of treatment techniques 

 
To be able to find suitable treatment techniques, literature studies where preformed with the help of 
books, articles, educational- and governmental instances. The earlier studies showed that possible 
placements for the treatment techniques could be used for both water and gas. Therefore, both 
water-treatment techniques and gas-treatments techniques where looked for.  
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4.2    Tests made on-site 

The tests where sampled from two different biogas-upgrading plants constructed by flotech in 
Sweden. Based on the literature studies made on the background tests, big differences in the 
composition of the biogas where possible when digesting different substrates. Flotech uses, as 
described in the background, two different types of compressors depending on the gas flow. There 
was a possibility that this could affect the outcome of the effluent air since one of the compressors 
is lubricated with oil, and the other with water.  

In an attempt to gain a big difference of the gas composition in the effluent air, the tests where to be 
made at one Manuka or Kanuka type plant, and on one Rimu, Matai or Totara type plant. For the 
same reasons, the digested substrates where to be different. The two choices fell on SBI – 
Katrineholm, a Rimu type plant, and Motala municipality sewer treatment plant, a Manuka. 

4.2.1.   SBI – Katrineholm 

Swedish biogas international (SBI) is a company that produces anaerobic digesters for the purpose 
of producing CBG. By digesting approximately 70 000 tons of manure from 10 farmers, the biogas 
plant in Katrineholm is able to provide CBG for the market in Stockholm. The biogas plant uses a 
Remi-type plant to upgrade the biogas. The sludge residues remaining after the digestion is used as 
bio-fertilizer for the nearby agriculture.  
 
Produced amount of upgraded biogas: 3 000 000 Nm3/år. 
The biogas reduces the emissions of CO2 with 13 000 tons / year.  
 
(SBI - Katrineholm, internet ref). 
 

4.2.2   Motala munucipality sewer-treatment plant 

The sewer-treatment plant in Motala treats about 10 700m3 sewer-water every day. Through the 
process of purifying the water, sewage sludge is produced as a by-product. The sludge sent to an 
anaerobic digester where biogas is produced. The digested residues is later on used as bio-fertilizers 
on nearby agriculture. The biogas is upgraded in a Mankua plant  

 
Produced amount of upgraded biogas: 45 000 - 320 000 Nm3/year. 320 000 Nm3 was the targeted 
amount for 2010. 
 
(Motala – Karshult, internet ref; Motala – Biogas, internet ref). 
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4.2.3   Methane and H2S test 

The gas test will be conducted at the two different sites described above. At every site, samples of 
gas will be taken from two locations. The first sample will be taken from the biogas pipeline leading 
into the upgrading plant and the second one from the effluent air. By obtaining a sample of raw 
biogas, a comparison can be made between the two sites. The tests can show how different ingoing 
concentrations of pollutants affect the effluent air. Since different substrates, as described earlier, 
are able to produce a variety of concentrations, different treatment techniques might be needed 
depending on the biogas produced in that specific digester.  

The testing of H2S and CH4 was conducted with the help of sampling bags. For this test, one bag 
where sampled from the raw biogas and one from the effluent air, for a total of two bags on each 
plant. The bag samples were filled by attaching a tubing between the gas pipeline and the bag. By 
carefully opening a valve, gas was allowed to pore in to the bag. After filling about 2.5 liters of gas, 
the valve on the bag got closed and the sample was ready to be analyzed. The bags had been purged 
and closed with the help of vacuum before the sampling. Before the testing started, the tubing were 
also purge from air by letting gas flow through for a while, before connecting it to the bag, figure 
15. 

Figure 15: Filling of gas in gasbags, (Arrhenius, via e-mail) 

The samples was sent to SP for testing were the analyses where performed by gas chromatography 
(GC) together with a FID (flame ionisation detector) and MS (mass spectrometry) as well as ICP-
MS (inductively coupled plasma - mass spectrometry). The analyses are described in the VOC test 
part. (SP – Biogas, internet ref; SP – Gas mixture, internet ref). 

4.2.4   VOC test 

The testing of VOC was conducted with the help of adsorbent pipes containing Tenax. The Tenax is 
a porous polymer, based on 2.6-difenyl-oxide, that adsorbs VOC on to themselves. For an 
explanation of adsorption, look at chapter 3.4. Tenax is the most commonly used adsorbent and are 
most suitable for VOC with boiling points between 70 and 320 oC. The tests were made by letting 
gas flow through the pipe in a specific rate for a specific amount of time.  

Four tests should have been sampled from the beginning. All four samples should have had a flow 
of 60 to 80 ml/min. The first sample should have had the gas flow through it for two minutes and 
the second test for three minutes. The third and forth test should have had their flows for four 
minutes. Since the test should be sampled from both the raw gas and the effluent air, a total of 8 
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tests should have been sampled from both plants.  

Due to unfortunate circumstances the VOC tests were unable to be sample in the correct way. A 
shortage of pipes resulted in only being able to use three pipes at every sampling point. After a 
consultation with the provider of pipes, (Arrhenius, verbal ref), three tests could be used instead of 
four. This time the test should have the flow run through them for one, two and three minutes, 
which roughly would give the same result. 

Figure 16: Tenax pipes used for tests of VOC, (Arrhenius, via e-mail) 

During the first try to sample gas from the plant in Katrineholm another problem became obvious. 
To take samples of the raw biogas was not a problem since there already was a pressure from the 
anaerobic digester there. Unfortunately the effluent air could not be sampled since this part of the 
plant contained a low flow and an almost atmospheric pressure. This caused a problem since the 
flow was too low for even the flow meter to detect it. Hence a sample could not be taken here 

To solve this it was decided to make use of a gas pump to create a flow. However, this resulted in a 
flow larger than 100 ml/min and could not be measured. An attempt to lower the flow was 
conducted, this by strangling one of the tubings. This only caused the flow to become unstable and 
fluctuate from 20 ml/min to >100 ml/min.  

Both the strangled, and the un-strangled flow was unknown, but since the un-strangled one was 
more stable, this one was considered the better choice. Using the gas pump without strangulation 
would at least provide a flow of equal size for the remaining tests, since only the Katrineholm raw 
gas had been sampled so far.  

The analysis of the Tenax-pipes was conducted with thermal desorption, where the adsorbed 
elements first is released with help of heat, and then separated to a cold trap for gathering. When all 
the elements have been gathered in the cold trap it rapidly becomes heated again and the elements is 
sent to a gas chromatograph for separation. By doing this the VOC can be separated from the other 
gases and by so avoiding any possible contamination of the test. The elements continue separated in 
to two parts for detection of the individual components. One part continues to a flame ionizing 
detector and one to a mass spectral detector.  

In the mass spectrometer the elements is split up in to fragments after being hit by electrons fired at 
them. All the different fragments show a so called mass spectrum that is specific for the different 
types of VOC. The spectrums from the different types of VOC are already recorded in a library, so 
when analyzing the different types of mass spectrums, a comparison are made between the 
spectrums for the unknown VOC and the spectrums from the library.  
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The flame ionizing detector has the advantage of being able of stable responses over time but is a 
detector for general detection of organic compounds. The results is obtained from the total amount 
of carbon-hydrogen bonds in the measured compounds, however, no information can be obtained 
regarding what specific compound has been analyzed. To find out the specific compounds an 
analysis of a reference must be done. The two results are then compared for the time it takes for the 
analyses to elude into the detector, in other words, the retention time.  

The flow and time recorded was used to be able to count the total volume that have flowed through 
the pipe. By making a comparison with the total amount of VOC recorded, a concentration of VOC 
can be found. The technique is normally shortened to TD-GC/FID/MS, Thermal Desorption – Gas 
Chromatography/Flame Ionizing Detector/Mass spectrometer.  

(Arrhenius, verbal ref; Gustavsson, 2010, Thesis; SP – Biogas, internet ref; SP – Gas mixture, 
internet ref). 
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4.3   Ingoing parameters for the VOC tests 

 

 

Test 1A-C have been sampled from the raw gas at the Katrineholm RIMU plant. 

Test 2A-C have been sampled from the effluent air at the Katrineholm RIMU plant. 

Test 3A-C have been sampled from the raw gas at the Motala Manuka plant. 

Test 4A-C have been sampled from the effluent air at the Motala Manuka plant. 

Katrineholm RIMU

1A 1B 1C 2A 2B 2C
ok
60s 123s 180s 60s 120s 180s
80ml/min 80ml/min 60ml/min >100ml/min >100ml/min >100ml/min 

Day: 2011-04-01 Test site: 
Pipe: 3A 3B 3C 4A 4B 4C
Stable flow Unknown Unknown Unknown Unknown Unknown Unknown
Time 60s 120s 180s 60s 120s 180s
Flow >100ml/min >100ml/min >100ml/min >100ml/min >100ml/min >100ml/min 

Day: 2011-03-31 Test site:

Pipe:
Stable flow very stable very stable unknown unknown unknown
Time
Flow

Motala Manuka
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4.4    Calculations 

4.4.1   Nomenclature 

Nm3   = Normal cubic meter 

∆��    = Difference in volume flow between the raw gas and the effluent air 
 
%��� 	
 ��  = Percentage CO2 in raw biogas 
 
%��� 	
 ���  = Percentage CO2 in the effluent air 
 
%��� 	
 ��  = Percentage CH4 in raw biogas 
 
%��� 	
 ���  = Percentage CH4 in the effluent air 
 
%��� ����   = Percentage CH4 lost to the effluent air 
 
Σ ��� �������� = Total annual amount CH4 upgraded in (Nm3/year) 
 
% CH� ��� !"#" = Percentage amount CH4 that becomes upgraded 
 
Σ ��� 	
 �� $	���� = Total annual amount CH4 in the raw biogas (Nm3/year) 
 
Σ ��� ����  = Total annual amount CH4 lost to the effluent air (Nm3/year) 
 
Σ%!& '()�!* � )"�+#"  = Total annual amount of raw biogas produced (Nm3/year) 
 
Σ #,-.�#/0 !(    = Total annual amount of effluent air (Nm3/year) 
 
%1��2	�	2 ��� 	
 ��� = Percentage of a specific gas in the effluent air 
 
3 ���2	�	2 ��� 	
 ���  = Density of a specific gas in the effluent air (Kg/m3) 
 
4���2	�	2 ��� 	
 ��� = Total annual weight of a specific gas in the effluent air (Kg/year) 
 
5 46�� �����  = The annual weight of all specific gases in the effluent air (Kg/year) 
 
4���   = The annual weight of all effluent air leaving the plant (Kg/year) 
 
%781 �	�� �� ��� = The H2S percentage weight of the effluent air  
 
4781/:;<=  = Total annual weight of H2S released via the effluent air (Kg/year) 
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4.4.2   Calculations of methane release 

 

After receiving the results on the test, (4.1), calculations where made with the purpose of finding 
the total amount of pollutants released from the plants. The calculations were not supposed to show 
an exact amount, but rather an approximation of the yearly size the pollutants. 

The calculations where based on the concentrations determined from the plants and from the 
produced amount of upgraded gas according to SBI and Motala Sewer-treatment plant, 3.2.1 and 
3.2.2. 

The first thing to be calculated was the difference in the volume-flow between the raw biogas and 
the effluent air. These calculations where based on the amount of CO2 transferred from the raw 
biogas to the effluent air. This calculation where thought to be the most suitable since almost all 
CO2, based in its solubility, where expected to be transferred to the airstream, which itself contained 
almost no CO2, 0.04 %. 

By roughly calculating the percentage amount of CO2 in the raw biogas and in the effluent air, 

formula (14), a correlation between the volume-flows, ∆�� , could be found, formula (15), based on 
the assumption that all the CO2 where transferred. The percentage gas-amounts where taken from 
the tests made at the plants. The sum Argon is calculated with help of the difference of the N2 and 
O2 concentrations in the air and the effluent air.   

 

100% - (%Sum CH4 + %Sum O2 + %Sum N2 + %Sum Argon) = %Sum CO2           (14) 

 

∆�� =
%@A8 BC DEF

%@A8 BC GHH
         (15) 

   

At this point the difference in flows, for the raw gas and the effluent air, where known and also the 
total amount produced upgraded gas. However, to be able to find the total amount of pollutants 
released some other calculations where to be made. 

Based on the results from the tests, (4.1), two different percentage amounts of CH4 were found in 
the raw biogas and the effluent air on both of the sites.  The effluent air contained 1.1 % and 1.4 % 
methane for the different sites, (4.1). However, these values does not show how much of the 
produced methane that is lost to the effluent air, but rather the percentage amount of methane in the 
effluent air. So to calculate the percentage amount of methane lost, the methane content where to be 
multiplied by the larger flow with the effluent air and then divided by the percentage amount of 
methane in the raw biogas, formula (16). 

 

%@7I BC GHH × ∆K�

%@7I BC DEF
= %��� ����         (16) 
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The percentage of methane lost to the effluent air and the total amount of methane that continues 
and becomes upgraded gas, is now known. Since we know the total produced amount of CH4 
produced as upgraded gas, we can also calculate the total amount of CH4 before the scrubber, 
formula (17). These calculations have been made with the assumption that the upgraded gas 
contains 100 % methane. 

 

L @7I MNODEPGP

% QRI STUVWXYX
=  Σ ��� 	
 �� $	����        (17) 

 

It is now known how much methane that enters the scrubber every year and also how big 
percentage of this that leaves the plant with the effluent air. The amount CH4 lost is calculated with 
formula (18) 

 

Σ ��� 	
 �� $	����  ×  %��� ���� =  Σ ��� ����       (18) 

 

4.4.3   Calculations of H 2S release 
The calculations on the H2S release to the effluent air where based on the calculations made for the 
methane in the previous part. These were also based on the results gained from the samples taken at 
the sites, (4.1). Densities of the gases, table (6) where calculated for 0oC and gathered from (Physics 
Handbook, 2006, literature).  

 

Table 6: Densities of gases used for calculations, (Physics Handbook, 2006, literature). 

CH4   O2   N2   CO2             Ar 

0.717 kg/m3  1.429 kg/m3  1.250 kg/m3  1.977 kg/m3            1.784kg/m3 

 

From chapter 3.4.1, the total methane content where calculated before the scrubber. Since the 
percentage amount of methane in the raw biogas was known, a calculation of the total amount of 
raw biogas produced could be made, (19). 

 

L @7I BC DEF ZB[OE\

% QRI ]^ VW_ 
=  5%!& '()�!* � )"�+#"        (19) 

 

With help of this amount and the correlation between the flows of the raw biogas and the effluent 
air, the total amount of effluent air could be calculated, formula (20). 
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Σ %!& '()�!* � )"�+#" × ∆V�  = Σ #,-.�#/0 !(         (20) 

 

The percentage amount of all the gases where known from the tests made at the sites and from the 
calculations made at chapter 3.4.1. With the help of these, the total amount of effluent air and the 
densities the total weight of the effluent air was calculated, Formula (21) and (22). 

 

Σ #,-.�#/0 !(  ×  %1��2	�	2 ��� 	
 ���  ×  3 ���2	�	2 ��� 	
 ��� = 4���2	�	2 ��� 	
 ���  (21) 

 

5 46�� ����� = 4���          (22) 

 

The weight of the effluent air is now known, and with help of the H2S ppm-weight gained from the 
test, (4.1), the total amount of H2S produced every year could be calculated. Formula (23). 

 

4���  × %781 �	�� �� ��� = 4781/:;<=       (23) 
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5   Results 

 

5.1    Results from the test on methane and H2S 

 
Table 7: The concentrations of methane, oxygen, nitrogen and hydrogen-sulfide from the 4 different 
sampling spots. 
 

TEST CH4 O2 N2 H2S 
Katrineholm  
Raw gas 

61,6 ± 0,6% 
 

0,1 ± 0,05% 
 

0,2 ± 0,1% 
 

5 ± 0,5 ppm 
 

Katrineholm 
Effluent air 

1,1 ± 0,1% 16,2 ± 0,2% 62,7 ± 0,7% 4,5 ± 0,5 ppm 

     
Motala  
Raw gas 

63,9 ± 0,6% 0,1 ± 0,05% 2,5 ± 0,1% 7 ± 1 ppm 

Motala  
Effluent air 

1,4 ± 0,1% 16,8 ± 0,2% 63,0 ± 0,7% 5 ± 0,5 ppm 
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5.2    Results from the tests on VOC 

 

5.2.1   Katrineholm Rimu 

Table 8: The 9 biggest VOC in the raw biogas, Test 1, and effluent air, Test 2 at the Katrineholm 
plant.  

µg/m3 Test 1 Test 2 
Undecane 2590 <50 
cyclopentasiloxane decamethyl D5 1420 <50 
Decane 1220 <50 
methyl decane 760 <50 
Dodecane 360 <50 
Cyclotetrasiloxane octamethyl- D4 330 <50 
trans-Decalin. 2-methyl- 200 <50 
Cyclotrisiloxane hexamethyl- D3 70 <50 
Toluen 50 <50 
 

5.2.2   Motala Manuka 

Table 9: The 9 biggest VOC in the raw biogas, Test 3, and effluent air, Test 4, at the Motala plant. 

µg/m3  Test 3 Test 4 
cyclopentasiloxane decamethyl D5 2200 9000 
D-limonene 1600 2700 
Decane 860 5500 
Toluen 700 1300 
Cyclotetrasiloxane octamethyl- D4 300 4200 
methyl decane 250 1420 
Nonane 200 2010 
p-cymene 70 95 
Trisiloxane octamethyl-L3 20 360 
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5.3    Results from calculations 

5.3.1   Results from the Katrineholm calculations 

 

Percentage amount of produced methane lost to the effluent air: 3.54 %. 

Total amount of methane lost to the effluent air: 110 000 Nm3/year. 

Total amount of H2S pollutants released: 63.9 Kg/year. 

 

5.3.2   Results from the Motala calculations 

 

Percentage amount of produced methane lost to the effluent air: 4.07 %. 

Total amount of methane lost to the effluent air: 13 600 Nm3/year. 

Total amount of H2S pollutants released: 6.84 Kg/year. 
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6    Discussion 

6.1    Measurements 
 

During the VOC sampling some problems occurred since the missing pressure could not provide the 
air streams with enough flow to be measured. This was however worked around and there was, after 
the testing, still hope that the VOC tests would be sufficient. Based on the unknown flows through 
the tubes during the samplings, the sizes of the results are not exact. Despite this, the tests can still 
be used to show what happens with the VOC inside the upgrading plant.  

When looking at the results, test 1 and 3, the tests taken on the raw biogas, show VOC quantities of 
similar size and sorts. Since the two anaerobic digesters use different types of materials for the 
digestion, manure in Katrineholm and sewer-sludge in Motala, some differences between the tests 
are to be expected.  

When looking at the VOC results of test 2 and 4, the tests sampled form the effluent air, large 
differences in concentrations can be found. While the effluent air in Katrineholm shows that all 
concentrations are below 50µg/m3, the test from the effluent air in Motala have as an example 
cyclopentasiloxane decamethyl D5 concentrations above 9000µg/m3. These large concentrations are 
not possible since they first of all is larger than the quantities in the raw biogas, and second because 
the added volume flow of the effluent air should have made them smaller than the ones in the raw 
biogas.  

VOC generally have low water solubilities and are normally classed as water insoluble. This should 
prevent the VOC from being absorbed into the water inside the scrubber and instead become a part 
of the upgraded gas. This would not necessarily be a bad thing since they can provide an energy 
value to the gas and also become destructed during the combustion in engines. However, no tests 
have been made that can verify that this is the current case.  

It is however possible that some of the VOC does not even enter the scrubber, but instead is 
removed earlier. According to (Pierre, verbal ref), there is poor literature on what happens with the 
different VOC under pressurized conditions. There is a possibility that some coalescence occurs in 
the cycle that pressurize the raw biogas. Some of the VOC might be removed here when the gas 
passes through the coalescing filter. I think that it, because of this, is suitable to perform tests to find 
out what happens with the VOC and where it ends up. 

Based on the text written above I find it likely that the VOC concentrations of test both 2 and 4, 
should have been lower than 50µg/m3. Because of this the VOC, except for the methane, will not be 
needed to take into consideration when considering treatment techniques. The small amount of 
VOC that actually mange to leave with the effluent air, can hardly be considered pollutants. 
However, these will either way be treated in the process that treats the methane.  
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In conclusion to the text written above, it is likely that test 4 have been polluted. How this have 
happened is hard to say, however, a number of options might be viable.  

One explanation might be that these tests where sampled indoors inside a container. This could have 
cause a pollution if some kind of lubricant, or other oil-based product, been used there before the 
testing. As an example, someone lubricating a screw to be able to screw it back in its place. A 
contamination of this type might have caused a pollution of the test, depending on the ventilation of 
the enclosed space and also the amount of time passed since the lubricant was used. Also a small 
amount of lubricant, or other oil-based products, lying exposed to the surrounding air might cause a 
continuous contamination of the enclosed space inside the container even if this was continuously 
ventilated.  

In the same matter as the text above, contamination of the surrounding area might have occurred if 
any pumps or other mechanical parts are used inside the container. This is if they are lubricated with 
oils or similar VOC-containing lubricants. Even if the oil does not come in contact with the biogas 
or the water, fans, pumps or other mechanical parts might still contaminate its surrounding air. 
Other explanations are pollution of the effluent air or the water in the water scrubber. I do however 
find these to be less likely since the plant is very strictly built to not let in any pollutants. 

These are problems that would not be able to contaminate the tests made at Katrineholm. This is 
because the tests where preformed outdoors and any pollutants existing there would quickly become 
diluted because of the rapid changes with wind and other air movements. I would also recommend 
that tests for VOC should be performed at the effluent air in Motala a second time. However, the 
samplings shall be made outdoors. This could show whether or not the test became contaminated or 
if the VOC came from any other source. 

The measurements of the CH4 and H2S went well. The difference, in both the raw gas 
concentrations and the effluent air, between the two plants is small. These results make it possible to 
use the same treatment techniques for both plants. However, it would have been interesting to see 
how the concentrations would have change if more samples had been taken with some time apart.  
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6.2    Calculations 
 
The tests made on H2S and CH4 produced results of expected magnitudes. These reasonable results 
allowed the author to make approximate calculations for the total annual emissions of the 
pollutants. Despite this there is still something that requires to be noted. H2S and methane tests were 
also conducted at Katrineholm one week before the tests for this thesis. The results gained from 
these samples showed a big difference in concentration of the different substances in relation to the 
test made for the thesis. This was, according to the manager of the site, because that they normally 
use iron in the anaerobic digester to reduce the H2S-values. These tests, with H2S-values over 1000 
ppm, (Arrhenius, verbal ref) showed that large differences can occur in the digesters only weeks 
apart, something that needs to be taken in to consideration when choosing treatment techniques. 
 
When regarding the results of the calculations it should once again be noted that the calculated 
quantities are not exact, but rather approximations to show what type of gas-magnitudes the plants 
emit. There are a lot of assumptions that has been made. However, the approximate numbers are 
regarded to be sufficiently accurate to show the magnitude of the released pollutants.  
 
It should be taken into consideration that the percentage methane content of the effluent air is much 
dependent on the added air flow. A percentage methane content of 10 % in the effluent air could 
become just 1 % by increasing the amount of air added. Because of this, these numbers can be 
misguiding. Looking at two similar plants, an effluent air with a methane content of 10 % could 
release less methane then on with 1 %, only because of the difference in flow makes the number 
miss guiding. What is important is the percentage amount of produced methane lost to the effluent 
air, a number that was rather big, 3.54 % and 4.07 %. 
 
When looking at the Rimu plant in Katrineholm, which is of a medium size compared to the other 
plant sizes, the total emissions of methane every year lies somewhere about 110 000 Nm3. This is 
according to me a quite large amount and with plants, both bigger and smaller, this contributes with 
a substantial amount of methane release around the globe every year. Even if biogas is a renewable 
energy source it is unnecessary to release methane, at least instead of the carbon-dioxide and water 
that are released during the combustion.  
 
The calculated annual emissions of H2S are on the other hand not that big, 63.9 and 6.84 kg/year. 
These values are from the beginning small so this was no surprise. However, even if these are small, 
the values in the gas can still sometime exceed 1000 ppm which is bad.  
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6.3    Treatment techniques 
 

At the upgrading plant, there are some possible placements for technologies that might help reduce 
the H2S, CH4 and possible VOC of the effluent air. A treatment technique for the reduction of H2S 
could be placed through almost the whole plant, depending on the technique used. Treatments of 
VOC and methane can however not be place anywhere.  

Techniques before the scrubber will only be able to treat H2S. As described earlier, the methane in 
this stage is the main source of energy and the scrubbing technique is made to separate it from the 
other gases. The small amount of methane that needs to be treated is the one absorbed by the 
scrubber, and not released in the flash tank. Since methane is a VOC, these cannot be placed before 
the scrubbing stage. By treating VOC a reduction of methane would occur, something that in this 
stage is unacceptable. 

When using a technique to treat the water, the placement needs to be somewhere between the Flash 
tank and the Stripper. Since some of the methane become released in the flashtank when the 
pressure is lowered, it is better to have that released before treating the water-pollutants. A smaller 
concentration of methane needs to be treated and the methane released in the flash tank can be re-
used.  

The only placement of a treatment technique for methane outside of water is in the effluent air 
somewhere after the air-stripper but before the effluent air has left the plant. 

The biological treatment methods tend to have cheep processes in comparison to other treatment 
methods. The microorganisms are being kept alive by feeding them pollutants and little work is 
needed in compared to other processes where filters needs to be changed etc. Also by not using 
processes that requires expensive chemicals, or large amounts of energy etc, costs can be kept 
down. 

When producing biogas, the upgrading plants do not run constantly. They have the potential of 
running in different speeds, (2.4.1), but most often the plants are being turned on and off depending 
on problems or gas pressures. The operators of the biogas production plants let a pressure build up 
inside the anaerobic digester before releasing it to the upgrading plant. This is to make sure that the 
flow to the upgrading plant is big enough to make it work properly. Also malfunctions in the plants 
occur from time to time which causes the processes to come to a halt. These do not necessarily need 
to be long at all, but can in worse case scenarios are longer than a week. 

These breaks are a problem when working with biological treatment processes. Since the bacteria 
supposed to treat the pollutants are living organisms they also require a steady supply of food to 
survive. To constantly have breaks in the upgrading-process might be problematic since it could 
cause bacteria to die. Even if the breaks might not be long enough to starve the bacteria to death, a 
reduction might still occur which would also reduce the effectiveness of the biological treatment 
method. 

Other problems with the biological techniques are the fact that the biogas production, compared to 
many other processes, is a living process. The concentrations of the different gases are produced by 
the bacteria and are also because of this constantly changing. Depending on the material currently 
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digested, and many other factors described in chapter 2, the climate inside the anaerobic digester 
undergo constant changes. This would cause the gas concentrations to constantly change and this 
would cause the biological processes to be unable to perfectly handle this. During changes, bacteria 
are able to adapt to the increasing amount of H2S or methane. However, during this time it might 
also cause the biological method to allow some of the pollutants to slip through.   

Because of this and other types of breaks that might occur, the best suitable biological treatment 
technique would be the compost filter. This is because the micro organisms inside the filter can use 
the compost as a food source during the breaks. This would help the bacteria and the other 
microorganisms inside the filter to survive when no feed is present.  

Despite this when looking at the potential of the biological treatment methods there are also other 
aspects that needs to be taken into consideration, one of them being the poisonous H2S. As 
described earlier, there are bacteria able to treat the H2S, and by using two biological treatment 
techniques in a row, the H2S could be treated in the first one by photo- or autotrophs. The methane 
could after this enter the second technique where the bacteria could treat it without worries about 
H2S.  

These techniques could work under normal circumstances. However, as described in the previous 
discussion, the H2S content did during one week change from 5 ppm to over 1000 ppm. When 
something like this happen, the bacteria would have been adapted to concentrations of 5 ppm. Some 
of the H2S would be treated, but far from all. The rest would continue to the second technique 
where the methane reducing bacteria would be killed due to the high amounts of H2S. It would in 
turn result in the methane treatment being unable to fully function until the bacterial balance has 
been restored. 

Based on this a biological treatment could be suitable for the treatment of CH4, but not H2S. 
However, to be able to use a biological treatment for the purpose of removing the CH4, the H2S 
must be kept at low values.  

Chemical treatment methods are often more expensive compared to the biological methods since 
they require a constant supply of chemicals for the treating of the pollutants. The supply or creation 
of chemicals costs money and the products left after the reaction might need to be manually 
exchanged unless they can follow the water or effluent air. After a while some of the chemicals 
treatments will become saturated lose its effectiveness until it becomes useless. These might cause 
additional costs if they need to be sent to other companies for destruction etc. Also, some techniques 
cause reactions that remove the current pollutants, but instead create new ones.  

The chemical techniques can on the other hand, unlike the biological ones, treat the pollutants 
during peaks, such as the example with H2S. The only thing that would happen during such a peak 
is that the saturation would occur faster or that the treatment chemicals needs to be added in larger 
quantities.  

With regards of the current concentrations, chemical methods are suitable for the treatment of H2S. 
They are also preferable in comparison to biological and combustive techniques since they can 
handle the peaks and still keep the costs low.  
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The catalytic processes can with heat exchangers act as self sustaining treatment techniques since 
the heat value from the combusted methane, and eventual VOC, sometimes is enough to make up 
for the heat lost in the process. This could be favorable since it would not require any costs during 
the treatment and would make it suitable for the purpose of treating methane. When treating H2S 
with catalytic processes, either the investment- or the operating cost tends to become high. These 
techniques can in some cases be economical since some of them can produce elemental sulfur and 
hydrogen gas, which both can be sold. However, the quantities of 5 ppm are too low for this to be 
suitable. 

Another problem with the catalytic processes for the use of treating methane is the same as for the 
biological ones. When breaks occur in the upgrading process the heated gas in the catalytic process 
will lose its energy value and start cooling down. Because of this, a reheating of the gas with an 
external energy source, most likely upgraded biogas, is needed for the catalytic effect to be 
functional again. This comes as an additional cost since some of the upgraded methane needs to be 
used for the purpose of reheating the catalytic process. 

Another problem that might occur when using a catalytic process is if the methane-content of the 
effluent air is to low so that it is unable to make up for the energy loss during the process. This 
would cause an additional cost since some of the upgraded biogas would have to be used to heat the 
catalytic process. This could in some matter be prevented by reducing the added part air to the 
effluent air. This would cause an increase of the methane content so that the catalytic process could 
work without an additional heat source. However, if the added air is too low, the oxygen content 
will also be to low which would cause an unfinished reaction, allowing some of the methane to 
leave uncombusted with the effluent air. This is a balanced step which needs to be calculated before 
deciding. 

When looking at adsorbents for the use of treating pollutants there are some things that needs to be 
taken into consideration. As described in the last chapter, this technique is not destructive, but will 
instead remove the pollutants from the current medium. Because of this the techniques that use 
adsorbents will after a while get saturated. Out of this there are some possible solutions. One being 
regeneration of the saturated adsorbents by desorption of the pollutants to another medium etc. 
Another way to deal with this is by sending the polluted material to a secondary destruction site, 
another company, where they will be destructed. This can be rather costly. These techniques have, 
as the chemical treatment methods, no problems when treating concentration peeks of the pollutants 
when needed. The only thing that needs to be taken into consideration is that saturation will occur 
faster during peaks. Problems can however occur since adsorbents also adsorbs other compounds 
than the one wanted. This could be a risk since activated carbon, as an example, adsorb N2 who are 
present in the effluent air. 
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6.4    Recommendations 
 

I feel that it is unnecessary to invest in expensive equipment for the treatment of H2S when there are 
such low amounts. The chemical treatment techniques can be expensive when it comes to large 
quantities. However, with concentrations of 5 ppm, these would still be rather small. Iron is an 
inexpensive metal that is highly reactive with H2S, and the annual quantities needed for the 
treatment would not be much larger than the produced amount of H2S. The reactions could be 
effectively preformed by constructing an iron based filter.  

The iron will need to be changed after a while depending on the amount used and when it is starting 
to get saturated. I also recommend that the iron sulfide produced in this process should be sent over 
to a secondary company for destruction. 

One problem discussed at 6.3 with the use of biological treatments is that they are sensitive to high 
concentrations of H2S. These problems can however be ignored when using chemical treatments 
since the peaks of H2S also will be treated. This means that if the iron filter is properly run, 
biological treatments do not have to worry about H2S. This obviously states that the iron filter needs 
to be used before the biological one. 

As discussed at 6.3, biological filters need a constant supply of food to be able to work. As 
described previously, the most suitable technique for this purpose will therefore be a compost filter. 
The technique can protect the microorganisms when no feed is available and keep the efficiency 
from becoming lower.  

The compost filter needs to be keep moistened and when constant streams of air are passing 
through, it will eventually dry out. This also makes the technique suitable for the effluent air since 
the air becomes moistened when passing through the stripper. The moist will follow the effluent air 
to the stripper and by this keeping the filter moist. 

Biological techniques are cheap in comparison to chemical and combustive ones. They do in 
general require very little work since the microorganisms take care of themselves and can because 
of this be easy to use. I therefore find that a compost filter will be the most suitable one for 
treatment of methane. 

Any eventual VOC following with the effluent air will also become treated with this technique.  
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7    Conclusion 
 
I suggest that the two technologies to be used for the treatment are: an iron based filter for the 
removal of H2S and a compost filter for the removal of CH4. 
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8    Definitions 

 
 
H2S  -  Hydrogen sulfide 
 
CH4  -  Methane 
 
CO2  -  Carbon dioxide 
 
H2  -  Hydrogen gas 
 
O2  -  Oxygen 
 
N2  -  Nitrogen gas 
 
Ar  -  Argon 
 
N2O  -  Nitrous oxide 
 
VOC  -  Volatile organic compounds 
 
CBG  -  Compressed biogas 
 
CNG  -  Compressed natural gas 
 
LBG  -  Liquid biogas 
 
LNG  -  liquid natural gas 
 
TMOAD -  The microbiology of anaerobic digesters 
 
LCC  -  Life cycle cost 
 
GC  -  Gas chromatography 
 
FID  -  Flame ionizing detector 
 
ICP-MS  -  Inductively coupled plasma - mass spectrometry  
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10   Annexes 

10.1   P&ID 

 

An example of how a P&ID might look like 

 


