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Abstract  

Anaerobic digestion of farm waste has the potential to revolutionize the agricultural sector. There 

are four principal objectives of this report. 

 Summarize anaerobic technology and biological function and how they affect the potential 

of farm scale anaerobic digest in a literary study. 

 Economically evaluate farm scale scenarios where biogas is considered for upgrading, 

heating and electricity with an internal rate of return method. 

 Simulate farm scale scenarios in the computer software Aspen Plus. In these scenarios 

biogas is utilised for upgrading, heating, electricity and compared to active anaerobic 

digesters. 

 Investigate how polyurethane and retention of biomass effects an anaerobic digester 

through design of experiments. 

The economic evaluation was done by using the internal rate of return. The results indicate that all 

scenarios are warranted in different situations but that in the given scenario a CHP unit is the most 

profitable. Aspen simulations show great promise as a tool for evaluation of different digester 

systems. It could be used both for economical evaluations and in planning stages. 

The effects of polyurethane and retention of biomass was shown to effect the methane 

concentration in the test reactors with up to 15 percentage points and the biogas production with 32 

percent. These two models were developed in Modde 10. 

Thru the literary study the importance for anaerobic digestion technologies to be adapted to 

conditions were they are to be deployed for them to be profitable were evident. The immense 

benefits of biogas production on the environment indicates the biogas production will play a part in 

the conversion to a sustainable energy system.    
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Preamble 

The aim of this work is to summarize and to add further knowledge to the area of Farm Scale 

Anaerobic Digestion. Special thanks to Dan Johnels Professor at Chemistry Department, Umeå 

University, Umeå, Sweden for providing lab facility’s without them this work would not be possible.   
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Introduction 
Methane emission’s from agricultural is a potent greenhouse gas that depending on time frame 

effects climate 21-56 times more than carbon dioxide (Ayalon & Yoram, 2001). Because of methane 

life time in the atmosphere reducing methane emissions would slow global warming in the short 

term and give breathing room for society to readjust (Moss, Jouany, & Newbold, 2000). 

Anaerobic digestion is one method of reducing methane emissions from organic waste. Organic 

waste is introduced in a controlled environment and degraded by microorganisms. This is done 

during anaerobic conditions and bi products of the degradation is biogas. Biogas depending on 

substrate consist of 55-80 % methane, 20-45 % carbon dioxide 1 % nitrogen and trace amounts of 

oxygen, hydrogen and sulphuric compounds (Bjornsson et al. 2009). 

In Sweden the agricultural biogas production potential is 13 TWh (terawatt hour) (Sandström, 2013). 

This can be compared with the 132 TWh biofuels used 2011 (Energimyndigheten, 2013). But there 

are other impacts than just raising the amounts of biofuels used in Sweden. For dairy farms the 

energy production from their digesters could cover the heating, electricity and in the future vehicle 

fuels for the entire farm like in Kulbäcksliden outside Umeå, Sweden. This would make farmers 

independent of oil and electricity prices and would lower carbon emissions from the sector. 

Farm scale AD (anaerobic digester) technologies and practises are not as developed as large AD that 

handle city waste streams. In farm scale AD consideration of reliability and how autonomous the 

plants are is of most importance. The reason for this is that the anaerobic digester will only be a 

small part of the revenue stream for the farmer and thereby can’t consume much of the farmer’s 

time. The literary study conducted gather and summarize relevant AD technology and discuss 

relevance and usability for Swedish climate. 

The literature study show a very complicated reality. Every farm have different conditions and 

ability’s to utilise the biogas and produce waste streams. Therefore there is no one fits all solution 

and no simple answer to what technology is the best but there are certainly some designs that don’t 

work in Swedish conditions. Since the winters are cold it is important to build reactor with short or 

medium hydraulic retention time since this will minimise material costs and one design that fits this 

condition is the reactor called CSTR. Utilisation is probably the most important factor to consider 

when designing an AD and because of this no general conclusions of what technology that is best 

suited preferred.      

To design AD simulation of the system on a given farm can give basis for both economic calculations 

and design specifications. Aspen plus is used to analyse three different scenarios on Kulbäckslidens 

Lantbruk, Sweden, and compare them to the real world AD employed on the farm. The scenarios 

include heat, electricity and upgraded biogas production. 

Aspen plus simulations of Kulbäckslidens Lantbruk, Sweden, show similar stream results of energy 

and mass flows compared to their real world AD. This is an indication that Aspen can be used for 

designing and economic calculations.   

The investment cost for AD in Sweden are high and there are a number of subsidies available but for 

the market to start growing at a faster pace the investment cost need to come down. Economic 

calculations of the same three scenarios as in the Aspen plus simulation where done. The profitability 

of the different scenarios depends on the utilisation of the biogas. If 38 % of the heat is sold then 
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heat production is the best alternative for Kulbäcksliden Lantbruk, Sweden. The three scenarios were 

evaluated with internal rate of return (IRR). 

The factors that will be examined in this study are: carrier materials and retention of biomass. Carrier 

materials could be installed in new and old reactors, costs for them are low and they have showed 

promising results in literature (Yang et al. 2004a). Retention of biomass have could be installed in 

both new and old reactors and have earlier shown promising results in literature (Frear et al. 2010). 

Polyurethane and retention of biomass have been found to raise biogas production but how they 

affect each other have not been examined by other studies. Raising biogas production can reduce 

construction costs of AD since they can be made smaller. Design of experiments where used to 

examine the selected factors. The experiments where conducted in seven AD and the results showed 

that the effect of the two factors could raise biogas production with 70 %.   
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The anaerobic digestion process 

Microorganism’s 

The microbiological organisms that make up the anaerobic process are numerous, some of them 

work together and some against each other. The microbiological flora making up the anaerobic 

process can differ from one process to the next and this depends on substrate, system build up, 

parameters and others factors. 

 

Methanogens belong to the domain Archaebacteria, they thrive in heat and are sensitive to oxygen. 

Archaebacteria differs from all other bacteria in that their cell walls are nonridged, they produce 

methane as waste and they have specialized coenzymes. There are approximately 50 known species 

of methane forming bacteria (Gerardi, 2003). 

  

The microorganisms in the anaerobic process use chemical compounds for energy to build up new 

cells. This is done by oxidation and electrons/protons are transported to an electron recipient. 

Electron recipients that can be used in anaerobe process are sulphate 𝑆𝑂4
2−, iron 𝐹𝑒3+, 

manages 𝑀𝑛4+, nitrate 𝑁𝑂3
−, carbon dioxide 𝐶𝑂2. Different microorganisms can use different 

electron recipients, some can use many and some just one. Depending on what electron recipients 

that are available and in what quantities different microorganisms can dominate a process, this is 

because different electron recipients generate different amounts of energy (Jarvis & Schnürer, 2009). 

 

The production of biogas is a result of four different bacterial groups with different metabolic 

pathways and by products. Each of these four groups is responsible for one of the four different 

processes making up anaerobic digestion and are presented in Table 1. 

 
Table 1. Microbial cooperation in organic matter degradation reproduced from (Zieminski & Frac, 2012). 

Microorganisms Electron donor Electron acceptor Product Reaction type 
Fermentative 

bacteria 
Organic carbon Organic carbon CO2 Fermentation 

Syntrophic bacteria Organic carbon Organic carbon H2 Acidogenesis 
Acetogenic bacteria Organic carbon/H2 CO2 CH3COOH Acetogenesis 
Methogenic bacteria Organic carbon/H2 CO2 CH4 Methanogenesis 

    

The different groups of microorganisms have a syntrophic relation. This means that the different 

groups make sure that the other groups are not negatively affected by their own by products. 

 

There are microorganisms that compete for the same substrate, one example of this is sulphate 

reducing bacteria and methane forming bacteria (Gerardi, 2003). This is negative since the substrate 

used by the sulphate reducing bacteria can’t be utilized for methane formation. 
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Hydrolysis 

Hydrolysis is the biochemical process where water is added to substance. This addition can make the 

constituents of the water and substance split.     

During the hydrolysis in anaerobic digestion the incoming material starts to break down from large 

organic polymers to sugars, amino acids and fatty acids and others (Jarvis & Schnürer, 2009). This is 

done by hydrolytic bacteria that can separate the complex polymers by secreting enzymes. Different 

bacteria focus on breaking down different parts of the substrate. 

Depending on the incoming substrate and the microorganisms in the anaerobic process the 

hydrolysis will behave differently. In many instances the hydrolysis is a time deciding stage whiles in 

other instances no hydrolysis is needed and sometimes the necessary microorganisms needed to 

perform the hydrolysis is missing. When hydrolysing solid wastes large parts of the organic 

compounds remain in their primary state because of the inherent difficulty in hydrolysing cellulose, 

hemicellulose and lignin (Parawira et al. 2007) (Zeikus, 1981). 

Acidogenesis 

During the acidogenesis the products from the hydrolysis is utilized by acidifying bacteria in different 

fermentation pathways. Fermentation is a metabolic process that is selected when there is a lack of 

oxygen. Compounds that remain after this are volatile fatty acids (VFAs), ammonia, carbon dioxide, 

hydrogen sulphide and other by-products (Jarvis & Schnürer, 2009). VFA are not used in the 

fermentation process. 

Acetogenesis 

In the acetogenesis the products from the acidogenesis is digested by acetogens into acetic acid, 

carbon dioxide and hydrogen. During the acetogenesis there is a need for syntrophy between the 

methatogens and the acetogens to keep the hydrogen concentration around 100-5 ppm. Acetogenic 

bacteria can't function if the hydrogen pressure is too high but the methanogens consume acetic acid 

carbon dioxide and hydrogen when producing methane (Jarvis & Schnürer, 2009). 

Reduction of acetates depending on substrate is the most significant methane contributor. The 

metabolic pathway of acetate reduction uses a small fraction of the available Gibbs energy (Schink, 

1997). This is beneficial from an energy production perspective.        

Methanogenesis 

During the methanogenesis methane and carbon dioxide is produced by methanogens. The most 

important substrates for these microorganisms are hydrogen, acetic acid, carbon dioxide but other 

substrates are also utilized like alcohols (Jarvis & Schnürer, 2009). Depending on process conditions 

problems with hydrogen utilisation can cause problems, low hydrogen concentration can cause high  

𝐶𝑂2 concentrations in the biogas and high concentrations vice versa (Griffin et al. 1998) (Karakashev, 

Batstone, & Angelidaki, 2005). 
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Energy conservation 

Methanogenic degradation is more energy efficient then aerobic degradation or anaerobic 

respiration. Comparing the degradation of hexose by methanogenic and aerobic degradation shows a 

Gibbs energy difference of -2480 𝑘𝑗 ∗ 𝑚𝑜𝑙−1 (Schink, 1997)Equation 1. 

Equation 1. Reduction of hexose by methanogenic and aerobic pathways. 

𝐶6𝐻12𝑂6 + 6𝑂2 → 6𝐻2𝑂 + 6𝐶𝑂2(∆𝐺°′
= −2,870 𝑘𝑗 ∗ 𝑚𝑜𝑙−1) 

𝐶6𝐻12𝑂6 → 3𝐶𝑂2 + 3𝐶𝐻4(∆𝐺°′
= −390 𝑘𝑗 ∗ 𝑚𝑜𝑙−1) 

It is these types of pathways as presented in Equation 1 that make methanogenic bacteria interesting 

from an energy perspective. Acetate reduction have a high impact on biogas production and have 

one of the most conservative energy pathways among methanogenic bacteria Equation 2 (Schink, 

1997). 

Equation 2. Reduction of acetate.  

𝐶𝐻3𝐶𝑂𝑂− + 𝐻+ → 𝐶𝐻4 + 𝐶𝑂2(∆𝐺°′
= −36 𝑘𝑗 ∗ 𝑚𝑜𝑙−1) 

Methane oxidation is an interesting area that is not well understood but could be of significant 

importance since it could be used to reduce methane from barn air (Schink, 1997) and thereby 

reduce the impact on the environment from the agricultural sector.    
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Process parameter 

Substrate 

The substrate needs to contain all the necessary nutrients to sustain the microorganisms for the 

process to run smoothly. Important factors are trace elements, vitamins and the carbon nitrogen 

ratio (
𝐶

𝑁
) (Jarvis & Schnürer, 2009). It is difficult to say what the optimal conditions are since the 

process is so complex and different substrates are degraded with different pathways (Schink, 1997).  

Different substrate have different nutrient and energy content and combination of substrate can 

make the process run better than either substrate would have if use by itself. The reason for this is 

that co digestion of different substrate have a higher chance of having all needed constituents 

needed in a healthy process (Jarvis & Schnürer, 2009). 

The methane potential can be calculated by analysing how much volatile solids (VS) there are in the 

substrate. This is done by heating the substrate to 105°𝐶 for 24 hours. This will cause the water to 

evaporate from a substrate sample. After this the amount of solids are known, then it is heated to 

550°𝐶 for 2 hours. This will cause all VS to evaporate and by comparing weight of the sample before 

and after the VS can be derived (Bjornsson et al. 2009). 

If tests can’t be made or if an approximation is needed the theoretical volatile solids methane 

potential can be calculated with Equation 3. 

Equation 3. Methane potential. 

 

Depending on substrate composition considerations should be made (Bjornsson et al. 2009). Fats 

have high methane potential but is slow to break down and can cause clogging of piping and build up 

in the process. Readily available carbohydrates are broken down fast and the later stages of the 

anaerobic process can't keep up. Substrates with high protein contents can have ammonium build up 

that inhibits the methanogens. 
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Methane potentials are useful when evaluating performances of substrates and comparing them to 

literature but the methane potential is a theoretical maximum that can’t be reached (Bjornsson et al. 

2009). In Table 2 a general overview of methane potentials is given.  

 

     

Table 2. Gas production from specific waste streams reproduced from (Jarvis & Schnürer, 2009) 

Substrata  𝑀3𝐶𝐻4

𝑡𝑜𝑛 𝑉𝑆
 

 

Food waste  400-600  

Manure   100-300  

Slaughterhouse waste  700  

Grain  300-400  

Sugar beet  300-800  

Silage  350-390  

Gras  200-400  

Straw  100-320  

drank water  300-400  

 

Lignocellulosic materials 

A large part of the available substrate for farm scale applications are lignocellulosic materials. These 

materials and there structural build up make them hard to digest. The factors involved are the 

crystallinity of the biomass, available surface area, lignin, hemicellulose, cellulose polymerization and 

acetylation of hemicelluloses (Taherzadeh & Karimi, 2008). 

Temperature 

Different microorganisms thrive in different temperatures. There are three different temperature 

intervals that are normally used for anaerobic processes Figure 1. These are psychrophilic around 

4℃, mesophilic around 39℃ and thermophile around 60℃. The mesophilic organisms are less 

sensitive to temperature fluctuation and can handle a larger span then the other bacteria (Jarvis & 

Schnürer, 2009).     

  

Problems that can occur by lowering the temperature is slowdown of the methanogens while other 

organisms continue their part of the process at the same pace which can cause acid overload (Jarvis 

& Schnürer, 2009). 
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Figure 1. Temperature intervals for different microorganisms reproduced from (Jarvis & Schnürer, 2009). 

Depending on temperature conditions of where the anaerobic digester is located and size of the 

system either psychrophilic, thermophile or mesophilic digesters are suitable. The reason for this is 

cost of isolation, in colder climate it is important to keep the digester as small as possible to minimize 

cost of isolation while on the other hand in warmer climate no isolation is needed and therefor it is 

more cost-effective to have a bigger and less advanced digester.  

pH  

The optimal pH in an anaerobic process differs depending on the organisms dominating the process 

and in what stage the process is in. Fermenting and acidogenic microorganisms thrive in pH around 5 

wile methanogens normally thrive at neutral pH (Jarvis & Schnürer, 2009).  

 

Mixing  

Mixing is essential for the anaerobic digester it inhibits stratification, making the substrate readily 

available for the microorganisms, prevent settling of material that would lead to loss of digester 

volume, preventing foaming, maintaining chemical and physical uniformity, dispersion of toxins and 

preventing deposition of grit (Gerardi, 2003). The mixing should be sufficient for stirring the entire 

volume of the digester. The mixing speed is important, processes with high mixing speeds has shown 

to produce less biogas then processes with slower speeds (Lindmark, Eriksson, & Thorin, 2014). The 

reason for this is not fully known but is believed to be because of breakup of granular forming in the 

digester (de Bok, Plugge, & Stams, 2003). 
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Process control 

Upstart  

The first part of any AD process is the start-up phase. Normally cow manure is used to start the 

process because of their inherent microbiological flora. Another way to start the process is to take 

reactor content from another AD process. The time it will take for the AD process to start depends on 

many factors such as  how similar the new environment is to the old one, how similar the substrate 

is, parameter and stability, to mention a few. 

Temperature 

Process temperature is important and since the process is anaerobe the heat generation from the 

process is low. Because of this the process is going to need heat and in the start-up phase this is 

problematic since the process is not producing biogas yet. Normally the rest heat from combusting 

the biogas is used to heat the process but when starting the process heat has to be added from 

outside of the process. Variation of temperature should be kept under 0.5℃ (Jarvis & Schnürer, 

2009). If for some reason the temperature in the reactor falls, for the mesophile temperature 

interval below 32℃ the volatile fatty acids (VFA) forming microbes will continue working while 

methane producing bacteria will stop. This can cause a build-up of VFA that could shut down the 

process and make it harder to restart (Gerardi, 2003). 

Loading 

Organic loading rate (OLR) is the rate at which the process is loaded with organic material. To 

produce maximum amount of methane the OLR is supposed to be high but overloading of the 

process will cause it to shut down because methanogens can't keep up with other organisms causing 

a build-up of acids. In the start-up face an OLR of 0.5 kg/m3 reactor volume and day. Normal loadings 

after upstart for mesophilic conditions are 2-3 kg/m3 reactor volume and day while a termophilic 

process can handle 4-5 kg/m3 reactor volume and day. Higher loadings can work deepening on the 

process conditions. Calculating OLR is done with Equation 4.  

 
Equation 4. df: daily flow, VS: volatile solids, lv: sludge volume of digester and HRT: hydraulic retention time. 

 
  

For process stability OLR should be kept within an interval of 10-15 % (Jarvis & Schnürer, 2009) and 

substrate composition should vary as little as possible.   
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Retention time  

Retention time or hydraulic retention time (HRT) is the amount of time it takes for the substrate to 

go through the system and is calculated as shown in Equation 5. 

 
Equation 5. HRT lv: sludge volume of digeste, df: daily flow. 

 
  

The HRT of a biogas process differs from substrate to substrate, normal HRT for cow manure is 30 

days at mesophilic temperatures.  

Retention of microorganisms   

Solid retention time (SRT) is the average time spent by bacteria in the reactor. In processes where 

there are no retention possibility of microbes the HRT=SRT. Problems processes can have is the risk 

of washing out valuable microorganisms from the reactor. This is due to the generation time of 

methane forming bacteria, they have a generation time of 3-30 days (Gerardi, 2003). There are 

different methods for reducing this problem, carrier materials that stay in the process where 

microorganisms can grow, recirculation of solid material.  

Stirring 

The material inside the reactor will in time start to sediment causing decrease in methane 

production. To stop this some kind of stirring mechanism is normally installed like propeller stirrers 

or pumps. The methanogens grow in clusters on solids and because of this the stirring should be calm 

reducing the risk of breaking up clusters. 

pH and alkalinity control 

The biogas process as a whole thrive in a pH of 7-8.5. To keep the process at optimal pH alkalinity is 

important, one way to measure alkalinity is by bicarbonate alkalinity (BA), 3000-15000 mg 𝐻𝐶𝑂3 per 

litre is preferable for a stable process. Normally in smaller and moderate AD processed the only way 

to regulate pH is OLR.   
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Anaerobic digestion technologies 

Pre-treatment of substrate 

Pre-treatment is done to make the substrate easier to digest. Different substrates are in need of 

different pre-treatments, in this work farm scale biogas is in focus and the most relevant part in 

substrates used on farms is lignocellulosic biomass (Nasir & Ghazi, 2015) (Taherzadeh & Karimi, 

2008). 

 

Mechanical pre-treatment is done by chopping, grinding, maceration or any method that change the 

arrangement of the biomass. Mechanical pre-treatment is done to break up the structure of the 

lignocellulosic biomass. This will make the lignocellulosic biomass more readily available giving 

microbes more surface area to interact with. Mechanical pre-treatment of lignocellulosic biomass 

has shown to raise biogas production (Nasir & Ghazi, 2015) (Taherzadeh & Karimi, 2008). 

Thermal pre-treatment of lignocellulosic biomass is technology to change the physical structure of 

the biomass. The lignocellulosic biomass discharges volatiles contained within the biomass. With this 

said it is important to investigate if this pre-treatment will work for your process. Thermal treatment 

has shown to raise biogas production but have also in certain cases lowered production due to 

inhibitory compounds that arise during the treatment (Nasir & Ghazi, 2015) (Taherzadeh & Karimi, 

2008).  

 

Chemical pre-treatment mainly consists of solubilisation and breakage of lignin that in turn make 

cellulose available for microbes. Chemicals use for this are acids, alkalis, ammonia and others. 

Problems with this technology is prices of chemicals which leads to a need for regeneration of the 

chemicals. This leads to high capital costs and complicated systems that is not appropriate for farm 

scale applications. Other considerations are environmental damages caused by leakage of chemicals 

(Nasir & Ghazi, 2015) (Taherzadeh & Karimi, 2008). 

 

Biological pre-treatment with fungi is a possible method to treat lignocelluloses. There are several 

fungi that can perform the degradation brown, white and soft-rot. Biological pre-treatment is 

consider environmentally friendly but the space needed for the operation is large since it’s basically 

another reactor tank (Nasir & Ghazi, 2015) (Taherzadeh & Karimi, 2008).    

Steam explosion pre-treatment is a technique where biomass is subjected to steam and high 

pressure and then rapid depressurisation. The rapid depressurisation causes the lignocellulosic 

biomass to rip apart removing the hemicellulose making the biomass more available for enzymatic 

attack. Similar versions to the steam explosion are 𝐶𝑂2 explosion and 𝑂2 explosion. They are versions 

that utilising 𝐶𝑂2 and 𝑂2 ability to penetrate the biomass and then during the rapid depressurisation 

exit the biomass ripping it apart (Nasir & Ghazi, 2015) (Taherzadeh & Karimi, 2008). 
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Reactor technologies 

Reactor designs are important factor in anaerobic digestion. Depending on the available waste 

streams different designs has to be utilised. 

Anaerobic sequencing batch reactor (ASBR) utilizes one tank for both treatment and fermentation. It 

is a fill and draw system that is considered a good choice for low flow application and can handle 

variation in wastewater strength. The system is considered highly controllable and efficient 

compared with many continuous reactor technologies. The ASBR can be designed to handle different 

waste volumes whereas continues systems rely on a fixed waste volume. The advantages with the 

ASBR is operational simplicity, efficient quality control of effluent, flexibility of use, low input process 

mechanical requirement, cost and high biogas yield. The disadvantages are poor self-immobilization 

and biogas in the sludge cause insufficient settle-ability, channelling and clogging and larger volumes 

(Mao et al. 2015). 

Continuous stirred tank reactor (CSTR) is one of the first generation high rate reactors. It’s used for 

treating waste streams with high levels of suspended solids like high strength liquid animal manure 

and organic industrial waste. With continues or intermittent stirring microorganisms and nutrients 

are suspended giving good contact and availability for the waste to be degraded. Advantages with 

CSTR are simplicity and reliability. Disadvantages are high energy consumption from stirring and 

wash out of microorganisms from the reactor (Mao et al. 2015). 

Anaerobic plug flow reactor (APFR) is a long reactor where the waste wanders like a plug through 

the reactor. This is supposed to ensure that all particles stay in the reactor for the entire HRT. 

Minimal if any stirring is needed and the system is considered reliably. The system can handle high 

strength liquid animal manure and organic industrial waste with a TS count of 11-14 %. Advantages 

and disadvantages are low investment cost but minimal mixing makes transportation of nutrients to 

microorganisms deficient (Mao et al. 2015).     

Anaerobic contact reactor (ACR) consists of two stages one mixed and on settler. In the mixed stage 

solids are suspended by agitation. In the second stage sludge settles and can be recirculated into the 

first stage thereby retaining microorganisms in the process. This reactor is used for degrading waste 

with high concentration of suspended solids. Advantages are high efficiency, good quality effluent, 

less effected by shock loading, retention of biomass and microorganisms. Disadvantages complicated 

system and higher investment costs (Mao et al.2015). 

Up flow anaerobic sludge bed reactor (USAB) is a rector designed to retain biomass and 

microorganism in a sludge bed at the bottom of the reactor. This is done by employing certain 

reactor proportions and flowrates. In the sludge bed granules develop and act as a filter. Advantages 

are the reactors can handle short HRT, low investment costs. Disadvantages change of substrate can 

cause the granules sludge bed to fail (Mao et al. 2015). 

Up flow anaerobic solid state reactor (UASS) is an up flow solid state reactor utilising a second 

anaerobic filter reactor to insure no build-up of VFA in the primary reactor. The system show promise 

for digestion of lignocellulosic biomass at low investment cost and simple operation. With this said 

the technology is new and still needs full-scale testing (Mao et al. 2015). 

Anaerobic baffled reactor (ABR) is designed for high SRT, this is accomplished by forcing the waste 

through a system of baffles. The system can be designed for different waste streams by rearranging 
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the baffles. The design of the reactor separate the different stages of anaerobic digestion. This giving 

the different microorganisms the opportunity to develop in the most favourable condition for them. 

Advantages with the system are high tolerance for shock loading, long biomass retention, long cell 

retention time, not prone to clogging. Disadvantages are microbe wash out, inadequate mixing and 

not appropriate for all waste streams (Mao et al. 2015). 

Internal circulation reactor (IC) is basically two UASB reactor in series this gives it high biomass 

retention and higher biomass activity. The reactor have high OLR because of its internal circulation. 

The IC have been tried in different industries with promising results. 

Anaerobic filter reactor (AF) systems are designed to give higher biomass retention time then HRT. 

This is done be carrier material giving bacteria and biomass a structure to grow on. The retention 

material never leaves the reactor and there by microorganisms that grow on the material have a very 

high CRT. It is operated with an upward or down flow design thereby eliminating the need for mixing. 

The reactor can handle different waste streams of different strengths and is a simple solution for 

industrial applications (Mao et al. 2015).     

Anaerobic fluidized bed reactor (AFBR) are operated by a strong upward current that suspend small 

inert particles. The particles work as carrier material for bacteria and biomass. The reactors can 

handles high OLR and have are less effected by inhibitors. The investment cost is low due to small 

reactor volumes but the system is advanced. It is good at treating soluble and easily biodegradable 

materials (Mao et al. 2015). 

Expanded granular sludge blanket (EGSB) is a modified version of the UASB reactor. It is utilized 

when the gas production is low and mixing is insufficient. It is used for treating low strength and 

complex waste streams. The EGSB have high mass transfer low footprint and better transport of 

substrate to active microorganisms.   

Mixing technologies  

Mixing is essential for the anaerobic digester since it inhibits stratification, making the substrate 

readily available for the microorganisms, prevent settling of material that would lead to lose of 

digester volume, preventing foaming, maintaining chemical and physical uniformity, dispersion of 

toxins and preventing deposition of grit  (Gerardi, 2003). The mixing should be sufficient for stirring 

the entire volume of the digester. The mixing speed is important because processes with high mixing 

speeds has shown to produce less biogas then processes with slower speeds (Lindmark, Eriksson, & 

Thorin, 2014). The reason for this is not fully known but is believed to be because of breakup of 

granular forming in the digester (de Bok, Plugge, & Stams, 2003). Another important aspect is the 

energy consumption of the stirring. Stirring energy consumption around 1 percent of the produced 

energy is recommended for an energy efficient system. Another thing to consider is the maintenance 

of the stirring system.  
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Gas injection diffusers is an old technology that is prone to plugging and have high energy 

consumption (Anonymous, n.d.). The technology is depicted in Figure 2.  

 

Figure 2. Cross section of a reactor with gas injection diffusers reproduced from (Anonymous, n.d.). 

Gas injection lances works by pumping gas into lances that spread the gas in the reactor. Is not 

considered an effective way of mixing (Anonymous, n.d.). The technology is depicted in Figure 3. 

  

Figure 3. Cross section of a reactor with gas injection lances reproduced from (Anonymous, n.d.). 

Eductor tube is a gas lifter system that consists of a centralised tube with gas lances. Since the lances 

don’t extend to the bottom of the digester the pressure needed is reduced but the bottom will still 

get mixed because of design (Anonymous, n.d.). The technology is depicted in Figure 4.   

 

Figure 4. Cross section of a reactor with gas injection – eductor tube reproduced from (Anonymous, n.d.). 
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Mechanical mixing with Eductor tubes can be used for stirring the process. In this case the motor 

needs to be able to reverse to make sure fouling of the rotor blades can be removed (Anonymous, 

n.d.). The technology is depicted in Figure 5. 

 

Figure 5. Cross section of a reactor with mechanical mixer – educator tubes reproduced from (Anonymous, n.d.). 

Hydraulic pumping systems can be utilized to stir the reactor, in this case the pump has to be able to 

handle the substrates TS and a cutting pump might be needed (Anonymous, n.d.). The technology is 

depicted in Figure 6. 

 

Figure 6. Cross section of a reactor with pumped hydraulic mixing reproduced from (Anonymous, n.d.). 

Vertical shaft agitator consist of a shaft coupled to a motor. The stirring is generally slow which is 

positive for the process. Sufficient stirring is accomplished by using large propeller blades 

(Anonymous, n.d.). The technology is depicted in Figure 7. 

 

Figure 7. Cross section of a reactor with vertical shaft agitator reproduced from (Anonymous, n.d.). 
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Biogas purification technologies  

Technologies for Purification of biogas is vital for raising its value. Contaminants present in farm 

biogas are mainly 𝐻2𝑆. These contaminants are corrosive and detrimental to the environment. 

Biogas also contain 𝐶𝑂2 and from an energy density perspective this is unfortunate. Biogas from 

farms scale reactors are mostly saturated by water and needs to dry before usage (Abatzoglou & 

Boivin, 2009).  

Chemical absorption 

𝐻2𝑆 can be removed with Chemical absorption. Two ways of absorbing sulphur will be discussed, 

oxidation of 𝑆2− to 𝑆0 and capture of 𝑆2− (Abatzoglou & Boivin, 2009). 

Sulferox is used to clean “sour gas” from oil and coal activities. Sulferox is an oxidative absorption of 

𝐻2𝑆 and 𝑂2 by 𝐹𝑒3+ (Abatzoglou & Boivin, 2009). The main chemical reactions taking place are 

Equation 6 and Equation 7.  

Equation 6. Oxidation of 𝐻2𝑆 by 𝐹𝑒3+ 

2𝐹𝑒3+ + 𝐻2𝑆 → 2𝐹𝑒2+ + 𝑆 + 2𝐻+ 

Equation 7. Reduction of 𝑂2 𝑎𝑛𝑑 𝐻2𝑂 by 𝐹𝑒2+ 

4𝐹𝑒2+ + 𝑂2 + 𝐻2𝑂 → 4𝐹𝑒3+ + 4𝑂𝐻− 

There are different version of this technology but generally it is not considered for farm scale 

application but is a choice for landfill applications (Abatzoglou & Boivin, 2009). 

Metal sulphate solutions can be used for removing  𝐻2𝑆 .𝐻2𝑆 Is diffused in an aqueous solution and 

reacts to form insoluble sulphates. These sulphates react with ferric cations forming 𝑆0 (Abatzoglou 

& Boivin, 2009). The process can be represented with the following chemical reactions Equation 8, 

Equation 9, Equation 10 and Equation 11. 

Equation 8. Formation of insoluble sulphates. 

M𝑒2+ + 𝐻2S +  2S𝑂4
2−  →  MeS(s)  +  2HS𝑂4

−  

Equation 9. Redox reaction forming 𝑠0. 

MeS(s) +  2F𝑒3+  →  M𝑒2+  +  2F𝑒2+ +  S  

Equation 10. Re oxidation.  

4Fe2+  +  O2  +  4HSO4
−   →  4F𝑒3+  +  2𝐻2O + 4S𝑂4

2−  

Equation 11. Reduction of 𝐻2𝑆. 

2𝐻2𝑆 + 𝑂2 → 2𝑆 + 2𝐻2𝑂 

Because of temperature, pH and complexity of the process it is not viable for small scale applications 

(Abatzoglou & Boivin, 2009).   
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Adsorption on solid adsorbents: applications utilising solid adsorbents are batch process since the 

adsorbents generally are not regenerated. The gas is cleaned by directing the gas thru a solid bed of 

the adsorbent. Iron sponge is one adsorbent utilised (Abatzoglou & Boivin, 2009) Equation 12 and 

Equation 13. 

Equation 12. Reduction of 𝐻2𝑆 by 𝐹𝑒2𝑂3. 

𝐹𝑒2𝑂3 + 3𝐻2𝑆 → 𝐹𝑒2𝑆3 + 3𝐻2𝑂 

Equation 13. Gibbs energy of regenerative reaction. 

𝐹𝑒2𝑆3 + (
3

2
) 𝑂2 → 𝐹𝑒2𝑂3 + 3𝑆(∆𝐻 = −198 MJ/kmol 𝐻2𝑆) 

Because of price and simplicity of the system this method is viable for farm scale applications. 

Sludge adsorbents: through pyrolysis of biological sludge it can be used as s solid adsorbent of  𝐻2𝑆. 

Sludge containe Ca, Mg, Fe and other catalysts for oxidising 𝐻2𝑆. By pyrolysing sludge a concentrated 

granular can be derived. This can be utilized in the same way as iron sponges. This technology is still 

in development and there are no know full scale biogas applications (Abatzoglou & Boivin, 2009). 

Biological purification methods  

Biological purification of biogas is considered to be environmentally friendly and economically 

feasible for farm scale applications. There are purification methods utilising microalgae and 

phototrophic bacteria but no studies have been published in this area up to date so therefore  

methods utilising chemotrophic Thiobacteria sp. will be discussed in this study (Abatzoglou & Boivin, 

2009).  

Chemotrophic Thiobacteria sp. can produce energy through oxidation of 𝐻2𝑆. Thiobacillus sp. redox 

reaction depends on oxygen concentration (Abatzoglou & Boivin, 2009). This is represented in 

Equation 14, Equation 15 and Equation 16.   

Equation 14. Dissociation of hydrogen sulphide. 

𝐻2𝑆 ↔ 𝐻+ + 𝐻𝑆− 

Equation 15. Oxidation of 𝐻𝑆− 𝑖𝑛 𝑙𝑜𝑤 𝑜𝑥𝑦𝑔𝑒𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑠.  

𝐻𝑆− + (
1

2
) 𝑂2 → 𝑆0 + 𝑂𝐻− 

Equation 16. Oxidation of 𝐻𝑆− 𝑖𝑛 ℎ𝑖𝑔ℎ 𝑜𝑥𝑦𝑔𝑒𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑠. 

𝐻𝑆− + 2𝑂2 → 𝑆𝑂4
2− + 𝐻+ 

In high oxygen concentrations the Thiobacillus sp. redox reaction turns acidic as shown in Equation 

16. Tree different types of bio filter are Bio-scrubber, Bio-trickling filter and Bio-filter. Both the Bio-

filter and the Bio-trickling filter consists of a bed of packing material. The packing materials 

properties is crucial for the function of the filter. Important properties are porosity, fluidic behaviour, 

longlivity and solid accumulation to name a few. The difference between a Bio-trickling filter and a 

Bio-filter is that nutrients are feed from the top of the Bio-trickling filter and then trickle down 

(Abatzoglou & Boivin, 2009). 
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Bio-scrubbers work by dissolving 𝐻2𝑆 from the biogas with hydroxide ions and then pumping this 

chemical solution in to the bioreactor where Thiobacteria oxides the 𝐻𝑆−to elemental sulphur 

(Abatzoglou & Boivin, 2009). This is represented in Equation 17 and Equation 18. 

Equation 17. Dissolution of 𝐻2𝑆 by hydroxide ions  

𝐻2𝑆 + 𝑂𝐻− → 𝐻𝑆− + 𝐻2 

Equation 18. Oxidation of 𝐻𝑆− by bacteria 

𝐻𝑆− + (
1

2
) 𝑂2 → 𝑆0 + 𝑂𝐻− 

The use of biological purification system is very complicated compared to chemical system and the 

biology behind the systems are clearly not understood up to date. Still biological purification is a 

promising technology (Abatzoglou & Boivin, 2009).    

Biogas upgrading 

The 𝐶𝑂2 in biogas can be considered an inert gas but It decreases the energy density of the biogas 

since it can’t be combusted. To use biogas as a fuel for vehicle the biogas is converted to bio-

methane. Bio-methane has a methane content of 97 %. Use of bio-methane in vehicles instead of 

fossil fuels reduces the environmental effects more than usage of biogas for electricity production it 

also raises the value of the biogas (Andriani et al. 2013). 

Absorption rely on the fact that 𝐶𝑂2 is more soluble then methane. Because of this 𝐶𝑂2 can be 

absorbed by mixing liquids with biogas. Tree technologies used are water scrubbing, chemical 

scrubbing and physical scrubbing (Andriani et al. 2013). 

Water scrubbing is done by pumping water and biogas in counter current into a column at high 

pressure. The 𝐶𝑂2 is absorbed by the water and then emptied into a flash tank and can then be 

regenerated. The upgraded biogas is exits the column at the top (Andriani et al. 2013). The parts and 

flows of the water scrubber is represented in Figure 8. 

 

Figure 8. Layout of water scrubber reproduced from (Andriani et al. 2013). 

. 
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Physical scrubbing work in the same way as water scrubbing but instead of water another solvent is 

used. This raises the importance of regeneration of the solvent to keep cost down. The advantages 

with this is a more efficient process that work in lower pressure (Andriani et al. 2013).  

Pressure swing adsorption (PSA) works by driving the 𝐶𝑂2 into a structure that is too small for the 

𝐶𝐻4 to enter like molecular sieve. The molecular sieve is placed in a column creating a filter. On the 

other side of the filter 𝐶𝐻4exits and the molecular sieve is slowly filled with 𝐶𝑂2. After a while the 

molecular sieve is full and then the biogas flow is shut off and the filter is vented and there by 

regenerated (Andriani et al. 2013). The parts and flows of the PSA is represented in Figure 9. 

 

Figure 9. Layout of PSA reproduced from (Andriani et al. 2013). 

 

In membrane purification 𝐶𝑂2 is separated from the biogas by forcing it through a tube with 

membrane walls at high pressure. The 𝐶𝑂2can escape out of the tube because of its volumetric size 

but the methane cannot. It is very important that the gas entering the membrane tube is clean and 

dry otherwise there is risk of membrane fouling that will reduce efficiency (Andriani et al 2013).  

Biological purification is done by utilising bacteria like chemotrophic Thiobacteria. These bacteria 

can purify the biogas by utilising the 𝐶𝑂2 as a carbon source and 𝐻2 as an energy source. The 

advantage with this method is production of more 𝐶𝐻4 an no use of chemicals. The disadvantages 

are extra nutrition’s has to be added and keeping the reactor clean from bacteria using unwanted 

metabolic pathways (Andriani et al. 2013). 

Cryogenic separation is performed by cooling the biogas to low temperatures.  𝐶𝑂2 and 𝐶𝐻4 have 

different boiling temperatures and can therefore be separated. After the separation the 𝐶𝐻4 can be 

cooled further to produce liquid 𝐶𝐻4. This technology is capital intensive due to investment cost and 

energy needs (Andriani et al. 2013). 
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Economy 

Economic instruments 

Biogas production from waste is an effective way to lower emission of greenhouse gases. But biogas 

production have had problems with carrying their own costs. 

Economic instruments are supposed to help technologies that are not fully developed to survive until 

they are mature. Other points of an economic instrument is to correct unfair advantages that some 

fuels have in the markets from not considering life cycle cost, biogas generate a value of 0.6-1.1 

kr/kWh by lowering greenhouse gasses while the carbon tax is 1.05 kr/kg (Tufvesson, Lantz, & 

Bjornsson, 2013). 

Subsidies for farm scale AD are investment subsidies of 30 % up to 1 800 000 kr and 0.4 kr/kWh 

produced biogas.   

Prior economic analysis 

The future prospects of farm scale biogas are positive. Higher energy prices due to lowering the use 

of fossil fuels are bound to be positive for the industry. The farmers that have biogas reactors can 

add value to their products by advertising that their products are produced in a greener way than the 

competitors. The farmers can also expand and diversify their revenue sources (Edstrom et al. 2008).  

In a survey of Swedish farm scale biogas reactors the amount of biogas produced was on average 

0,7 𝑚3/𝑚3𝑟𝑒𝑎𝑘𝑡𝑜𝑟𝑣𝑜𝑙𝑦𝑚 this is a rather low number. With a farm scale biogas reactor utilising 

good technology and running during normal conditions 1 𝑚3/𝑚3𝑟𝑒𝑎𝑘𝑡𝑜𝑟𝑣𝑜𝑙𝑦𝑚 would be 

considered a benchmark (Jarvis & Schnürer, 2009) (Jansson, 2014). 

Swedish farm scale biogas reactors on average have hard time to show profits. They would have to 

raise their revenue with 0,3 𝑘𝑟/𝑘𝑊ℎ to reach a net zero result. Reasons stated for the economic 

problems are low biogas production, 29 % of the produced energy is not utilised and low energy 

prices (Jansson, 2014). 

Reactor size did show some effect on the bottom line but the biggest factor was energy utilisation 

and hove the reactor could be adapted to the farm, availability of cheap substrate, reactor 

optimisation and management (Jansson, 2014). 

Combined heat and power (CHP) is common for farm scale applications. To maximise efficiency of a 

biogas reactor it is important that the right technology for the farm conditions is employed. Duel fuel 

motors are more efficient then Otto motors but cost more. High 𝐻2𝑆 levels in the biogas cause down 

time since the CHP units are designed to run at certain 𝐻2𝑆 levels. Duel fuel motors have higher 

maintenance costs then Otto motors. All this has to be taken into consideration to optimise revenue 

and minimise cost (Hadders, 2013). 

Economic theory  

In this section a number of economic concepts that is vital to the economic analysis of the three 

scenarios is described. 

Compound interest is the concept of how money with a certain interest grows and is shown in 

Equation 19. 
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Equation 19. Compound interest, Future worth: F, Present worth: P, Interest: I, Number of compounding events: x . 

𝐹 = 𝑃(1 + 𝑖)𝑥 

Geometric series present worth is the present worth of a series that is uniform and that grow with a 

certain interest is described by Equation 20. 

Equation 20. Geometric series future worth, present worth: P, starting value: 𝐴1, interest rate: 𝑖, internal interest rate of 

series: 𝑔, number of compounding’s: 𝑁.    

𝑃 = 𝐴1(
1 − (1 + 𝑖)−𝑁(1 + 𝑔)𝑁

𝑖 − 𝑔
) 

With Equation 20 advanced cash flows can be calculated. 

Minimal accepted rate of return (MARR) is the lowest accepted rate of return an investment have 

for it to be considered. This rate is set by the investor and depends on the willingness to accept risk 

and the sector that the investment is done in.    

Internal rate of return (IRR) is the interest rate needed on the unrecovered part of the investment 

such that at the end of the investment the unrecovered balance is zero. IRR can be calculated by 

numerical methods or by trial and error as presented in Equation 21. 

Equation 21. Series that describe NPV of a cash flow with an IRR, IRR: r, number of compounding’s: n.  

𝑁𝑃𝑉 = ∑
𝐶𝑛

(1 + 𝑟)𝑛
=

𝑁

𝑛=0

0 

The investment decision is then made by comparing the MARR with IRR. If IRR > MARR the 

investment meets the required rate of return set by the investors. 

IRR is an indicator of efficiency and not a measure of magnitude. IRR can evaluate if a project is a 

good investment but should not be used when deciding between exclusive projects. IRR should not 

be used comparing project of different length.    

Depreciation Is the loss of value of fixed assets over time. Depreciation count as losses when it 

comes to taxation and can thereby lower taxes on profits.
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Computer applications 

Computer applications are strong tools that can save money and time. Application for analysing 

statistics can minimize number of experiments needed to evaluate performance. Simulation 

applications can be used to select size and evaluate economics of different reactor configurations. 

Reactor control with computer applications is another strong tool that can help with reactor 

optimisation and control.  

Modde Introduction 

When preforming experiments methods for design of experiments are needed to be able to minimize 

the amount of time and number of experiments to be performed. The software Modde from 

Umetrics utilising DoE can be used for this.  

Design of experiments (DoE)  

DoE are generally preferred to COST (Changing One Separate Factor at a Time) when designing 

experiments with multiple factors that may influence one or several responses. With DoE more 

information can be gained per experiment. For example the direction of the optimum process 

parameters in the experimental space can be indicated and the significance of the interactions 

between factors quantified (Eriksson et al. 2008).  

The main goal of DoE is to gather as much relevant information as possible from a given number of 

experiments. This can effectively be achieved if the concept of factorial design is used.  

Factorial Design (FD)  

Full FD can be described as a way to design experiments in a way that evaluate all possible 

combinations of factors having an impact on a given response. The simplest example of this is a 2 

factor 2 level full factorial design which includes only a total of 2^2=4 experiments to combine the 

two separate variables with the high and low level of the other variable Figure 10. This experimental 

plane can be described as the plane X1, X2 of the cube in (Eriksson et al. 2008). 

 

 

Figure 10. Describing the experimental space of a 2 level full factorial design with 3 factors X1, X2 and X3 reproduced from 

(Eriksson et al. 2008). 

The number of experiments for a full factorial design can be defined as the number of levels of the 

factors to the power of the number of factors used in the experiment (in the above mentioned case 

X1 
X3 

X2 

[+++] 

[---] 
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2^2). In the points in each corner of the cube represents 8 different experiments in a 2 level full FD 

with 2^3=8 experiments. When the number of variables increases, the number of experiments for a 

full FD increases exponentially. When for example 6 variables are used in the full FD 64 experiments 

are required, and the experimental work starts to become too cumbersome (Eriksson et al. 2008). 

Therefore fractional and/or composite FD can be used to limit the number of required experiments 

while losing as little relevant information as possible. The main setback of using fractional designs is 

that confounding between factors may limit the regression models ability to describe the factor 

interactions independent of other factors and/or factor interactions (Eriksson et al. 2008). 

From the full or composite/fractional FD, regression models can be derived that is for example linear 

quadratic or cubic, describing the responses of the experiment, based on the responses and the 

interactions of the experimental factors (Eriksson et al. 2008).  

Multi Linear Regression (MLR) 

 MLR is used to model the relationship between variables and responses based on multiple 

experiments. This is done by assuming that all relationships are linear and then having all deviations 

from this put in to an error term, see Equation 22 (Eriksson et al. 2008). 

Equation 22. Multi linear regration, response: y, total error: 𝜖, average response from experiments: 𝛽0,  

𝒚 = 𝜷𝟎 + 𝜷𝟏𝒙𝟐 + 𝜷𝟐𝒙𝟐 + 𝜷𝟏𝟏𝒙𝟏
𝟐 + 𝜷𝟐𝟐𝒙𝟐

𝟐 + 𝜷𝟏𝟐𝒙𝟏𝒙𝟐+. . . +𝝐   

𝛽0 derived from Equation 23 (Eriksson et al. 2008). 

Equation 23. Experimental averages, number of experiments: p, respons from experiment: 𝑦𝑖. 

𝛽0 = ∑
𝑦𝑖

𝑝
𝑝

 

Equation 24 describes the calculation of the factor coefficient (Eriksson et al. 2008). 

Equation 24. Experimental response with sign from design table, experimental response with sign from design table: 𝑦𝑖𝑛, 

number of experiments: n. 

𝛽𝑖 = ∑
𝑦𝑖𝑛

𝑛
𝑛

 

From a factorial or composite design Response Surface Modelling (RSM) can be made to describe 

the systematic responses of an experimental space. It’s a model using second degree polynomials to 

predict were an optimum is or in which direction the optimum may be relative to the experimental 

space used. Some reasons for using this model are that it’s relatively simple and may be applied in 

many situations to find for example a process optimum (Eriksson et al. 2008). 
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Tools for evaluating models in Modde 

The response distribution plot: A normally distributed response curve is preferred, because the 

statistical methods used in the software Modde are designed for this type of responses. If the 

responses are deviating too much from a normal distribution an appropriate transformation method 

can be used to normalize the responses which can improve the model estimate (Eriksson et al. 2008).  

The replicate plot shows all responses plotted against their experimental number. This plot is used to 

for example examine if the center points (replicates) of our experiment vary within an acceptable 

interval, and to get a picture of response distribution. For example if the interval between the center 

points extends over the “Y-values” of all responses it tells us that there is no way to separate 

systematic variation from random variation. If the center pointes are not in the middle of our 

response interval this indicates that there is a non-linear behaviour of the process (Eriksson et al. 

2008).  

In the coefficient plot (see  𝛽𝑖 in Equation 24 and Equation 22) the model regression coefficient are 

plotted with the models confidant interval (based on a T-test). This way it is possible to determine 

which coefficients that is statistically significant. Coefficients that are not significant can be removed 

in order to maximize 𝑄2. If the confidence interval “includes zero” in the plot, the coefficient could 

be statistically insignificant (Eriksson et al. 2008).  

The summary Plot in the software Modde 9.1.1 presents four measures of the model statistics: R2 

describes the models fit to the data, where 1 (100 %) is equal to a perfect fit, which means that the 

model includes both noise and systematic variation. With a model including noise, it will not be able 

to predict the responses in the experimental space with good precision (Eriksson et al. 2008).  

Q2 is a measure on the models ability to predict the responses, and therefore increases as non-

significant terms are removed from the regression model. In general, the model should be optimized 

using the Q2 level as a compass. Also the difference between R2 and Q2 should preferably not be too 

large for the model to describe the systematic variation of the raw data in a good manner (Eriksson 

et al. 2008). 

The third bar in the summary plot shows a measure of the model validity (model lack of fit). It 

represents the statistical significance of the model. A value over 0.25 in mode indicates that the 

model is statistically significant. The value 0.25 or higher in Modde corresponds to a probability value 

(p-value, lack of fit) in the ANOVA table of 0.05 or higher (corresponding to a confidence interval of 

0.95). The model validity test compares the variance of the regression model error (VLoF) with the 

replicate variance (Vre), for good significance VLoF should be of approximately the same magnitude 

as Vre. If the replicates are made with high precision (low variance), the model validity plot can 

incorrectly indicate a non-valid model (Eriksson et al. 2008).  

Reproducibility is a measure of the variability between the replicates compared to the total 

variability of the responses. A higher value indicates a higher precision of the design (Eriksson et al. 

2008). 

In the run order plot it is possible to determine if the run order of the experiment has an effect on 

the responses. If the variation of the residuals increases or decreases with the run order, the run 

order is affecting the response. For example this may be due to a numbing of the senses when 

making sensoric experiments (Eriksson et al. 2008). 
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ANOVA (ANalysis Of VAriance) – Analysis of variance is used when comparison variation between 

groups and the internal variation within the groups that is due to chance, errors or a lack of accuracy. 

This comparison can be used to interpret if the variation between groups is statistically significant. 

ANOVA information is frequently presented in The ANOVA table and it summarizes the variation of 

the observations and regression model. Two F-tests are made, the first controls that the variation 

within the regression model is larger than the variation in the residual. The second controls that the 

size of the LoF are approximately equal to the size of the replicate error (Eriksson et al. 2008).  

Residual distribution plot is used to determine if there are any outliers in the data. The residuals 

should be normally distributed not to include any systematic variation. Outliers can also for example 

be caused by human error during experiments or that a model can’t describe a certain point within 

the experimental space. Outliers can be one of the reasons that the model validity is low. Residuals 

that are between three to four standard deviations from the mean are suspected outliers, any 

pointes further away than four standard deviations are considered outliers (Eriksson et al. 2008). 

Predicted versus observed plot is an overview of how well the model predicts the responses 

compared to what the experiments show. The distance between the predicted line and the 

experimental responses represents the unexplained residuals of the experiments (Eriksson et al. 

2008).  

Response surface plot is a plot of a surface generated by the model when varying the factors within 

the experimental space. From the surface plot generated from a quadratic model, the optimum of a 

modelled process can be found, or the direction of where further experiments should be made to 

find it (Eriksson et al. 2008). 

Contour plot illustrates the same information as the response surface plot but projected down to 

two dimensions (Eriksson et al .2008).   

Aspen plus 

Aspen plus is a process modelling tool that can model different process streams in a chemical 

process. In industry aspen is used for conceptual design, optimization and performance monitoring. 

In biogas application this means that waste streams, chemicals streams, gas streams, energy 

generation and energy losses from motors heat loss and conversion losses can be simulated. This is a 

very strong tool when evaluating functionality and economics of the system. Aspen plus also gives 

the possibility to change streams easily giving and overview of hove that effects the entire system 

(Hussain, 2000). 

Physics engine 

Aspen utilise a sequential modular approach to perform calculations. This approach work by starting 

at one block in the system with zero pointes of freedom and then utilising the answer from the first 

block to calculate the next (Hussain, 2000). 

Aspen utilise the world’s largest library of pure components and phase equilibrium to simulate 

steady state systems (Hussain, 2000). 

Components 

Aspen plus have a wide range of components that can be simulated. Below some relevant 

components for this work is presented. 
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The RStoic reactor is utilised when the stoichiometry of the reaction taking place is known but the 

kinetics are unknown or not relevant to the simulation (Hussain, 2000).  

RYield can be used when the yield is known and the stoichiometry and kinetics are not (Hussain, 

2000).  

The Gibbs reactor minimises the Gibbs free energy in a system without knowing stoichiometry or 

kinetics (Hussain, 2000). 

RCSTR is used when advanced simulations with known stoichiometry and kinetics are sought 

(Hussain, 2000). 

The DSTWU column utilises the Winn-Underwood-Gilliland method and is used for making 

preliminary estimations on stage numbers and feed stage for more advanced methods (Hussain, 

2000). 

RadFrac is an advanced separation column that can simulate packed columns, pressure drops, 

reboilers and more. This is the main column used when simulating columns in aspen plus (Hussain, 

2000). 

Mixers and splitters are used when combining or separating streams in the process is simulated 

(Hussain, 2000). 

The compressors simulate both compressor work and turbine work and can be used when simulating 

different energy cycles. This module can only simulate with vapour (Hussain, 2000). 

 The pump is similar to the compressor but only simulates liquids (Hussain, 2000). 
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Materials and Methods 

Polyurethane factor selection 

A bed of Polyurethane foam have a sixe time higher methane yield then a digest with no bed 

material when using acetic acid as substrate (Yang et al. 2004a). Reactors using polyurethane as a 

bedding material could produce 70 % more biogas then a control reactor when digesting swine 

manure (Bossier et al. 1986) (Poels, Van Assche, & Verstraete, 1984). The fact that there are large 

differences in methane yield could depend on substrate differences. Polyurethane is not suitable for 

all kinds of reactors, special considerations have to be done when it comes to flow velocities but still 

produce a higher methane yield (Fynn & Whitmore, 1984) (Yang et al. 2004b). 

This makes Polyurethane foam an interesting factor to test since flow velocities in CTSR are lower 

than fluidized bed reactor, washout is relevant and higher methane yields are always interesting. 

Retained material factor selection 

Retaining methanogens can be accomplished by retaining the higher solid part of the effluent from 

anaerobic digesters (Frear et al. 2010). Still the biggest part of the methane potential is in the liquid 

part so dewatering would lower methane yields substantially (Frear et al. 2010). Basically larger 

biomass straw like parts have shown good potential for retaining microbes even during higher flow 

velocity’s (Frear et al. 2010) (Andersson & Bjornsson, 2002).  

This makes material retention an interesting factor to test since the technology needed for this is of 

lower level then many other efficiency increasing methods.     

Factor interaction 

There is literature covering different ways of making anaerobic digester run more efficient but less 

literature that consider the effects different methods have on each other. 

This makes it interesting to investigate two factors that show promise alone and how they will 

behave when examined simultaneously.     
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Experimental design 

The experiment was planned with the method design of experiment (DOE). The experiment will be 

done as a screening to understand how the different factors influence the process and each other. 

The design used is a full factorial design. 

 Factors 

 Retained material 

 Polyurethane foam 

Responses 

 Methane yield  

 VS reduction 

 Weight reduction 

Uncontrollable factors  

 Short-circuiting 

 pH 

 water evaporation  

Responses and factors are quantitative. 

Experimental domain and matrix 

Table 3. Experimental domain. 

  + 0 - 

X1 Carrier material 6,79 g 4,52 g 2,26 g 

X2 Retention of material  6 g 3,5 g 1 g 

 

Table 3 shows the experimental domain and the levels at which the experiment is to be conducted. 

Table 4. Experimental matrix. 

 

Table 4 is the layout of the experiments and at what level each experiment is conducted. 

Temperature in the reactors where kept at 37℃ 
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Experimental iterations 

At first reactors were constructed out of stretchable plastic containers. The reactors were sealed 

with silicone and tested for gas leaks by lowering them down into water while examining appearance 

of bubbles. Example of a reactor is shown in Figure 11.  

The reactors were inoculated with sludge containing bacteria from Kulbäcksliden Lantbruk, Sweden. 

Since the amount of substrate in the inoculum was unknown the gas measurements and feeding was 

therefore started 3 days later. 

 

Figure 11. Experimental setup with reactor, gas volume indicator and temperature control. Picture taken by Joachim 

Jansson. 

After gas volumes were recorded the gas was released by removing the gas tight cork at the top of 

the gas bottle. Unfortunately, the flexibility of the reactor construction caused the reactors to leak. 

Because of this problem new reactors where constructed out of PVC piping with the same volume 

measuring setup Figure 12. 

 

Figure 12. Experimental setup with reactor to the left and biogas volume meter to the right. Picture taken by Joachim 

Jansson. 

There was a fear that when opening the cork to release biogas air would get into the reactor.  



30 
 

Because of this new gas bottles were arranged by opening up the bottom of a coca cola bottle 

without ever opening the cork, the gas was released by a tube entering the bottle at the bottom of it, 

the tube was sealed with a clamp see Figure 13. 

 

Figure 13. Depiction of a bottle with no bottom and a tube with a clamp. Picture produced by Joachim Jansson. 

When gas bubbles travel upwards in the reactors and hit the Polyurethane foam parts of the foam 

floats out of the substrate which can cause clogging in the tubes leading to the volume measuring 

device. This in turn makes the pressure rice in the reactor forcing substrate up the feeding tube. 

Depending on substrates levels in the reactor this can cause gas leaking out of the feeding tube.  

This problem was fixed by lowering substrate levels in the reactors and using gas tight corks at the 

top of the feeding tube.  

Aspen simulations 

Three different AD scenarios were developed in aspen to give understanding of AD systems. The 

simulations were compared with Kulbäckslidens Lantbruks AD, Sweden. 

In scenario 1 there is one AD producing biogas for an Otto cycle. The Otto cycle 

produces electricity and heat from the exhaust gases. 

In scenario 2 there is one AD producing biogas for an Otto cycle and a water scrubber. 

The Otto cycle produces electricity and heat from the exhaust gases. The water 

scrubber produce CNG. 

In scenario 3 there is one AD producing biogas for a Furness and the heat is utilised. 

 

These three scenarios are interesting from a farm scale perspective. The produced heat can be 

utilised in barns and houses on the farm, the possibility to sell heat raises the profitability. Electricity 

can be used on the farm or can go on to the grid to be sold. With battery packs the profitability 

would be much high since spot electricity prices in Sweden are much lower than market prises of 

electricity. CNG can be used as a fuel for vehicles on the farm. 

Flow-sheet 

In aspen the system is depicted in a graphical user interface giving an overview of the system and 

components in it. In Appendix 2 

Table 8 the settings and models used in the simulations are presented. In Figure 25, Figure 26 and 

Figure 27 overview of the graphical user interface for the three simulations is given. 

The simulation of the anaerobic digestion and biogas production is done by stoichiometric calculation 

with Dextrose, Ethyl-cyanoacetate and triolein using Equation 3. 
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Economic analysis of Kulbäckslidens Lantbruk, Sweden 

Kulbäckslidens Lantruk, Sweden have an AD that digest cow manure. Electricity is produced with a 

CHP unit and sold on the grid. Heat from the process is utilised in the barn and house surrounding 

the farm. Three different scenarios of hove to utilise the biogas produced is done. To perform the 

economic calculations an Excel work sheet supplied by Innovatum was used. 

IRR is chosen as the key figure to evaluate the economic viability of scenarios 1, scenario 2 and 

scenario 3. It is chosen because the rate of return for the project calculated. This makes it possible to 

compare investment projects to market index and other projects. IRR is no chosen to decide which 

scenario is the most profitable instead it can show when the rate of return for all scenarios are the 

same. The deciding factor between the scenarios rather than the profit will be the conditions for 

each individual farmer.    

Key figures 

Kulbäckslidens Lantbruk, Sweden is a dairy farm with 155 milk cows and farm lands of 220 ha, 

including 2 reactor cambers of 300 𝑚3 each. The HRT is 34 days and the input is 18 ton/day with a TS 

of 9 %. The AD produces 192722 𝑁𝑚3 biogas with an energy content of 1130 MWh from this 318 

MWh is converted to electricity. The energy need from the reactor is 36 MWh electricity and 192 

MWh heat. The investment for the AD was 4,6 million with 3,4 after subsidies. All key figures and 

assumptions are presented in Table 22. 

In scenario 1 the current system employed is evaluated. 

In scenario 2 the system is fitted with a water scrubber to upgrade 30 % of the produced biogas to 

vehicle quality the rest is combusted in a CHP. The cost of the water scrubber is set to a value so the 

IRR for this scenario 2 is the same as scenario 1. In this way it is easy to know when it is worth 

investing in a water scrubber and when it is not. 

In scenario 3 the system is fitted with a furnace that utilise all biogas for heat production. In this 

scenario the amount heat sold is varied and compared to scenario 1 IRR and the investment cost is 

lowered by 500 000 kr.  
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Material and Construction 

Seven reactors where constructed out of PVC piping with an inner radius of 100 mm and a reactor 

height of 30 cm. The reactors had two holes drilled in the top one for feeding and one for gas 

measuring, the holes where fitted with pipefitting and extended down into the substrate and the 

other extended upwards and were connected to silicone piping. The reactor where insulated with 

two cm foam along the vertical axis. The reactor was connected to a bottle in a water bath. The 

bottle was fitted in a PVC pipe with a slit and volume graded.  

To make the reactors gas proof the pipefittings where glued and tightly screwed in place, silicone 

piping where tightly fitted, the pipefitting for feeding is fitted with a gas tight cork and the silicone 

carrying gas was led through water before entering the bottle.  

Substrate  

The reactors were started with inoculum from a farm scale biogas plant in Kulbäcksliden Landbruk, 

Sweden.   

The substrate was also taken from Kulbäcksliden and stored in a refrigerator at 2℃. Thirty litres of 

substrate were collected at two instances, the first 20 litres for the first 40 days of experiments and 

then 10 litres for 20 days of experiments. Parts of the substrate froze when left for longer periods.   

The reactor were fed by pouring substrate through the feeding hole and substrate was extracted 

using a syringe fitted with a silicone pipe with a 4 mm diameter that was lowered into the reactor. 

The polyurethane foam was grated into volumes around one cubic centimetre and then put into the 

reactors. 

The reactors where placed on a Heidolph MR 3001 K hot plate with built in magnetic stirrer, the 

magnets used for stirring was 3,5 cm long, weighing was done on a Mettler PJ3000. 

 

Implementation 

The experiment was conducted as follows. Firstly gas volume and temperature levels from the 

previous day where recorded. The temperature was monitored 4 cm from the bottom of the reactor 

if the temperature varied more then 0,5℃ the temperature was adjusted, the reactors where then 

weighed.  

Sixty ml of substrate heated to in-between 30-40℃ was fed thru the feeding tubes, after this 

substrate was removed from the reactors. The removed substrate was filtrated and weighed and 

material was returned to the reactors.  

After this, gas was released from the volume recorder to make sure that the next day’s gas levels 

could be recorded and the reactors where weighed. 

All this was done and then repeated within 22-26 hours. 

Model development 

The different models where developed in Modde program and some experiments have been 

removed for various reasons explained below. 
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Outliers in Biogas volume model 

In the Biogas volume model nine experiments out of 70 were excluded. Experiment 51, 54 and 58 

were excluded because of eventual leakage. Action were taken to repair the reactors and after this 

the biogas volume levels returned to normal. During this time no large temperature variations were 

detected. From this it was reasoned that exclusion was acceptable. 

Experiment 31, 48 and 55 were excluded because they are outliers with a 98 % confidence interval. 

Experiment 5, 26 and 40 were excluded because they were suspected of being systematic variation in 

one of the centre point reactors that could not be found in the other centre points. The reason for 

this variation is not known but it can be pointed out that this reactor is the only one with detectible 

levels of hydrogen in it. The reason for this might be a different bacterial culture developing in this 

reactor. 

Inclusion of experiment 51, 54, and 58 crashes the model. 

Inclusion of other excluded experiments does make the model worse but still statistically significant.    

Outliers in methane concentration model 

All experiments from day 27 were prepared one day earlier and had leaked because of this they were 

removed.    

Experiment 6 and 18 were excluded because they were outliers. 

Inclusion of excluded experiments does make the model worse but still statistically significant. 

Aspen simulations and economic calculations 

The simulations of the physical scenarios 1-3 were done in Aspen Plus v8.8. The economical 

calculations were done in a excel biogas economic calculator from Innovatum.  
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Results 
The the results from 𝐶𝐻4, 𝐻2 concentration in the biogas and the concentration of dry mater in the 

effluent is presented in Table 23, Table 24 and Table 25. Seven anaerobic digesters were fed during 

week days for six weeks. Each day temperature, weight change and biogas volumes were recorded. 

The last five days biogas from each digester was analysed for 𝐶𝐻4 concentrations. 

The results from the experiments presented in Table 23, Table 24 and Table 25 were used to create 

models describing how a retention material consisting of polyurethane foam and material retention 

effects 𝐶𝐻4 concentration, biogas production and dry mater content. The models developed are 

presented in Figure 17-Figure 24. 

Simulations of Kulbäcksliden Lantbruks AD, Sweden was conducted. The simulations were done in 

Aspen Plus on three different scenarios. 

The results from the simulations were used for economic calculations and to examine physical 

possibilities of different systems.      

Economic calculations of Kulbäcksliden Lantbruks AD, Sweden were conducted. The calculations 

were done on three different scenarios. 

The results from the calculations were used to evaluate three different investment scenarios. 

Digesters 
A third of digester one, half of digester seven and sixth of reactor two is working like a CSTR the rest 

is filled with a cake consisting of biomass and Polyurethane foam.  

Hydrogen 
Digester five had a hydrogen concentration of 34 ppm in the biogas at one time no other reactor had 

detectable amounts.  

Statistics 
All developed models are statistically significant at a 95 % confides interval. Certain outliers in the 

data have been removed. 
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Dry matter model 

 

A model of the dry matter percentage in the effluent. The plots are explained in Modde Introduction.   

 

Figure 14. Summary of fit for a dry matter model 

Coefficients 

The coefficients with variable importance starting with the most important, Polyurethane foam, 

Retained material and then the interaction between the two. 

Contour plots 

The TS in the effluent from the AD is displayed in Figure 15.  

 

Figure 15. Response contour plot of dry matter in a model considering Polyurethane foam, Retained material and the 

interaction between the two. 
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Biogas volume model 

 

 

Figure 16. Summary of fit for a Biogas volume model 

Coefficients 

Variable importance starting with the most important, squared term of Retained material, 

Polyurethane foam and then Retained material. 
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Contour plots 

The results for biogas production depending on squared term of retained material, squared term of 

polyurethane and both Figure 17, Figure 18 and Figure 19. Squared terms are when non linier terms 

are considered in the model.  

 

Figure 17. Response contour plot of biogas volume in a model considering Polyurethane foam, retained material and the 

squared term of retained material. 

 

Figure 18. Response contour plot of biogas volume in a model considering Polyurethane foam, retained material and the 

squared term of Polyurethane foam. 

 

Figure 19. Response contour plot of biogas volume in a model considering Polyurethane foam, Retained material, squared 

term of Polyurethane foam and the squared term of Retained material. 
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Methane concentration model 

 

 

 

Figure 20. Summary of fit for a PLS model of methane concentration. 

Coefficients 

Variable importance starting with the most important, squared term of Polyurethane foam, squared 

term of Retained material, Retained material and then Polyurethane foam. 
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Contour plots 

The results for methane concentration depending on squared term of retained material, squared 

term of polyurethane and both Figure 21, Figure 22 and Figure 23. 

 

Figure 21. Response contour plot of methane concentration in a model considering Polyurethane foam, retained material 

and the squared term of retained material. 

 

Figure 22. Response contour plot of methane concentration in a model considering Polyurethane foam, retained material 

and the squared term of Polyurethane foam. 

 

Figure 23. Response contour plot methane concentration in a model considering Polyurethane foam, Retained material, 

squared term of Polyurethane foam and the squared term of Retained material. 
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Scenario 1 
Table 5. Results from economical calculations for scenario 1.  

IRR 11,43 % 

income year 1 540 000 kr 

variable costs year 1 146 000 kr 

Years until positive cash flow 2 

Accumulative cash position  2 018 203 kr 

 

Full economic calculations are presented in Table 10, Table 11 and Table 12. 

Scenario 2 
Table 6. Key number from economical calculations from scenario 2. 

IRR 11,45 % 

income year 1 728 878 kr 

variable costs year 1 149 743 kr 

Years until positive cash flow 1 

Accumulative cash position 2 784 388 kr 

Cost of water scrubber 1 500 000 

 

Full economic calculations are presented in Table 13, Table 14 and Table 15.  

Scenario 3 
Table 7. Key number from economical calculations from scenario 3. 

IRR 11,43 % 

income year 1 540 149 kr  

variable costs year 1 146 116 kr 

Years until positive cash flow 2 år 

Accumulative cash position 2 018 203 kr 

Amount of heat sold  38 % 

 

Full economical calculations are presented in Table 16, Table 17 and Table 18. 

Simulation 

The gas production from simulation of scenario 1 is 192 868 𝑚3 at 15℃ with a methane content of 

66 %. The generator effect is 36 kW and heat effect is 64 kW. The stream over view for the three 

simulations are presented in Appendix 5, Table 19, Table 20 and Table 21. 
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Discussion 
 

Model development 

The most interesting and valuable part of this work is the fact that with the help of simple reactors of 

basically no cost it was possible to develop statistically significant models. 

In the scientific literature reports on how different factors influence each other are hard to find. One 

of the reasons why this might be is the cost of said experiments. Today experimental reactors can 

cost 500.000 SEK making experiments expensive and economically hard to motivate. If reactors can 

be constructed at a low cost this can save both money and time when conducting experiments. In 

the long run cheaper experiments can lead to better optimisation of farm scale biogas plants.  

Models 

All developed models should be considered with caution since you can’t reliably estimate quadratic 

terms when using a screening design (Eriksson et al. 2008). Still the models indicate that the 

quadratic terms are relevant and adding experiments to make an optimization design valid.   

In the methane concentration model and Biogas volume model the highest concentration of 

methane and largest volumes could be found at 4 grams of Retained material and 4.2 grams of 

Polyurethane foam, respectively 3,25 grams of Retained material and 4,25 grams of polyurethane 

foam. One reason for this could be the retention of microorganisms due to the Polyurethane foam 

and Retained material (Frear et al. 2010) (Yang et al. 2004a). Another reason might be mitigation of 

short circuit of material.  

Methane production 
The difference in methane production is large and the relative difference coincide with scientific 

literature from Polyurethane factor selection and Retained material factor selection. 

Still the reactors tested are not working optimally, only parts of the reactors are working as a CTSR 

and temperature variation between the measuring point and the top parts of the reactors are around 

7-15℃. To know how optimally operated rectors would react more tests are needed. Still some 

reactors operating in Sweden have a hard time operating during winter due to low temperature, this 

work could be applicable to those reactors. 

Hydrogen 

In digester five a detectable concentration of hydrogen was found once. This fact is not strange 

because microorganisms produce hydrogen during the fermentation stage of the biogas process. 

(Jarvis & Schnürer, 2009). A hydrogen concentration of 100-5 ppm is preferable for both 

fermentative and methanogen bacteria (Jarvis & Schnürer, 2009).  

The reason that no hydrogen was detected in the other digesters could be the detection level of the 

gas chromatograph. The hydrogen was detected when analysing one millilitre biogas. When 

analysing zero point two millilitre biogas no hydrogen were detected. This indicates that the gas 

chromatograph cant detect gas concentrations of hydrogen at 6,4 ppm.  
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Contour plots 

Figure 21 and Figure 22 are contour plots from models developed to investigate the curvature of the 

quadratic term of Polyurethane foam and Retained material. Figure 23 is a contour plot from a model 

considering both quadratic terms. This is statistically problematic since with two factors there are 

only enough degrees of freedom to consider three coefficients. Because of this the model behind 

Figure 23 lacks the number of degrees of freedom needed to calculate its statistical significance. 

Still Figure 23 might be a hint to how a contour plot of the area could look. 

Dry matter 

The amount of dry matter in the effluent indicate if the process is working well in terms biogas yield. 

When comparing the model for TS and methane concentration the optimum of the contour plots 

don’t coincide. This might be because the Polyurethane foam and retention of material influence the 

build-up of the biomass cake mentioned in the section Digesters. 

Economics 
In scenario 1 the key numbers from Table 5 indicates that the investment is a good choice. 

In scenario 2 the key numbers from Table 6 indicates that a water scrubber with a price of 1,5 million 

or lower will make scenario 2 have as high IRR or higher than scenario 1.  

In scenario 3 the key numbers from Table 7 indicates that when 38 % of the heat or more is sold 

scenario 3 will have a higher IRR than scenario 1. 

The results from the three scenarios in Table 5, Table 6and Table 7 is not meant to be a basis for an 

economic decision among the choices rather its suppose to give an overview and perspective of the 

different scenarios. Every farm have unique conditions and the AD have to be built and designed for 

those unique conditions. 

Kulbäckligen Lantbruk, Sweden unique conditions makes it possible to evaluate scenario 1-3 from its 

conditions. 

Scenario 3 is no a possible alternative since they can only utilise 17 % of the produced 

heat. 

Scenario 2 I very interesting but the farm will need to renew their machine park and 

find a water scrubber that cost less than 1, 5 million kr. If these conditions are not met 

scenario 2 is not a good alternative. 

Scenario 1 is the current system and from the economic calculations done is a 

profitable scenario. 

Considering the conditions for scenario 2 to be profitable and the fact that the heat from scenario 3 

can’t be utilised scenario 1 is considered the best choice for Kulbäckslidens Lantbruk. 

Energy utilisation 

It is very important to analyse the potential uses for the energy produced. Generally it is more 

profitable to use produced energy on the farm rather than selling it. There are many different ways 

of using the energy produced. Heat can be used for barns and houses around the farm, heating 
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drinking water for animals and greenhouses and other ventures. If electricity is produced it is more 

profitable using it on the farm this can be done by using it to run energy intensive processes.   

 

Aspen simulations 

When comparing aspen simulations with the data from Kulbäckslidens Lantbruk, Sweden the 

simulation are consistent with the data. This is very useful when developing plans for new AD since 

Aspen could give an easy and cost-effective way of evaluation. 

Kulbäcklidens Lantbruk, Sweden have a generator running at 46 kW on average for 6900 h/year this 

amounts to 36 kW over the entire year and this compares to simulation results of an effect of 36 kW. 

Gas production and heat production is also similar to simulation results.  

The simulations could answer questions like how to utilise the biogas, how much energy does 

different parts off the system require and what happens to the system if different conditions on the 

farm change.  

Simulations can also be a basis for economic calculations.    
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Appendix 1 

 

Figure 24. A larger view of the process form hydrolysis to methanogenesis (Serrano, 2011). 
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Appendix 2 
Table 8. Aspen settings and models used in simulations 

Components Aspen model Tempe

rature 

Pressure 𝜂 

Isentropic 

Mechanic 

 Special conditions 

DIGESTER RStoic 37°𝐶 1 bar   Frac con dextr 0.3 

Frac con triol   0.95 

Frac con dextr 0.95 

GASSEP Flash2 15°𝐶 1 bar    

MIX Mixer      

SPLIT Splitter     SPLIT 0.7 to BIOGAS2 

COMP1 Compressor/

Turbine 

 30 bar 0.9 

0.9 

  

COMP2 Compressor/

Turbine 

 10 bar 0.9 

0.9 

  

TURB Compressor/

Turbine 

 1 bar 0.9 

0.9 

  

FURN RGibbs  30 bra   Heat Duty 0. Identify 

possible products 

HEATER Heater      

PUMP Pump  10 bra 0.9 

0.9 

  

COLUMN ABSBR1  10 bra   6 stages. Condenser 

none. Reboiler none. 

Entrens top and bot. 

VALVE Valve  1 bra    

AIRREG Calculator     Air according to 1.2 of 

stoichiometric 

combustion  
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Table 9. Assumptions for scenario 1, 2 and 3. 

Scenario 1 assumptions  

VS 80 % 

𝐶𝐻4

𝑡𝑜𝑛
 𝑉𝑆 

213 

Avskrivning 15 år 

rate 5 % 

personalkosnad 32 483 kr/år 

Electrisity cost 0,6 kr/kWh 

Earnings from electricity with 

spot price and environmental 

certificate 

0,4 kr/kWh 

Earnings from gas support 0,3 kr/kWh 

Earnings from heat 0,3 kr/kWh 

Earnings from fertilizers 17 000 

Earnings desulphuration 0,05 kr/kWh 

Earnings CNG 0,8 kr/kWh 

Utilisation of CNG 100 % 
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Appendix 3 
Table 10. Scenario 1 economic calculations part 1. 
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 Table 11. Scenario 1 economical calculations part 2. 
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Table 12. Scenario 1 economical calculations prat 3 
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Table 13. Scenario 2 economical calculations prat 1. 
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Table 14. Scenario 2 economical calculations part 2. 
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Table 15. Scenario 2 economical calculations prat 3. 
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Table 16. Scenario 3 economical calculation part 1. 
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Table 17. Scenario 3 economical calculations part 2. 
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Table 18. Scenario 3 economical calculations part 3. 
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Appendix 4 
 

 

Figure 25. Scenario 1 aspen flowsheet.  

 

Figure 26. Scenario 2 aspen flowsheet. 

  

Figure 27. Scenario 3 aspen flowsheet. 
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Appendix 5 
 

Table 19. Scenario 1 stream table. 
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Table 20. Scenario 2 stream table. 
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Table 21. Scenario 3 stream table. 

 

  



64 
 

Appendix 6 
 

Table 22. Key numbers Kulbäckslidens lantbruk AD. 

Reactor volume net  600 𝑚3 

Manure per day 18 𝑚3 

Generator 55 kW 

Electricity usage 35 800 kWh 

Gas production  192 036 N𝑚3 

Energy production 1151 MWh 

Electricity production 317 798 kWh 

Methane concentration 58 % 

Average generator effect  46 kW 

Run time 6900 h 

Heat delivered 16 % 

TS 9 % 

VS/𝑚3 2,1 kg 

HRT 34 days 

Gas production % 116 % 

investment 4 600 000 kr 

Investment after subsidies 3 400 000 kr 

Work pre year 122 h 

Risk The risk of all scenarios is 

assumed to be equal 
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Appendix 7 
 

Table 23. Experimental results for methane concentration model.  

Experiment number Polyurethane Retention Methane  molar 
concentration  

N1 - - 0,404065 

N2 + - 0,32441 

N3 - + 0,434746 

N4 + + 0,354695 

N5 -+ -+ 0,448524 

N6 -+ -+ 0,422247 

N7 -+ -+ 0,515218 

N8 - - 0,47067 

N9 + - 0,372656 

N10 - + 0,426575 

N11 + + 0,454871 

N12 -+ -+ 0,513759 

N13 -+ -+ 0,56544 

N14 -+ -+ 0,637085 

N15 - - 0,464025 

N16 + - 0,368151 

N17 - + 0,468896 

N18 + + 0,496439 

N19 -+ -+ 0,484188 

N20 -+ -+ 0,589317 

N21 -+ -+ 0,625392 

N22 - - 0,370003 

N23 + - 0,350253 

N24 - + 0,449503 

N25 + + 0,444497 

N26 -+ -+ 0,518647 

N27 -+ -+ 0,600992 

N28 -+ -+ 0,607594 

N29 - - 0,405144 

N30 + - 0,362838 

N31 - + 0,48677 

N32 + + 0,478887 

N33 -+ -+ 0,511948 

N34 -+ -+ 0,521892 

N35 -+ -+ 0,586589 
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Table 24. Experimental results for biogas volume model. 

Experiment number Polyurethane Retention Biogas volume litres 

N1 - - 0,32 

N2 + - 0,3 

N3 - + 0,3 

N4 + + 0,26 

N5 -+ -+ 0,24 

N6 -+ -+ 0,38 

N7 -+ -+ 0,35 

N8 - - 0,26 

N9 + - 0,23 

N10 - + 0,29 

N11 + + 0,22 

N12 -+ -+ 0,28 

N13 -+ -+ 0,37 

N14 -+ -+ 0,4 

N15 - - 0,32 

N16 + - 0,33 

N17 - + 0,35 

N18 + + 0,28 

N19 -+ -+ 0,31 

N20 -+ -+ 0,43 

N21 -+ -+ 0,42 

N22 - - 0,31 

N23 + - 0,28 

N24 - + 0,31 

N25 + + 0,32 

N26 -+ -+ 0,27 

N27 -+ -+ 0,36 

N28 -+ -+ 0,33 

N29 - - 0,34 

N30 + - 0,3 

N31 - + 0,14 

N32 + + 0,31 

N33 -+ -+ 0,34 

N34 -+ -+ 0,47 

N35 -+ -+ 0,39 

N36 - - 0,29 

N37 + - 0,23 

N38 - + 0,23 

N39 + + 0,19 

N40 -+ -+ 0,25 

N41 -+ -+ 0,4 

N42 -+ -+ 0,35 

N43 - - 0,33 

N44 + - 0,34 

N45 - + 0,26 

N46 + + 0,32 

N47 -+ -+ 0,35 



67 
 

N48 -+ -+ 0,47 

N49 -+ -+ 0,57 

N50 - - 0,34 

N51 + - 0,34 

N52 - + -10 

N53 + + 0,29 

N54 -+ -+ 0,48 

N55 -+ -+ 0,11 

N56 -+ -+ 0,7 

N57 - - 0,4 

N58 + - 0,34 

N59 - + 0 

N60 + + 0,34 

N61 -+ -+ 0,32 

N62 -+ -+ 0,39 

N63 -+ -+ 0,4 

N64 - - 0,37 

N65 + - 0,31 

N66 - + 0,32 

N67 + + 0,27 

N68 -+ -+ 0,31 

N69 -+ -+ 0,5 

N70 -+ -+ 0,41 

 

Table 25. Experimental results for dry mater model. 

Experiment number Polyurethane retention Grams of dry mater 

N1 - - 1,07 

N2 + - 0,93 

N3 - + 0,75 

N4 + + 0,89 

N5 -+ -+ 0,89 

N6 -+ -+ 0,85 

N7 -+ -+ 0,92 

N8 - - 0,89 

N9 + - 0,91 

N10 - + 0,86 

N11 + + 0,92 

N12 -+ -+ 0,84 

N13 -+ -+ 1,05 

N14 -+ -+ 0,87 

N15 - - 1,02 

N16 + - 1 

N17 - + 0,98 

N18 + + 0,89 

N19 -+ -+ 0,98 

N20 -+ -+ 1,08 

N21 -+ -+ 0,99 

N22 - - 1,04 

N23 + - 1,11 
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N24 - + 1,07 

N25 + + 0,93 

N26 -+ -+ 0,99 

N27 -+ -+ 1,07 

N28 -+ -+ 1,27 

N29 - - 1,01 

N30 + - 1,05 

N31 - + 1,02 

N32 + + 0,97 

N33 -+ -+ 0,97 

N34 -+ -+ 1,08 

N35 -+ -+ 1,05 

N36 - - 0,9 

N37 + - 0,91 

N38 - + 1,06 

N39 + + 0,89 

N40 -+ -+ 0,85 

N41 -+ -+ 0,96 

N42 -+ -+ 0,92 

N43 - - 0,98 

N44 + - 0,99 

N45 - + 1,09 

N46 + + 0,84 

N47 -+ -+ 1,12 

N48 -+ -+ 1,03 

N49 -+ -+ 1 

N50 - - 0,88 

N51 + - 0,84 

N52 - + 0,86 

N53 + + 0,81 

N54 -+ -+ 0,72 

N55 -+ -+ 0,81 

N56 -+ -+ 0,82 

 


