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ABSTRACT 

As of today, large unused potential for biogas production exist within the Swedish agriculture 

sector. The biogas production within this sector is, however, associated with several problems 

such as poor energy efficiency and non-profitable systems. This is to some degree due to lack of 

standardized technical solutions. International Micro BioGas AB (IMB AB) has been aided by 

KTH since 2014. This project investigates several innovations from IMB AB in regards to biogas 

production: 

 A mixing device 

 A building capturing waste heat from the digesters (building concept) 

 Insulation of the digester (cover concept) 

 Small-scale and modular package systems 

The innovations listed above are evaluated from energy, economic and environmental 

perspectives by doing a case study on the dairy farm Ogestad close to Gamleby, Sweden. Two 

cases are considered. In Case 1, the raw biogas is burned in a combined heat and power-unit 

(CHP) in order to produce electricity. In Case 2, raw biogas is upgraded in a small-scale 

upgrading unit to vehicle gas standards which is sold to the market.  

The results show that the mixing device is promising in terms of energy use. It is therefore 

recommended to move on with testing of the equipment. The cover concept and the building 

concept show similar performance from energy and environmental standpoints. The building 

concept is concluded not to be economically viable. The cost reduction by applying a modular 

concept where one product can be used on different sized farms is significant. However, the 

needed investment from the company is large. The goal of achieving a modular system is 

therefore concluded desirable. The subsidy from the Swedish board of agriculture covering       

40 %  of the investment cost, has a major impact on the profitability of the systems. Without this 

subsidy, the systems are not viable in terms of economy. In Sweden, the small-scale vehicle gas 

production (Case 2) was concluded the most profitable as well as the best-performing from 

energy and environmental standpoints. 
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SAMMANFATTNING 

Inom den svenska jordbrukssektorn finns stor potential för utvidgning av biogasproduktionen. 

Det finns dock många problem med småskalig biogasproduktion, exempelvis olönsamma och 

energimässigt ineffektiva system. International Micro BioGas AB (IMB AB) har identifierat att 

detta till viss del kan bero på bristfälliga tekniska lösningar. Detta då det inte finns någon 

standardisering av teknik på området. IMB AB har, i samarbete med KTH, sedan 2014 arbetat 

med olika aspekter av småskalig biogasproduktion. Detta arbete undersöker ett antal 

innovationer och koncept från IMB AB rörande biogassystem: 

 En ny metod för omrörning 

 En byggnad som återvinner värmen från rötkamrarna (byggnadskonceptet) 

 Ett nytt sätt att isolera rötkamrarna (huvkonceptet)  

 Småskaliga och modulära paketlösningar 

Innovationerna och koncepten ovan utvärderas från ett energitekniskt, ekonomiskt och 

miljömässigt perspektiv genom en fallstudie på mjölkgården Ogestad nära Gamleby i Sverige. 

Två användningsområden för biogasen analyseras. I Fall 1 (Case 1) bränns rågasen i en 

kraftvärmeanläggning för att producera elektricitet och värme. I Fall 2 (Case 2) uppgraderas 

rågasen till fordonsgaskvalitet som sedan säljs till marknaden.  

Resultaten visar att den nya omrörningsmetoden är lovande ur ett energiperspektiv och en 

rekommendation är att gå vidare med tekniken och göra experimentella studier. 

Byggnadskonceptet och huvkonceptet visade likvärdiga resultat ur energitekniskt och 

miljömässigt perspektiv. Byggnadskonceptet konstaterades vara ineffektivt ur ett ekonomiskt 

perspektiv. Kostnadsreduceringen som uppnås genom att systemet är modulärt och därmed kan 

produceras i stor skala till olika gårdsstorlekar, är signifikant. Det krävs dock en stor investering 

från företagets sida. För samtliga fall är systemens lönsamhet starkt beroende av 

Jordbruksverkets subvention på 40 %  av investeringskostnaden och utan den ökar företagets 

investeringsbehov drastiskt. Med svenska förutsättningar är småskalig produktion av 

fordonsgas det mest lönsamma samt mest fördelaktiga ur ett miljö- och energiperspektiv.  
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N   Cumulative production volume    

impellerN   Impeller rotational speed 1/ s   

QN   Pumping number    

xp   Pressure at point x  in the SSU-unit Pa   

,c HPP   Electricity consumption by the SSU high 
pressure compressor 

W  

,c LPP   Electricity consumption by the SSU low pressure 
compressor 

W  

CHPP   Electricity output of the CHP W   

pumpP   Electricity consumption by the SSU water pump W   

mixerP   Continuous power consumption by the mixer W   

AHLQ   Annual heat losses /Wh year   

,b floorQ   Transmission losses through the building floor W   
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1. INTRODUCTION 

1.1 BACKGROUND 

Biogas is commonly seen as an important technology in the transition towards a more 

sustainable energy production. There is still, however, plenty of unused potential for expanding 

the production, of which a large portion can be found in the agriculture sector. Only around 3 %

of the biogas used in Sweden today comes from the agriculture sector. There is an identified 

yearly biogas potential in Sweden of around 14-17 TWh . Around 80 % of this can be traced to 

biomass in the agriculture sector (Nordberg, 2006). In 2016, around 2 TWh  of biogas was 

produced in Sweden from all biogas facilities, revealing the large unused biogas potential in the 

agriculture sector (Swedish Gas Association, 2018). 

This low share of biogas coming from the agriculture sector is partially be explained by the lack 

of technical solutions for small-scale biogas production. Possible reasons are the lack of standard 

solutions as well as the fact that the solutions currently in use are too complex. This makes the 

operators abandon the technology after some years of operation due to failures and difficulties 

to maintain the systems (Tesar et al., 2012).  

An evaluation of Swedish farm-based biogas facilities showed that farm-based biogas production 

plants, with few exceptions, are not profitable. The energy efficiency varies significantly and is in 

general very poor. High internal electricity and heat consumption is a major issue. Very few 

farmers recommend the installation of such as system due to the many problems as well as bad 

profitability. This is a large obstacle for further growth in the agricultural biogas sector (Ahlberg 

Eliasson, 2015).   

Innovation and new solutions are needed. The lack of standardized solutions in this field is 

prominent and must be easier and cheaper to run and maintain a farm-based biogas plant. 

International Micro BioGas AB (IMB AB) is working with such a system that is currently in the 

phase of development. IMB AB has been in contact with KTH since 2014. The long-term aim for 

IMB AB is to develop a package solution for farm-based biogas systems: a scalable system being 

able to produce power, heat and/or upgraded gas depending on the situation and ambient 

conditions. The aim of the system is to address many problems encountered in present 

installations, as well as enable easy and profitable operation. This idea is the starting point for 

the present work.    

Current status of small-scale biogas  

In 2016, around 40 small-scale farm-based biogas plants existed in Sweden, that accounted for   

2 %  of the produced biogas (Energigas, 2017). In an evaluation of 30 Swedish farm-based 

biogas facilities, the internal electricity and heat consumption are found to vary significantly 

between farms (Ahlberg Eliasson 2015). The electricity consumption ranges between 1 and      

21 %  of the energy content in the produced biogas, with an average of 7 % . The heat 

consumption ranges between 9 and 37 %  of the energy content in the produced biogas, with an 

average of 24 % . In the study, 16 of the farms use cow manure as main substrate. For these 

farms, the electricity consumption ranges between 1 and 17 %  with an average of 5 % , and the 

heat consumption between 9 and 32 with an average of 24 % . It is clear that large variations 

between farms exists.   
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The same report unveiled large problems. The farmers were asked to rate their technical issues 

on a scale 1-4, where 1 corresponds to minor problems with small impact on the business, and 4 

corresponds to very large impact giving severe consequences. Only one of the farms answered 

with 1. All the other 29 farms revealed problems having an impact that was more or less easy to 

solve. Eight of the farms were found in category 4. 

The farms have used different technical solutions. Several different providers have been 

contracted. These providers have offered different levels of operation and maintenance service 

during and after the construction phase. This has had an impact on the production and economy 

on the farms (Ahlberg Eliasson, 2015). 

Many problems are associated with the mixing system. These include forming of a floating crust 

and sedimentation in the digester due to insufficient mixing and breakdown of the mixing 

system. In 16 of the 30 facilities the mixing device had to be replaced in one or both of the 

digesters (main and post-treatment) (Ahlberg Eliasson, 2015). Corrosion on the mixing devices 

due to hydrogen sulfide present in the digesters have also been reported (Tesar et al., 2012). 

Another reported issue in present installations is components freezing. There is also often 

unmet thermal demand in digesters due to for example leakage from and breakage of the 

heating coils inside the digester, and problems with the roofs. Incorrect dimensioning of 

pumping system is another issue, leading to failures (Ahlberg Eliasson, 2015). The energy 

consumption for mixing is for normal cases around 1 %  of the energy content in the produced 

biogas, but can be as high as 2-3 %  (Christensson et al., 2009).  

1.2 OBJECTIVES AND AIM 

This project is part of a long-term project at KTH aiding International Micro BioGas AB (IMB AB) 

to develop a biogas system that aims to solve many of the common problems associated with 

small-scale biogas production. A case study is done on the large Swedish milk farm Ogestad, 

where such a system can be implemented. The aim of the project is to investigate and develop 

solutions for the following problems associated with small-scale biogas plants. 

Poor energy efficiency due to high internal energy consumption 

As mentioned in the background both the internal electricity and heat consumption can be 

significant. The goal is to map and limit the internal heat and electricity consumption. 

Energy inefficient and breakdown of mixing system 

The mixing systems that are currently in use can cause several problems. The commonly used 

impellers are associated with high energy consumption. Problems with the mixers corroding 

quickly due to the corrosive hydrogen sulphide has also been reported. A solution to the 

problems associated with the mixing equipment has been suggested by IMB AB. It aims at 

solving the mixing problems, but the energy consumption of this device is not yet known and 

needs to be estimated. 

Lack of package solutions and cheap solutions 

The solution should be flexible and applicable on many farms of different sizes and with 

different circumstances.   
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The problems listed above are addressed by completing the following objectives: 

 Determine/estimate the energy performance of the innovations from International 

Micro BioGas AB.  

 Do an energy simulation and find the required dimensions of the components. 

 Suggest system layouts and estimate the components and amount of material needed. 

 Do a sustainability analysis for suggested system layouts. 

 Do an economic analysis for the suggested system layouts  

 Discuss the feasibility of the system on other locations, including the scalability of the 

system as well as a sensitivity analysis. 

 

1.3 DELIMITATIONS AND SYSTEM BOUNDARIES 

This project has limited resources in terms of time. Therefore, certain limitations are imposed.  

1.3.1 DELIMITATIONS 

To have a clear energy system boundary, the system is a stand-alone system meaning that no 

electricity or heat should be supplied from external sources. This approach decreases the 

dependency from external factors like resource and grid connection availability.  

The upgraded gas should meet commercial standards. Several ways to upgrade raw biogas to 

vehicle gas do exist. However, since International Micro BioGas AB is currently developing a 

small-scale upgrading unit based on the water scrubber technology, only that technology is 

considered.   

To utilize the raw biogas, it must be cleaned from corrosive hydrogen sulphide. A great number 

of cleaning methods exist. However, as this is usually not associated with energy consumption, it 

is not investigated in this project. Issues related to high hydrogen sulfide levels in the biogas is 

therefore not addressed.  

Legal issues are considered to some extent but it is not the primary focus. Some available 

subsidies are included in the economic analysis. 

Pre- and post-treatment of substrate, such as storage for manure and digestate, are not included 

as this is not considered being important for the energy performance of this system. The heat 

recovery between out and ingoing substrate is only briefly discussed and included in the energy 

analysis.  

The automation and control of the system, such as sensors and monitoring, is not considered 

from a technical standpoint. It is only considered in the economic analysis. The cost for capital is 

not considered in the economic analysis, as the financial model is not decided to this date. 
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1.3.2 GEOGRAPHICAL BOUNDARIES 

The project investigates how a scalable biogas system can be implemented on the dairy farm 

Ogestad. The Ogestad farmhouse is owned by the three Jonsson brothers and is together with 

their other large property, Hyllela, one of the largest milk farms in Sweden. The farmhouses are 

located close to Gamleby in Småland. Ogestad and Hyllela each holds around 750 lactating cows 

and 750 calves making a total of 3,000 cows on both farms (Jonsson, 2018).  

Initially, the biogas system aims to be a standard solution for farms in Sweden. The sizing is 

therefore based on typical Swedish farms. Around 56 % of the total amount of dairy cows in 

Sweden 2018 were found in herd sizes between 50 and 200. The trend is in general that the herd 

sizes increase (Grönvall, 2018). Based on this, a system with 200 cows is considered. Ogestad 

has a total of 750 lactating cows meaning that only a part of the cows are included in this case 

study. 

1.4 INNOVATIVE CONCEPTS FROM INTERNATIONAL MICRO BIOGAS AB 

International Micro BioGas AB is contributing with several concepts that are considered and 

evaluated, in order to fulfill the objectives of the thesis work.  

1.4.1 THE MODULAR PACKAGE SOLUTION 

The goal with the package solution is to make it easier for a single prosumer to invest in biogas. 

This need has been identified in a market analysis performed by International Micro BioGas AB 

where possible obstacles for small-scale biogas plants lies. The system converts the substrate to 

either vehicle gas with a Small-Scale Upgrading (SSU) unit or electricity with a Combined Heat 

and Power (CHP) unit. The final product can either be sold or be used within the farm. A 

schematic sketch of the system including the main components can be seen in Figure 1. This 

system should also be modular, meaning that it should be usable on different sized farms by 

adding or removing modules. By introducing as many standardized parts as possible, costs such 

as production and distribution costs should in theory decrease. The maintenance costs should 

also decrease if standardized spare parts and maintenance procedures are utilized. 
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Figure 1. The concept of a package solution. 

 

1.4.2 THE BUILDING CONCEPT 

The overall idea is to produce smaller digesters that can be placed inside a larger building. This 

building is insulated so that the area holds a temperature above the dew point. In this way, 

equipment such as pipes and pumps can be protected against freezing temperatures as well as 

water droplets. The energy efficiency of this system has been studied in Jarmander & Sjöberg 

(2015), with the result that the heating demand was about equal with this new setup compared 

to a reference plant with equal digester volume.  

This concept also allows cheaper production of the digesters due to mass production of the 

smaller digesters. It can also allow for easier expansion of an already installed system. However, 

it has been shown that the material consumption was higher for this setup compared to a single 

digester with equal digester volume and energy performance (Jarmander & Sjöberg, 2015). The 

idea is that this setup should still be cheaper due to the prospected mass production of the 

system.  

Another important aspect of this concept is that low-temperature waste heat can be more easily 

utilized in practice. By injecting waste heat to the building area surrounding the digesters, the 

building temperature increases. This in turn decreases the heat losses from the digesters. A 

sketch of the concept can be seen in Figure 2.  Another possible benefit of this setup is that the 

building roof and wall area can be equipped with solar collectors, photovoltaic panels or air heat 

pumps, further increasing the energy efficiency. This is, however, not considered in this paper.  
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Figure 2. The building concept. 

1.4.3 THE MIXING DEVICE 

A new technology for the mixing system has been developed and recently patented by Mr. 

Gunnar Bech at International Micro BioGas AB. The principle is shown in Figure 3. A vane is 

attached to a pressurized container. A liquid pumping system is used to transport water 

between the two pressurized containers. By emptying and filling the water in the pressurized 

container, the weight of the mixing device with the vane changes and makes it move vertically in 

the digester (box with bold lines in Figure 3). The vane is prepared with holes, as shown in 

Figure 4. The vertical movement upwards makes the slurry pass through the holes on the vane. 

During the movement downwards, the holes are closed, and the slurry is forced to flow on the 

outside of the mixing device, giving the slurry a circular movement in the digester. The lower 

part of the pipe, which is attached to the mixing device, has a pivotal connection. The device is 

thus flexible to turn around its own axis in the digester (Swedish Patent and Registration office, 

2018). According to IMB AB, this device could also be designed to deliver heat to the slurry by 

constructing the mixing block as a heat exchanger. This, however, is not investigated in this 

report. 

 

Figure 3. A principal sketch of the mixing system. Image source: Swedish Patent and Registration office, 

2018. 
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Figure 4. The mixing device seen from above.  Image source: Swedish Patent and Registration office, 2018. 

1.4.4 THE SMALL-SCALE UPGRADING UNIT 

As of today, the small-scale upgrading technologies are relatively underdeveloped, leading to 

significantly higher specific prices at lower biogas flowrates (Bauer et al, 2013). International 

Micro BioGas AB has an idea on how to make the water scrubber technology cheaper in small 

scale. This innovation allows the upgrading of raw biogas to vehicle gas to be cheaper when the 

unit is mass-produced. It also allows the usage of the water-scrubber technology on very small 

biogas plants. The energy consumption of the upgrading process will not change significantly 

from current water scrubber technologies. The patent on this improvement is not approved nor 

published as of today and is in this project treated like a black box with characteristics of a water 

scrubber plant. 
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1.4.5 THE COVER CONCEPT 

The goal of the Cover concept is to produce cheap digester insulation. It is inspired by the design 

of a tea cozy. A fabric material is used as a cover that encloses the digester. It insulates the 

digester walls and roofs and an illustration of this concept is shown in Figure 5. In this project, 

the cover is assumed to be constructed of mineral wool, as it is a cheap insulation material. 

 

Figure 5. The cover concept. Cross-section of a digester. 
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2. LITERATURE REVIEW 

In this section, the biological and technical aspects of the biogas production are presented.    

 2.1 BIOGAS FUNDAMENTALS  

2.1.1 THE BIOLOGICAL PROCESS 

Biogas is produced by anaerobic digestion when organic matter degrades in absence of oxygen. 

It is a complex microbiological process consisting of several steps. The process occurs naturally 

in places with organic matter but with limited access to oxygen, such as swamps, rice fields and 

in ruminants. The process can be divided into four steps being hydrolysis, acidogenesis, 

acetogenesis and methanogenesis where methane is produced. These processes all have 

different microorganisms involved (Christensson et al., 2009). 

To have an optimal process, the temperature needs to be adequate. The process can occur at 

psychrophilic, mesophilic and thermophilic conditions at temperatures of 3-4 ℃, 37 ℃ and      

55 ℃, respectively. The most technically interesting ones are the mesophilic and thermophilic 

conditions, which have an expected treatment time of around 30 and 12 days respectively 

(Jarvis & Schnürer, 2009). 

The produced gas, often called raw biogas, mainly consists of methane ( 4CH ) and carbon 

dioxide ( 2CO ). Also small amounts of hydrogen sulphide and nitrogen as well as traces of 

oxygen and hydrogen can be found. The energy-carrying compound is methane. Depending on 

the substrate properties and the production process, the methane content varies between 55 

and 80 % (vol). The carbon dioxide content varies between 20 and 45 % (vol). Newly produced 

biogas is commonly saturated with water vapor, which will condensate when the gas is cooled. 

This increases the content of the other gas components (Christensson et al., 2009). 

 

2.1.2 SUBSTRATE PROPERTIES 

Depending on the substrate provided, the gas properties and production process vary. The raw 

material that is used can be all kinds of organic matter such as carbohydrates, fiber, proteins, 

fats etc. The substrate can be categorized by a full chemical analysis, but this is usually not done. 

Since this is rather complex, the categorization of substrate is instead simplified by determining 

certain key numbers. The amount of total solids (TS) is the part of the substrate that is left after 

being dried in 105 ℃ for 24 hours. It is a measure of the total amount of dry substance in a 

substrate. The volatile solids (VS) is an estimation of the organic matter in a substrate, which is 

defined as the substance that is combusted when the total solids are held at 550 ℃ for two 

hours (Christensson et al., 2009). 

An important parameter of the substrate is the ratio between carbon and nitrogen (C/N- 

quotient). This is commonly the limiting factor in anaerobic degradation and therefore also the 

effectiveness of the process. The carbon content acts as an energy source for the microorganism 

whereas the nitrogen affects their growth rate. If the concentration of nitrogen is too low, the 

digestion process will take longer due to the limited growth rate. If the concentration of nitrogen 

instead is high, there is a risk for accumulation of ammonia, which is toxic to the 
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microorganisms. The C/N-quotient is also dependent on the accessibility of the carbon and 

nitrogen as substrates differ in digestibility. For example, carbon can exist as sugar, which is 

easily digestible, but also as lignin which is not anaerobically digestible (Carlsson & Uldal, 2009). 

Any kind of organic waste can be used as substrate including sewage sludge, manure, food waste 

and agricultural waste. As this project is primarily focusing on biogas production on farms, only 

organic waste typically found on farms will be discussed. As Ogestad is a dairy farm the available 

biomass is manure from cows as well as used straw from the calf stables (Jonsson, 2018). 

Manure is an excellent base substrate for a digester as it has a good C/N-quotient and contain 

necessary nutrients. It is therefore an overall well-balanced substrate. Manure from ruminants 

has less methane potential than manure from for example pigs and hens as it is already partially 

degraded in the digestive systems of the animals. The main content is carbohydrates with lesser 

amount of protein and fiber. A common literature value for the TS-content is 9 % of which 80 % 

are VS. The farm also has an excess of straw used in the litter area for the calves which could be 

digested. This, however, requires some mechanical treatment before being mixed with the 

manure due to the high fiber as well as lignin content. It is not suitable to digest alone without 

supplement of manure or complementary nutrients. The TS-content for straw is around 78 %, of 

which 90 % is VS (Carlsson & Uldal, 2009). 

2.1.3 PRETREATMENT AND SANITATION 

The need for pretreatment depends on the types of substrates used. The pretreatment can be 

divided into separation, decomposition and storage. The necessity for separation of unwanted 

particles differ depending on the type of substrate. Manure belongs to the category of substrate 

that can contain impurities such as stones. With a mixing well, the separation and storage can be 

done simultaneously by avoid mixing in the bottom part. Decomposition is needed when using 

large particles in the digester. The larger particles are mixed with the liquid substrate, or fed 

separately. The mixing well may serve as a decomposition unit (Christensson et al., 2009). The 

storage tank for liquid manure is usually made of concrete and covered to prevent leakage. The 

capacity is around 1-2 days of supply (Al Seadi et al., 2008). With the storage tank, irregular 

supply of the different substrates can be evened out and therefore the chemical composition 

maintained (Christensson et al., 2009). If only liquid manure is used as substrate, the need for 

decomposition and storage is limited. 

Sanitation is usually not a requirement for farm-based biogas facilities, unless the substrate is 

delivered from several different farms or the digestate is not redistributed to the farmland 

(Christensson et al., 2009). 

2.2 SYSTEM COMPONENTS 

In this section, different components of the modular biogas system are described in detail. 

2.2.1 BIOGAS DIGESTERS 

The digester is a central component of the biogas system. This is where the anaerobic process 

takes place and biogas is produced. It is usually formed as a cylinder to make the mixing of the 

digestate easier. In principle two design solutions are found commercially. One with a small 

diameter compared to height which is usually equipped with a top-mounted mixer. This type is 
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commonly found in Sweden. The second configuration, which is more common in Germany, has 

a large diameter compared to height and these usually have a side mounted mixing system. Both 

configurations can have an inner and outer roof. The inner roof can be a flexible membrane 

providing this system with a small gas-storage. If the digester only has one roof, an additional 

gas storage is usually placed outside the digester (Christensson et al., 2009).   

2.2.2 MIXING SYSTEMS 

Continuous mixing is the most common type of system (Christensson et al., 2009). The mixing 

system is important to maintain a well-functioning process in the digester. The mixing system 

has several purposes. It serves at evenly distribute the substrate in the digester, keep a constant 

temperature within the digester and ensure a good heat transfer by giving velocity to the 

substrate. The mixing system should also prevent the accumulation of a floating crust on the 

surface and sedimentation in the bottom part. The mixing process is often the largest individual 

electricity consumer within the biogas production process (Olsson, 2014). Mechanical, 

pneumatic and hydraulic mixing are the most common types of technologies. 

The mechanical mixing is dominant in biogas facilities (Al Seadi et al., 2008). The mechanical 

mixers can be slow, medium or fast running. Several types are possible. In vertical digesters, the 

submersible motor propeller mixers are common. As the name indicates, they are submerged in 

the fluid, with gearless electric motors. Another possible type of mechanical mixer is the paddle 

mixer, where the motor is placed externally. Its axis can be vertical, horizontal or diagonal. Axial 

mixers is yet another type of mixer, which is shaft-mounted centrally in the digesters (Al Seadi et 

al., 2008). This construction requires a more complex and robust roof construction (Olsson, 

2014). 

In pneumatic mixing, the produced biogas is fed back into the feedstock to provoke a movement 

of the substrate. Compared to mechanical mixers, the pneumatic mixers are advantageous 

thanks to their equipment being placed outside the digester. However, the pneumatic mixing 

technology cannot be used when the feedstock forms floating layers. Hydraulic mixing use 

pumps to transport the feedstock inside the digester. Like the pneumatic mixing system, the 

hydraulic technology has its equipment outside the digester (Al Seadi et al., 2008).   

The specific energy consumption per cubic meter of digester volume is often used to compare 

the energy performance of different mixers. It varies significantly between different farm based 

biogas plants. A variation between 20 and 500 
3/ /Wh day m  is reported in Nordgren (2014) 

where around 30 Swedish small-scale biogas plants are investigated. An even larger variation 

between 240 and 1,100 
3/ /Wh day m digester volume is reported in Ståhl (2016) where small 

and larger digesters is investigated. 

Non-newtonian fluids and the power law 

Manure is, like slurries in general, a non-newtonian fluid with real plastic properties. It does not 

have a linear relationship between the applied shear stress, , and the rate of shear  (Chhabra, 

2010). This means that the dynamic viscosity changes at different shear stress level. Liquid 

manure is characterized as a shear-thinning fluid meaning that the viscosity decreases with an 

increased rate of shear. A local apparent viscosity app   can be defined as the quotient between 
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shear stress and rate of shear ( /app   ).  The apparent viscosity of a shear-thinning fluid is 

usually modelled with the power law as   

 flown
K     (1) 

which expressed in terms of apparent viscosity is 

 
1flown

app K 


    (2) 

where K  and flown  is the consistency index and flow behavior index for non-newtonian fluids. 

For shear-thinning fluids, the flow behavior index is less than unity and for a newtonian fluid it 

is equal to unity. (Chhabra, 2010). The values for K  and flown  is dependent on, among others, 

the slurry temperature and TS-content, and they vary greatly in the literature. For a slurry with 

TS content of 9.1 % and at 40 C , K  and flown  values of 0.925 and 0.476 were reported in 

Achkari-Begdouri & Goodrich (1991). In Nordgren (2014), a study on Swedish farms is carried 

out reporting flown  values varying between -0.162 and 0.525, with a mean of 0.079. 

Furthermore, values at a TS-content of 10.2 % at 0.568 and 0.221 for K  and flown  is reported in 

Chen (1986).   

The Bulk fluid velocity method 

Several methods for sizing an impeller do exist. In general, however, many methods are not very 

accurate and tend to either oversize or undersize the impeller. This is explained partially by the 

complex nature of mixing and blending as well as the many combinations and applications that 

exists, making a general theory hard to develop (Kars-Jordan & Hiltunen, 2007). In this project, 

the “Bulk-fluid velocity” method is used to model the dynamic characteristics of the mixer. The 

bulk fluid velocity is defined as the average volume flow or movement of fluid divided by the 

cross-sectional area of the tank (Dickey, 2010). In Dickey (2010), a bulk-fluid velocity of 0.03, 

0.15 and 0.30 /m s is suggested in order to reach mild, moderate and intensive mixing, 

respectively.  

2.2.3 REMOVAL OF HYDROGEN SULPHIDE 

During the production of biogas one of the unwanted gases produced is hydrogen sulphide (

2H S  ) at a concentration of around 3,000-5,000 ppm . Hydrogen sulphide is a highly corrosive 

and toxic compound that needs to be removed before the raw biogas can be used in applications 

such as biogas engines or upgrading facilities. For example, in vehicle gas, the amount of 

hydrogen sulphide needs to be less than 5 ppm  (IRENA, 2018). The removal of 2H S can be 

done either in the digester, the gas stream or in conjunction with the upgrading process 

(Persson et al., 2006).  

The most common way of removing 2H S  is by doing it internally in the digester by additives. 

Biological desulphurization is done by adding oxygen (or air if pure oxygen is not available) to 

feed microorganisms that can turn 2H S  into solid elementary sulfur and sulphide by utilizing 
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oxygen. These organisms are usually present in the slurry, so only oxygen or air needs to be 

added to start the process. It is however not suitable to use air if the gas is being upgraded 

afterwards. The reason is that the nitrogen present in the air is not removed in commonly used 

upgrading technologies (Broberg, 2013). The sulfur then follows the digestate out which, as an 

added benefit, enhances the fertilizing capability. The method is rather effective and can reduce 

the 2H S level down to 50-100 ppm . It can also be used as a post-treatment if a separate 

biological filter is placed in the gas stream after the digester (Persson et al., 2006). 

Iron chloride can also be added directly in the digester, which reacts with the sulfur and form 

iron sulphide. This method is one of the cheapest and, depending on the amount of iron chloride 

used, can be used to reduce the 2H S  content down to 100-150 ppm  (Persson et al., 2006). A 

similar approach is to add iron oxide or iron hydroxide, which also form iron sulphide. This has 

the advantage of being less corrosive but at the same time, a larger amount is needed due to it 

being less reactive with the 2H S  (Broberg, 2013).  

Another alternative is to run the raw biogas through a filter of activated carbon. This can almost 

completely remove the 2H S . It has the disadvantage that the activated carbon needs to be 

replaced which is usually relatively expensive. The consumption of activated carbon is 

proportional to the hydrogen sulphide present in the gas. This method is common when the 

biogas is upgraded with the pressure swing adsorption (PSA) method (Broberg, 2013). 

When the hydrogen sulphide is removed in conjunction with the upgrading process, the method 

of water scrubbing is applied. This is described more in- depth in Section 2.2.4.   

A study investigating the cleaning from 2H S in 30 small-scale biogas facilities revealed that it is 

common that two or more methods are used simultaneously. This, in fact, is concluded to be the 

most effective and functioning way (Broberg, 2013). 

2.2.4 BIOGAS UPGRADING  

The raw biogas is upgraded by removing the 2CO  content, thus increasing the calorific value of 

the gas. Upgrading of the biogas is needed in order to use it as vehicle fuel. Different countries 

have different technical standards for the upgraded biogas as vehicle fuel (Persson et al., 2006). 

The Swedish standards state a 97 %  of methane on a volume basis (Swedish Gas Technology 

Centre, 2012).  

The upgrading process can be based on different chemical and physical principles. The most 

common ones are absorption, adsorption and membrane separation. In this case, the focus is on 

the absorption technology water scrubbing, as this is the technology to be used in this particular 

system configuration.    

In the water scrubbing process, 2CO is put into the bottom of an absorption column (scrubber) 

with water flowing as a solvent in the other direction. The 2CO  and 2H S have much higher 

solubility in water than methane, according to Henry’s law, which gives a relation between the 

concentration and the partial pressure of a gas in a gas-liquid solution (Bauer et al, 2013). 

Therefore, most of the methane stays in the biogas stream. The water stream going out of the 
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column contains mainly 2CO  but also small amounts of 4CH  and 2H S  (IRENA, 2018). The 

water is regenerated in two steps; first, the stream goes into a flash tank, where the pressure is 

decreased to around 2.5-3.5 bar , releasing most of the remaining methane but also some 2CO . 

This 2CO - 4CH -stream contains usually 10-20 % methane and 80-90 % 2CO . The stream is 

injected back into the raw biogas stream. With increased methane concentration, the partial 

pressure and thus the solubility of methane in water increases, giving higher concentrations in 

the outgoing water flow (Bauer et al, 2013). The water stream is then interacting with air in a 

desorption column (stripper). The gradually decreased pressure decreases the solubility of the 

remaining 2CO  in the water, releasing it. The water can then be reused in the scrubber (IRENA, 

2018). After the stripper, the upgraded gas must be compressed to around 200 bar  before the 

use as vehicle fuel (Swedish Gas Technology Centre, 2012). The main energy-consuming units in 

a water scrubber process are two compressors working at different pressure levels (one at high 

pressure and the other at low pressure), gas coolers after the two compressors, and centrifugal 

pumps to regenerate and add fresh water. A conceptual sketch of the water-scrubber technology 

is shown in Figure 6. 

 

 

Figure 6. Conceptual sketch of the water scrubber upgrading system. Image source: Bauer et al, 2013. 

Adsorption of 2CO is often accomplished in the so-called Pressure Swing Adsorption. The 

compounds 2CO and 2H S are separated individually (IRENA, 2018). The most recent 

technology is the use of membranes to separate 2CO from the biogas. The gas is forced through a 

membrane, where the smaller 2CO -molecule passes the membrane and the bigger 4CH - 

molecule does not. Before passing the membrane, the gas has to be purified, pressurized to 

between 4 and 16bar  and dried (IRENA, 2018). The membrane process can be performed with 

gas phase on both sides of the membrane (dry membranes), or the 2CO  can be absorbed by a 

liquid after having passed through the membrane pores. Different pressure levels can be used 

for the process, and the pressure difference between the two sides of the membrane is an 

important driving force (Persson et al., 2006).        
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Energy performance water scrubbing technology 

The low-pressure compression power consumption lays in the range 0.10 - 0.15 3/ biogaskWh m , 

while the water pumping power consumption is 0.05 - 0.10 3/ biogaskWh m  (Bauer et al., 2013). The 

energy consumption to compress the gas to vehicle standards in the high-pressure compression 

depend on the pressure level after the low-pressure compression, as the energy consumption 

depends on the pressure ratio rather than the absolute pressures. As mentioned, the pressure 

after the first compression usually varies between 6 and 10 bar . The total energy required to 

compress the gas to 250 bar  is approximately 0.23 3/ biogaskWh m (Bauer et al, 2013). The overall 

electricity demand of a water scrubbing process has been reported to be 0.20 - 0.30 3/ biogaskWh m  

in Beil & Beyrich (2013). The demand generally decreases as the capacity increases (Bauer et al., 

2013).  

Heat recovery 

The scrubbing process is more effective at lower temperatures. Therefore, the gas should be 

cooled after compression (Budzianowski et al., 2016). This is a potential heat source that can be 

recovered and used as heat in the biogas process.  

If a dry cooler is used, a heat exchanger can be connected to the dry cooler. Alternatively, a 

cooling machine can be used. This second alternative leads to an increase in electricity demand, 

but it also increases the possibility of heat recovery to up to 80 % of the electricity input (Bauer 

et al., 2013). 

The gas compressor can be either air-cooled or water-cooled. If a water-cooled configuration is 

chosen, there are three alternatives available. It can be an open system with or without 

circulating water, or it can be a closed system with circulating water. The open system with 

circulating water uses open cooling tower to cool the cooling water. The water is sprinkled into 

circulating air. The water is partly evaporating and cooled down to below ambient temperature. 

This configuration is mainly used when there is a limited supply of external water resource. In 

the closed system with circulating water, the heat from the cooling water is rejected in external 

heat exchanger. This heat exchanger can in turn be either air- or water-cooled. If the cooling is 

done using water, a flat plate heat exchanger is the preferred option. If the cooling is instead 

done using air, a cooling matrix is used (Atlas Copco, n.d.). 

Post-treatment and distribution  

Apart from the high-pressure compression, the gas needs to be dried, odorized and stored 

before distribution. The odorization is done to detect leakages. 5- 30 
3/ biogasmg Nm  of 

tetrahydrothiophene (THT) is needed to obtain Swedish vehicle fuel standards. The odorization 

is usually done on the low-pressure side, which is the cheapest method. Drying is needed to 

remove water that risks corroding the equipment when it reacts with 2H S   and 2CO  (Blom, 

2016).  

There are three main solutions for fueling of gas: fast-fill, time-fill and combination-fill. The 

choice of method affects the storage design. Time-fill stations do not need storage tanks, as the 

gas is usually filled directly from the compressor. The cost is lower than for fast-fill 



16 

 

configurations, because the latter needs larger compressors and storage tanks. (Gonzales & 

Smith, 2014). The time-fill fueling is used when there is a well-planned usage of the gas. The 

time-fill is much slower than fast-fill. The compressors used for time-filling fueling can be 

supplemented with a high-pressure gas storage to allow for fast-filling. This setup is used in 

combination-fill stations.  

An alternative to the on-farm usage is to transport the gas from the farm with trucks. The gas is 

compressed in storage tanks and loaded in a container. A truck delivers the gas to the customer 

regularly. It is common in areas with no gas pipeline (Blom, 2016). The upgrading facilities in 

Hagelsrum and Katrineholm use this solution. 

2.2.5 BIOGAS ENGINE 

The biogas can be converted into electricity and heat with the use of a biogas engine. Many 

technologies exist. Most common is the Internal Combustion Engine (ICE), Gas Turbine (GT) and 

the Stirling Engine (SE). As the most well-known and widespread technology is the ICE, the GT 

and SE are not considered. This also goes well with the goal of having a simple system that is 

easily maintained.  

The ICE is used in a large variety of applications such as automobiles, buses, lawn care and 

power generation. In general, two basic types of ICE exist: the spark-ignited (SI) Otto cycle and 

the compression-ignited (CI) diesel cycle. The SI-setup and is ignited with a spark and it can use 

fuel including natural gas, petrol and biogas. The CI operates with diesel fuel that ignites by 

being compressed to self-ignition temperature. Biogas can be used in a CI engine but only in a 

dual-fuel setup in conjunction with diesel as a pilot fuel. This fuel ignites from compression 

which then ignites the biogas. The most commonly used ICE does not run on biogas but rather 

on gasoline or diesel. However, the modifications required to run an engine on biogas can be 

made relatively easily (U.S. EPA, 2007). One of the disadvantages with the ICE technology is the 

significant drop in efficiency when operating at part load. The efficiency of the internal 

combustion engine is found to vary between 31 and 40 % when the load varied between 20 and 

100 % of the rated power (Ekwonu et al., 2013). When the load decreases, more energy is 

converted to heat via the cooling water of the engine, which can be seen in Figure 7 (Mikalsen, 

2011).  

The heat recovery of an ICE varies in complexity depending on the requested efficiency. At least 

three different ways of extracting heat exist for a typical product. Usually around 60 - 70 %  of 

the fuel energy are in the form of heat in the cooling systems and the exhaust gases. The highest 

temperature heat source can be found in the exhaust gases. The exhaust gases leave the 

combustion engine at around 300-650 C  and depending on the system, around 300 to 600 W  

of heat can be extracted for 1,000 W  of shaft power. The heat from the engine jacket coolant is 

the largest single heat recovery source in terms of energy. Water is commonly used as coolant. It 

runs through the engine and exits at around 90 C . This loop can be coupled with the cooling of 

engine oil to further increase heat recovery. For 1,000 W  of shaft power it is common to achieve 

around 700 W  of heat from the oil cooling and engine jacket cooling together. However, 

depending on the design it is possible to reach up to 1,200W . The exhaust gas heat recovery can 

be coupled with the engine cooling system for an integrated system (US. EPA, 2017). The typical 

energy flows when operating between 0 and 100 % can be seen in Figure 7 and it can also be 
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seen that over the entire operating range of the ICE, around 5 to 10 % of the energy are losses 

that cannot be recovered (Mikalsen, 2011).  

 

 

Figure 7. Energy flows and efficiencies of a typical ICE. Source: Mikalsen (2011) 

2.2.6 BOILERS 

Biogas can be converted to heat with a use of a gas boiler. Usually the only pretreatment of the 

raw biogas is the removal of water vapor (Jarvis, 2012). Gas is burned and the heat is transferred 

to circulating water, which delivers the heat. The efficiency of a boiler is typically around 85 %  

but can increase if a condensing type boiler is used. The boiler efficiency is dependent on the 

return water temperature. If the return water temperature is higher, the flue gas temperature is 

higher which results in a lower boiler efficiency (Lecamwasam, n.d.).  

The heat is used for different purposes such as heating of nearby buildings or exchanged to a 

district heating network. A gas boiler works similarly to a boiler for liquid and solid fuels but 

adapted to be able to combust gas (Swedish Gas Technology Centre, 2012).  

2.2.7 HEATING SYSTEMS 

The heat demand of the digester can in general be divided into the heat required for continuous 

operation and heat required for preheat of substrate. The heat for continuous operation is 

related to the transmission losses. The preheat of substrate is due to the requirement that the 

substrate should be 37 C  when it enters the digester. Several ways of supplying the heat exist. 

In general, they can be divided into internal and external methods (Starberg et al., 2005).  

Internal heating systems works by heating of the substrate through heating coils at the inner 

walls of the digester. Heating coils in the floor of the digester has also been very popular but due 

to sedimentation, this is no longer advisable. These systems are also difficult to properly 

dimension since the flow of substrate inside the digester vary significantly due to pumping and 

mixing. This causes unpredictable and variable heat transfer coefficients. Another way of 

internal heating is direct injection of steam (Alternative Energy Promotion Centre, 2014).  
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External methods works by using an external heat exchanger that is located outside of the 

digester. It is usually done by circulating the substrate from the digester through the heat 

exchanger and then pumping it back into the digester. The most common types of heat 

exchanger are counter-flow tube-in-tube and spiral heat exchangers (HEX). In general, a tube-in-

tube is the better choice for slurry heat exchanger. This type of heat exchanger is more energy 

efficient and it has less problems with the slurry being stuck to the spiral HEX, meaning a 

decreased need for cleaning of the heat transfer areas. The spiral heat exchanger is, however, 

more compact than a tube-in-tube and should be used if space is limited. When the tube-in-tube 

HEX is used slurry flows in the inner tube and hot water in the annular space between the tubes. 

The hot water is usually heated with a separate boiler. The heat exchanger is placed outside the 

digester with hot water on one side and the slurry on the other. When the substrate is heated, 

the temperature should not exceed 60-70 C   as the proteins in the substrate can coagulate and 

stick to the heat transfer area. This in turn reduces the efficiency if a heat exchanger is used. A 

fibrous substrate can cause the flow to slow down and reduce the efficiency. As such, a 

recommendation is to oversize the heat exchanger to compensate for this (Starberg et al., 2005).  

To ensure a sufficient heat transfer rate it is important to keep the flow turbulent by maintaining 

a decent flow velocity in the heat exchanger. A rule of thumb to assure turbulent flow is to keep 

the velocity between 2.2 and 2.5 /m s  . This results in pipe diameters of around 80-150 mm  

(Starberg et al., 2005).  

Heat recovery 

Heat recovery between ingoing substrate and outgoing digestate is a common way of increasing 

energy efficiency. Generally, this is done in three different ways and here the tube-in-tube 

counter flow HEX are most commonly used. Either with two separate heat exchangers with a 

water loop carrying the heat between the two. This is the most common way and it has the 

advantage of having a low pressure drop. It is the better choice when the TS-content is higher 

than 5 % The second way is to have the substrate and digestate in the same heat exchanger 

without the water bridge. This method risks large pressure drops over the HEX and it is not 

advised if the TS-content is higher than 5 % . With these two methods, it is common to reach up 

to a 50 % heat recovery rate. A final way of utilizing the waste heat is by using a heat pump. The 

outgoing digestate is cooled by the cold side to around 12-14 C . With this method, almost all 

heat can be recovered and the biological process stops, leading to decreased methane leakage. 

The disadvantage is increased electricity demand (Starberg et al., 2005).  

If there is a cooling requirement connected to the farm, a solution is to use an absorption cooler 

to lower the temperature of the heat from a power-producing unit, for instance a CHP. In a 

prefeasibility study of an agricultural biogas plant in Sweden, the proposed solution is to preheat 

the substrate with both outgoing digestate and waste heat from an absorption cooler (Johnsson 

et al., 2012). To maintain the temperature of the incoming substrate at all time, a heat pump also 

provides heat to the digestate during parts of the year. 
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2.3 LEGAL ISSUES 

This section covers certain legal aspects. 

2.3.1 SWEDISH BIOGAS REGULATIONS 

There are many laws relevant for biogas production and construction. A biogas facility has to 

seek license according to the law (LBE) (2010:1011) and enactment (FBE) (2010:1075) of 

flammable and explosive goods (MSB, 2013).  

The regulation SÄIFS 2000:4 mediated by the Swedish Civil Contingencies Agency (MSB) 

contains specific requirements for the handling of flammable gas in cisterns, gas holders 

(gasometers), caverns and pipelines. It gives guidelines on the distances between gas containing 

objects such as digesters, gasholders and pipes, and other objects. The reason is to prevent 

spreading of gas and fire, breakage of pipes due to digging, and allow for evacuation in case of 

emergency (MSB, 2000). The risk assessment on site can reveal larger or smaller required 

distances, but the default values give a good safety margin in most cases (Karlsson & Graveus, 

2012).  

New regulations regarding the handling of flammable gas have been suggested and sent to 

referral. They will replace the old regulations in SÄIFS 2000:4. The new regulations are planned 

to take effect on July 1, 2019 (MSB, 2019). In the referral, minimum distances specific for 

gasholders and digesters have been stated. The distance between digesters/gas holders depends 

on the material and whether it has a gas holder or not. The distances range between 2 and 14 m . 

The distance between the digester/gas holder and another building depends on the building 

type. With a combustible facade, the distance is higher than if the facade is non-combustible or 

fire protected according to EI 60 (MSB, n.d.). However, if the biogas facility is put inside a 

building, the distances cannot be applied directly because of other influencing factors such as 

explosion risks, evacuation possibilities, other activities in the building etc. (Bock, 2019).      

A risk assessment must be made prior to the construction. The risk assessment should include 

the risk of fire, explosion, flue gas explosion, carbon monoxide (CO) intoxication, abnormal 

pressures, temperatures, and risks from surrounding activities (Nordberg, 2006).  

The ventilation requirement is mainly to prevent explosive gas mixture under normal operation 

conditions. It is determined by the regulations of explosive environment when handling 

flammable gases and liquids (SRVFS 2004:7). The risk of breakdown is usually handled by other 

safety measures, such as operation & maintenance instructions and contingency plans. From a 

cost perspective, the aim should be to prevent the whole building from being explosion 

classified, because of the much higher costs of explosion classified equipment. Using no 

ventilation would probably lead to the whole building being considered an explosive 

environment. Usually, the safety aspects have to be balanced against other needs, such as costs 

for mechanical ventilation and heating (Bock, 2019).    

Explosive environments are divided into three zones. Zone 0 is where an explosive atmosphere 

is present constantly, during long periods or often. Zone 1 is where an explosive atmosphere is 

present sometimes. Zone 2 is where an explosive atmosphere is not expected to occur, but if it 

occurs, the duration is short. The classification of an explosive environment is done according to 

the standard EN 60079-10 (MSB, 2004)    
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The valves should be adapted to the gas conditions in terms of humidity, amount of 2H S and 

temperature. If placed outside, the ambient temperature also has to be taken into consideration. 

Shunt valves protection against sub and excess pressure. Usually, this protection consists of a 

safety vessel with a water trap (siphon). Because of the water content in the biogas, there is a 

risk of condensation in the pipes. Therefore, condensing traps must be installed to prevent 

freezing and corrosion (MSB, 2013). 

In every biogas system, some method of burning excess methane is required. This is a legal 

requirement and it is usually done with a torch. The reason for this is to ensure that when biogas 

for some reason cannot be combusted by the primary device such as a CHP-unit it can still be 

combusted. The release of methane which is a very potent greenhouse to atmosphere is in this 

way avoided. Examples have been found that a boiler with active cooling has been used instead 

of a torch to serve the same purpose as well as generating heat (Bergström-Nilsson et al., 2015). 

2.3.2 SWEDISH SUBSIDIES FOR BIOGAS PRODUCTION 

Over the past years, a variety of subsidies and measures has been implemented from authorities 

such as Swedish Energy Agency and Environmental Protection Agency via different support 

schemes. The aim of the subsidies is to reach the climate and energy political goals. These 

support schemes have been the determining factor whether a biogas investment is profitable or 

not in many cases. A biogas investment is generally large. The schemes include investment 

subsidies, electricity certificates and energy taxes (Jarvis, 2012).  

Currently, biogas is mostly used for heating or vehicle fuel. Fossil fuels such as heating oil, diesel 

and petrol is afflicted with energy taxes and carbon dioxide taxes. Biogas is exempt from these 

taxes with the aim that consumption of biogas should become cheaper. This is commonly the 

case when compared to diesel. A sustainability permission from the Swedish Energy Agency is 

required to be able to get the tax relief when biogas is sold as vehicle fuel (Jarvis, 2012).  

In May 2012 a support scheme for electricity production from renewable sources was 

implemented. This also included biogas. The support scheme is based on an electricity certificate 

system meaning that for each kilowatt-hour of electricity produced the producer receives a 

certificate. This certificate can then be sold and the average price between 2010 and 2012 was 

0.23 /SEK kWh . The price of the certificates is paid by the consumers. In 2012, the certificate 

system was extended to 2020 and combined with the electricity market in Norway (Jarvis, 

2012).   

The Swedish Board of Agriculture (Jordbruksverket) offers a financial investment support to 

agricultural companies on the countryside that wants to build a manure-based biogas 

production facility. Up to 40 % of the investment cost is covered for investments larger than 

100,000 SEK  (Swedish Board of Agriculture, 2018).  

The Swedish Board of Agriculture also offers a production support for biogas produced from 

manure. It is a project running from 2014 to 2023 (Swedish Board of Agriculture, 2019a). The 

maximum amount of money is 0.40 /SEK kWh , but it is lowered in case of overcompensation. 

Overcompensation occurs when the sum of the production cost and the support is superior to 

the cost of fossil-based counterpart (Swedish Board of Agriculture, 2019b). 
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2.4 PREVIOUS WORK AT KTH  

The collaboration between IMB AB and KTH has, as mentioned in the introduction, been going 

on since 2014. Mainly thesis works but also internal projects as part of courses has covered 

different aspects of small-scale biogas production. This section briefly describes the previous 

work on the collaboration. 

The energy consumption during pretreatment of substrate is treated in Djurberg & Markskog 

(2018), where the optimal particle size of biomass entering a digester is investigated when knife 

and hammer milling techniques are used. 

Upgrading of biogas is studied in several reports. The optimal upgrading of raw biogas is studied 

in Enefalk & Ersöz (2015). The raw biogas is upgraded to a certain methane content and then 

combusted in an ICE. Depending on the level of upgrading, different total energy outputs are 

achieved. Two types of small-scale upgrading technologies are compared in Andersson & Sag 

(2016); a conventional water-scrubber technology compared to a new concept named Biosling. 

Small scale biogas upgrading is also studied in Blampain et al., (2016) from economic and energy 

perspectives. 

The building concept is investigated based on several parameters in Jarmander & Sjöberg 

(2015). The energy performance is determined based on, among other parameters, the 

minimum building temperature as well as the option to install solar collectors. The study 

concluded that the building is more energy efficient compared to a reference case without a 

building, if solar collectors were installed. 
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3. METHODOLOGY 

An overview of the working process is shown in Figure 8. Firstly, a literature review is 

performed. Cases are then formulated, giving the base for the succeeding modelling and analysis. 

The cases are evaluated from energy, economy and environmental standpoints, where also the 

innovations from IMB AB are considered. The system is also evaluated in terms of scalability. 

After that, a sensitivity analysis is performed on parameters considered uncertain and finally, 

conclusions are drawn. In the following sections, the steps in the process are described more in 

detail. 

 

Figure 8. The structure of the working process. The blocks symbol parts of the working process.  

 

3.1 LITERATURE REVIEW AND STUDY VISITS 

A literature review on previous work is conducted. Specifically, the previous studies performed 

at KTH as a part of the long-term project together with IMB AB are included. The literature 

review covers in-depth information regarding the system components. Problems currently 

encountered in small-scale biogas plants are also included as this project aims to suggest a 
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system that solve some of these. This literature review also includes data mining for the 

modelling of the biogas system. To gain further insight in the technology that is currently in use, 

study visits are used as a complement to the literature review.   

 Wapnö gård. The solution on the farm provides electricity, heating and cooling. It covers 

around 90 % of the demand (excluding the vehicles). 

 Hagelsrum in Målilla. This farm uses an upgrading device to produce vehicle gas.  

 Lövsta, Uppsala. Biogas production from manure adjacent to Lövsta agricultural research 
center. 

 Fröberga gård close to Norrköping. The solution on the farm is a small-scale system that 
provides electricity and heat to nearby buildings. 

 Gasum, Katrineholm. Large-scale vehicle gas production, where trucks deliver substrate 
from different sources including manure. The upgrading-unit uses water-scrubber 
technology. 

3.2 CASE FORMULATION AND ENERGY SYSTEM MODELLING  

The raw biogas can either be used in a CHP-unit for electricity production or upgraded to vehicle 

gas standards. As such, two cases are evaluated: 

 Case 1 - electricity production is in focus. The goal is to maximize electricity production.  

 Case 2 - vehicle gas production is in focus. The goal is to maximize vehicle gas 

production.  

The base for the energy system modelling is an energy audit of the system. In June 2014, the 

International Organization of Standardizations (ISO) released a standard procedure for energy 

audits. The aim of an energy audit is to map and identify the energy performance of equipment, 

organizations, processes or systems (ISO, 2014). This approach has also been used in biogas 

plants since the system is rather complex. Examples include Sjöberg (2017) where a heating 

system in an existing plant is investigated in order to find energy efficiency improvements. In 

Lindkvist et al. (2017), the energy audit concept is applied on two biogas plants in order to 

evaluate the energy performance. According to ISO, the procedure of an energy audit essentially 

consists of the following three steps:  

1. Collection of energy data (to create an energy balance). 

2. Energy data analysis. 

3. Identification of measures for improvement in energy efficiency. 

IMB AB is currently not developing any system. Therefore, there is no experimental data for the 

system available yet. To come around this problem, the system is modelled. A qualitative model 

is the starting point for the energy modelling. In the qualitative model, the components, energy 

flows and material flows are identified to prepare for step 1 in the energy audit standard 

procedure. Step 1 is further described in Section 3.2.1. Based on the qualitative model, a 

quantitative model is developed by quantifying energy flows with calculations. Step two of the 

energy audit is then performed, by comparing energy flows in order to estimate the system 

performance. Step 2 is described more in detail in Section 3.2.2. Step 3 is treated in Section 5 

where results regarding the energy audit are presented.  
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All calculations are carried out in the software MATLAB and the codes are found in Appendix A. 

Below is a brief description of the modelling of the different subsystems. The calculations and 

equations used in the energy audit are presented in Section 4.  

3.2.1 COLLECTION OF ENERGY DATA 

The collection of energy data is step 1 of the energy audit. It is based on a qualitative model. It 

includes the assumptions made and the mathematical models chosen for the different 

components. 

Biogas production 

The raw biogas production is estimated using a method based on the methane potential per ton 

of volatile solids found in Wu et al. (2016). Carlsson & Uldal (2009) report a methane potential,

MP  for cattle manure to be 213 3 /Nm tonVS  and the corresponding value in Jarvis & Schnürer 

(2009) is 100-300 3 /Nm tonVS . Due to lack of local data, a value of 200 3 /Nm tonVS is used. 

The density for manure is assumed to be 1,000 
3/kg m (Åkesson et al., 2009). To determine the 

biogas flowrate the methane content is important. The methane content in the raw biogas is 

assumed to be 65 %  (IRENA, 2018).  

Preheating of substrate 

The energy requirement for preheating of the substrate is calculated based on the assumption 

that the temperature of ingoing substrate is constant throughout the year. The temperature of 

the substrate is assumed to be 4 C  higher than the average annual air temperature, based on 

Ståhl (2016). The farms Hagelsrum and Wapnö experience that the temperature of the substrate 

does not change significantly over the year, further supporting this assumption.   

Heat recovery is applied, and it is assumed that 50 %  of the heat in the digestate can be 

recovered (Starberg et al., 2015). The biogas plant in Lövsta experience a temperature increase 

of around 10 C  of the ingoing substrate, which translates to an efficiency of around 50 %  

supporting this assumption. 

Transmission losses 

The transmission losses are modelled with a heat balance over the digester and building. 

Jarmander & Sjöberg (2015) use this approach earlier, where the same concept with digesters 

inside a building is investigated. 

Digester heat balance 

Two types of digester insulation are evaluated. Polyurethane foam and rock wool in accordance 

to the cover concept described in Section 1.4.5. The size of the digester is determined based on 

the flowrate of manure and residence time. The heat balance is dependent on outdoor 

temperature. The Swedish Meteorological and Hydrological Institute (SMHI) offers quality 

controlled temperature files from different locations in Sweden (SMHI, 2008). The closest 

measurement point to the Ogestad farm is the Ogestad measurement station. As the station is no 
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longer operating since 2009 temperature data from 2008 is used in order to get one year of 

measurement data.     

Building heat balance 

The heat sources for the building are the transmission losses from the digesters and the waste 

heat from the upgrading unit. The heat losses are partly transmission losses through the walls of 

the building. For a building, it is also common to include heat losses due to infiltration and 

ventilation. The ventilation requirement of the building follows recommendations from 

Boverket, which is also the approach in Jarmander & Sjöberg (2015). All buildings have some 

leakage or infiltration of air and can be a significant cause of heat loss depending on the building. 

It is calculated using the “air-exchange” method found in Havtun et al. (2017). Like the digester 

heat balance, the building heat balance is dependent on outdoor temperature. This data is 

gathered from SMHI (SMHI, 2008). 

Mixer 

The bulk-fluid velocity method described by Dickey (2010) is used to determine the mixing 

velocity needed. The bulk fluid velocity is a mean velocity for particles, which can be used to 

compare different mixing intensities. The calculation of the energy consumption is based on a 

model by Mikhelf & Mahmood (2015), which predicts the dynamic behavior of a sphere in non-

newtonian fluids. The mixing device is approximated as a sphere, as the dynamic characteristics 

of a sphere is assumed similar to those of a disc (Venu Madhav & Chhabra, 1995). The mixing 

device has a shape that resembles a disc.  

To model the behavior of the mixer a force balance based on Newton’s second law of motion is 

exerted around it. This is a common way of determining the time dependent dynamics of a 

moving object (Apazidis, 2013). This is done in order to determine the velocity of the mixer. 

Boiler 

The heat output of a given boiler is estimated using the boiler efficiency and the Lower Heating 

Value (LHV) of the fuel used. This can be found on the data sheet and is usually around 85 %  

(Lecamwasam, n.d.).  

Biogas engine (CHP) 

To estimate the electricity and heat flows related to the biogas engine, values from the literature 

and commercially existing engine types are considered. Total system efficiency and electrical 

efficiency are two parameters that determines the energy performance of a biogas engine 

(Mikalsen, 2011). These are found in respective data sheets. Also, the in- and outlet 

temperatures of the cooling water are considered for development of the heating system.   

Upgrading and post treatment 

The upgrading process considered is the water-scrubber method. The starting point is raw 

biogas that ends up in a high-pressure storage of compressed gas. It consists, in terms of energy, 

of gas compression, gas cooling and water pumping. The heat and electricity consumptions and 

yields that are associated with these processes are calculated based on isentropic compression 

of an ideal gas and cooling of an ideal gas. The gas is compressed two times, one in the low-
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pressure compressor and one in the high-pressure compressor. The gas is cooled after each 

compression stage. This approach is used in Enefalk & Ersöz (2016). Several of the equations can 

be found in Bauer et al. (2013).   

3.2.2 ENERGY DATA ANALYSIS 

The energy data analysis is carried out by performing energy balances over the entire system 

where the separate energy flows are included. Daily simulations are performed for one case 

where vehicle gas is produced and for one case where only electricity is produced. Each day the 

supply must meet the demand. The internal energy demand of the system is: 

 Transmission losses from the digester. 

 Preheat demand of substrate. 

 Electricity demand of the mixer. 

 Electricity demand of the SSU-unit. 

These demands are assumed to be fulfilled with the internal supply. The energy supply is: 

 Heat recovery from outgoing digestate. 

 Heat output from the boiler. 

 Heat output from the CHP. 

 Electricity output from the CHP. 

To solve for each time step, a mass balance of the biogas is set up. The produced biogas enters 

either the boiler, CHP or the SSU-unit. The respective biogas flow rate is associated with an 

electricity or heat production or consumption depending on the component:  

 When biogas is fed to the boiler, heat is produced. 

 When biogas is fed to the CHP, electricity and heat is produced. 

 When biogas is fed to the SSU-unit, electricity is consumed and heat is produced. 

The heat output from the SSU-unit is ventilated to the ambient or utilized by injecting it into the 

building area. A system simulation for each day of the year is performed in order to take varying 

outdoor temperature into account. The method of quantification of each energy flow is 

presented in Section 4.  

3.2.3 IDENTIFICATION OF ENERGY EFFICIENCY MEASURES 

The energy efficiency potential of the innovative concepts are determined. This include the 

building, the cover and the mixer.  
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3.3 SYSTEM DESIGN 

This section describes how the system configuration is developed.  

3.3.1 CASE ANALYSIS 

As mentioned in the introduction, raw biogas can either be burned in a CHP-unit for electricity 

and heat production, or be upgraded by reducing the 2CO -content in order to produce vehicle 

fuel. In each case, both the cover and building concepts are evaluated. This means that four 

configurations are investigated, and each is evaluated from economic and environmental 

standpoints. Figure 9 illustrates the case analysis principle.  

 

Figure 9. Case analysis principle. 

3.3.2 HEATING SYSTEMS 

A connection and distribution system for electricity and heat is required to allow different 

components to benefit and interact. The local electricity distribution system is not studied in 

detail, as this should not be more difficult than connecting electric cables between the 

components. The heating system, however, is more complex and requires more attention for a 

proper design. When multiple energy sources supply heat, it is beneficial to install a water 

storage tank as it balances out fluctuations and variations in time. Design temperatures are 

assumed based on the characteristics of the equipment and process. In heating systems, it is 

common to have a supply and return temperature (Plotsić, 2013).  

3.4 ECONOMIC ANALYSIS 

An economic analysis is made to determine whether the system is viable or not.   

3.4.1 ECONOMIC MODELS 

The economic performance is evaluated based on the Net Present Value ( NPV  ), Internal Rate 

of Return ( IRR ) and the Levelized Cost of Electricity ( LCOE ). The NPV is common when 

assessing the economic viability of a project. The IRR is also common when assessing the 

economic viability of a project and is closely related to NPV . It is often used when comparing 

different investment options. It is a reasonable way of comparing investments with different 

economic lifetimes. In electricity production projects, LCOE  is a common way of assessing the 

economic performance of an electricity source. The LCOE measure is applicable in Case 1. The 

method for calculating NPV and IRR  can be found in Engwall et al. (2016).  
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The NPV  of an investment is the summation of the current and future cash flows and accounts 

for the future with the use of the discount rate. This is performed for each year of the economic 

lifetime. A positive NPV means that the investment is profitable and a negative NPV  means 

that it is not. The net present value for a project is calculated as 
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where n  is the economic lifetime of the project, r  is the discount rate and tR  is the net cash 

flow during the period t  . The Internal Rate of Return of a project is calculated by assuming that 

the NPV in Equation 3 is zero and then substituting for IRR in   
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The internal rate of return of a project is commonly compared to the weighted average cost of 

capital (WACC ) of a company. If the IRR for a project is lower than the WACC of the company, 

the company should decline the project as it will cost more money than it will generate. A review 

based on 276 European companies. It showed that the average cost of capital has been stable 

over the past four years, staying at around 7 % (Castedello & Schöniger, 2018). The Swedish 

Energy Markets Inspectorate investigated the cost of capital over the period 2016-2019 and 

concluded similar results of 6.65 %  cost within the energy system field 

(Energimarknadsinspektionen, 2019). 

The LCOE  is calculated as 
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where tC  and tE  are the total costs and electricity production in year t  .  

3.4.2 ESTIMATION OF COSTS 

The total costs for a system are done by estimating the cost for one system and then applying the 

concept of the experience curve in order to account for the case where the system is mass-

produced. 

The costs can be divided into manufacturing costs and marketing costs. In this project the 

marketing costs are considered of less relevance and therefore neglected. The manufacturing 

cost for producing one unit consists of direct material costs, direct labor costs, manufacturing 

overhead costs and material overhead costs (Engwall et al., 2016). The direct costs can be 

associated with specific components. Direct labor costs are the work force expenses for the 

manufacturing and assembling of the product. (Hietikko, 2012). The cost for direct material is 

determined by first estimating the amount of raw materials and other components that are 

needed. The costs for respective materials are gathered from different sources, including a large 
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wholesale in Sweden. This cost is assumed to be the material cost to produce one system, thus 

the first unit of production.   

The indirect material costs, direct and indirect labor costs are estimated by analyzing industries 

that have efficient mass production. The direct material costs are then assumed to have the same 

share of total manufacturing costs. For this purpose, the automotive industry is considered.  

When the system is manufactured multiple times, it is subject to the so-called experience and 

learning curves. The learning curve is connected to the amount of labor hours that is needed to 

accomplish a task or an objective. The experience curve is a broader concept and treats the effect 

of decreasing cost with increasing volume: an increasing experience in the company leads to a 

lower average production cost due to multiple factors such as decreased labor hours due to 

gained experience and automation, decreased material costs and changes to behavior that 

increase efficiency. The experience curve is related to the learning curve, but while the learning 

curve only considers the efficiency gains in time of production, the experience curve comprises 

all direct costs. It is common for the two concepts to be used interchangeably though they are 

different. The general formula for the experience curve is an inverse power curve (Policonomics, 

n.d.):  

 1

X

NC C N     (6) 

where 

1C : The cost of the first produced unit 

NC : The cost of the N :th produced unit 

N : The cumulative volume of production 

X : A coefficient defined as  
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where B  is the price reduction achieved when the production volume is doubled. To estimate 

the cost of producing the N  :th unit, ( NC  ), the cumulative volume of production ( N ), the cost 

of the first unit ( 1C  ) and the experience rate ( X ) have to be determined. 

3.4.3 BUSINESS MODEL 

A business model is developed to estimate the economic feasibility for IMB AB. The business 

model serves as a basis to calculate the required investment from IMB AB in order to reach a 

profitable system. This investment is a key value in the economic analysis when the different 

cases and concepts are compared.  

3.5 ENVIRONMENTAL ANALYSIS 

The biogas system is associated with both environmental benefits and environmental impacts. 

In order for the system to be a sustainable solution, the environmental benefits must be superior 
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to the environmental impacts. The environmental performance of the system is determined by 

comparing the benefits and the impacts.   

The environmental impacts are evaluated using the CES Selector add-on tool Eco Audit. It gives 

an estimate of the 2CO  emissions of materials and processes for the different life stages. 

Literature values have been used where environmental data in Eco Audit is missing.  

3.6 SCALABILITY ANALYSIS 

To evaluate the possibility to install the system at multiple locations, a smaller system is 

modelled. The system is placed on an imaginary farm, also located in Ogestad, with 50 cows. This 

is the smallest possible farm that is supposed to use this system. For this system, an economic 

analysis is done in the same way as the base system.   

3.7 SENSITIVITY ANALYSIS 

A sensitivity analysis is made for selected parameters that are prospected to be uncertain. When 

applicable, it is made for both Case 1 and Case 2. 

Economic parameters are a common source of uncertainty. The selling and market prices of the 

produced energy carrier (vehicle gas and electricity) can affect the economic viability of the 

project. They have changed significantly in the past and are likely to change in the future. It is 

therefore important to investigate how the profitability is dependent on these parameters.  

As the mixer and small-scale upgrading unit from IMB AB does not exist today, the modelling of 

these components are associated with great uncertainties.  The electricity consumption of the 

mixer is included in the sensitivity analysis. The energy consumption of the SSU-unit is known to 

a relatively certain degree as the technology used is well-known. However, the investment cost 

is not known and therefore included in the sensitivity analysis.  

As the method of manufacturing of the proposed biogas systems is not known, the experience 

rate is associated with uncertainty. Experience rates vary significantly between different fields 

and branches.  A sensitivity analysis on the experience rate for both the cases with electricity 

and vehicle gas production is therefore made. 

Another parameter included in the sensitivity analysis is the biogas yield. It has been found in 

the literature review that the biogas yield per ton of substrate varies greatly between different 

farms and substrates. The biogas production is calculated based on the TS-content, VS-content, 

density and the theoretical potential of methane according to Equation 9 in Section 4.2. All these 

parameters are subject to change within a relatively large span. Since they are multiplied with 

each other, a slight decrease in each could result in a large total decrease in biogas production. 

The biogas yield is therefore expected to deviate from the calculated value and differ greatly 

between farms. 

The profitability of the system from the perspective of IMB AB greatly depend on the market 

price of such a system. The system selling price that IMB AB can expect depend on the internal 

rate of return for the investment from the prosumer’s perspective. The internal rate of return is 

included in the sensitivity analysis. 
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4. ENERGY MODELLING 

4.1 QUALITATIVE MODEL 

After the literature review and the study visits, modelling of the system is performed. Modelling 

of the energy flows is done in the software MATLAB. As mentioned in Section 1.3, two cases are 

evaluated. In Case 1 electricity production is maximized and in Case 2 vehicle gas production is 

maximized.  

Figure 10 shows the qualitative model of Case 1, as well as the flow of biogas/substrate (green), 

heat (red) and electricity (yellow). The flow to be maximized is the power to the grid.  

 

 

Figure 10. Qualitative model of Case 1.  

Figure 11 shows the qualitative model of Case 2. In this case, both the upgrading and CHP-unit 

are included. The reason for this is that this system consumes electricity, and as it is a stand-

alone system, this electricity needs to be produced internally. The biogas/substrate (green), heat 

(red), electricity (yellow), and upgraded biogas (purple) flows are shown. The flow to be 

maximized is the upgraded biogas to be used as vehicle fuel. 
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Figure 11. Qualitative model of Case 2.  

4.2 DIGESTER AND BUILDING SIZING 

The manure resource is calculated by using a literature value for daily manure production. One 

dairy cow is assumed to produce 53 / /kg cow day  of manure (DairyCo, 2010). The properties of 

the manure have not been lab tested meaning that general properties such as VS and TS-content 

need to be taken from literature. The TS-content is assumed 9 % and the amount of VS is 80 %  

of the TS, as also mentioned in the literature review. The flowrate of manure per second to the 

digester is calculated as  

 
3

53

(24 3600)

kg

day cowcow
substrate kgs

substrate day m

n
V




   

       
  (8) 

and the biogas flow rate biogasV  as  

 / /1,000biogas substrate substrate methaneV V TS VS MP C       (9) 

where 

cown  : Number of cows present.   

substrate  : Density of substrate, assumed 1,000 
3/kg m .  

MP  : Potential of methane per ton of substrate 3 /methane substratem ton    .  

methaneC : Concentration of methane in the biogas. 
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The residence time for the substrate is assumed 45 days, due to a mesophilic process being used. 

This means that 1/ 45  of the total volume should be replaced each day. The total volume of the 

digester therefore needs to be around 45 times the total daily inflow of manure and is calculated 

as 

 45 24 3,600digester manureV V    .  (10) 

The volume of one standard digester is calculated similarly to the total digester volume, with 

Equations 8, 9 and 10, but with 50 cows instead.  

4.3 ENERGY CALCULATIONS FOR DIGESTER AND BUILDING  

The heat demand in the digesters is, in general, divided into heat required for continuous 

operation (transmission losses) and heat required to preheat the substrate to 37 C . A heat 

balance determines the transmission losses from the building and digester. Although multiple 

digesters exist in this system, they are considered as one large digester when the heat balances 

are formulated. Radiation losses are neglected. The calculation methods used in this section are 

based on Havtun et al. (2017). The goal with the calculations is mainly to determine the 

insulation thickness of the building and digesters. In order to prevent dew from forming, the 

building temperature should not drop below 8 C . To ensure this, the insulation for digesters 

and building is dimensioned based on satisfying this criterion on the coldest day in Gamleby. The 

heat balance for the digester is  

 1 2substrate HEX HEX transmission digestate biogasQ Q Q Q Q Q       (11) 

where  

substrateQ : Energy in supplied substrate.  

1HEXQ  : Energy recovered from the digestate. 

2HEXQ : Energy required from external sources (boiler and/or CHP). 

digestateQ : Energy content in outgoing digestate. 

biogasQ : Energy content in generated biogas. 

In Equation 11, transmissionQ  is the transmission losses through the walls, roof and floor of the 

digesters as  

 , , ,transmission d wall d roof d floorQ Q Q Q     (12) 

where  

,d wallQ  : Transmission losses through the digester walls. 

,d roofQ : Transmission losses through the digester roofs. 

,d floorQ : Transmission losses through the digester floors. 
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The heat balance for the building assumes that the transmission losses transfers to the building 

area. The heat balance for the building is illustrated in Figure 12, and can be expressed as   

 , , , , inftransmission b heating b wall b roof b floor ventilation iltrationQ Q Q Q Q Q Q        (13) 

where 

,b heatingQ : Heat that is supplied only to the building area. (Rejected heat from the SSU-unit). 

,b wallQ : Transmission losses through the building wall. 

,b roofQ : Transmission losses through the building roof. 

,b floorQ : Transmission losses through the building floor. 

ventilationQ : Building ventilation losses (explained below). 

inf iltrationQ : Building infiltration losses (explained below). 

 

Figure 12. Sketch of the heat balances for the digester and building. The subscripts “ d ” and “ b ” stands 

for digester and building, respectively.  

Each transmission loss term is calculated as  

 trans trans transQ U A T     (14) 

where  

Q  : Heat transfer rate (W ). 



35 

 

transU  : Effective U-value/transmission loss coefficient ( 2/ /W m C )   

transA  : Respective heat transfer area ( 2m  ) 

transT  : Relevant temperature difference ( C  ).  

The heat required for preheating is calculated as  

 , ,( )preheat substrate substrate p substrate digester substrate inQ V C T T       (15) 

where ,p substrateC  is the specific heat of the incoming substrate. The temperature of incoming 

substrate ,substrate inT is assumed 4 C higher than the annual average outdoor air temperature (Ståhl, 

2016). This means that the energy required for preheat is constant throughout the year due to the 

assumed constant substrate inlet temperature. This is further motivated by the fact that the slurry 

produced by the cow has a constant temperature independent of the season. This seasonal temperature 

independency is also backed up by the contact persons on the visited farms in Hagelsrum, Wapnö and 

Lövsta. 

The specific heat of the substrate is calculated as a function of the TS -content according to Svahn 

(2006) as 

 , (1 ) 4,180 1,050p substrateC TS TS       (16) 

where TS  is given as a fraction. The insulation of the building is, as mentioned, determined based on 

that the building temperature should be 8 C on the coldest day in Gamleby being -10.8 C .  

The annual heat loss AHLQ   in /Wh year   is calculated as 

 
365

,1
( ) 24AHL preheat transmission ii

Q Q Q


     (17) 

where the index i  corresponds to respective day of the year. The outgoing power of the 

produced biogas is calculated as  

 biogas methane methane biogas methaneQ LHV V C    ,  (18) 

where methaneLHV  and methane  is the lower heating value and density of methane of 50 /MJ kg  

and 0.66 
3/kg m   respectively (Engineering ToolBox, 2018).  

The energy content in the ingoing substrate is assumed equal to the biogas energy content. The 

thermal reference point of the substrate is the ingoing substrate temperature. As such, the 

ingoing substrate does not contain any thermal energy. It only contains the chemical energy of 

the potential biogas energy, meaning 

 substrate biogasQ Q .  (19) 

The annual heat loss ( HL  ) is calculated as  
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Q
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Q



  (20) 

The annual heat loss is considered an important constraint of the energy performance of the 

system when determining the insulation thickness. Based on Hårsmar (2014) the annual heat 

loss, calculated with Equation 20, is limited to 15 % .  

Ventilation and infiltration 

The ventilation heat loss is determined based on the methodology described in Havtun et al. 

(2017). The heat loss due to ventilation is calculated as  

 , ( )ventilation ventilation air p air building ambientQ V C T T       (21) 

where 

ambientT  : Ambient air temperature. 

,p airC  : Specific heat of air. 

air  : Density of air. 

According to Boverket, the minimal ventilation rate is 0.1 liters per second and square meter of 

floor area (Boverket, 2017). The ventilation volume flow ventilationV  is, based on this, calculated as  

 
3 2

,

0.10
[ / / ]

1,000
ventilation b floorV m s m A    (22) 

where ,b floorA  is the building floor area.  

An infiltration rate of 0.1 air changes per hour ( ACH ) is assumed. Balanced ventilation with a 

medium envelope tightness level as well as “none” wind shield class.  

The infiltration losses are calculated, similarly to the ventilation losses, as  

 inf inf , ( )iltration iltration air p air building ambientQ V C T T       (23) 

The infiltration volume flow inf iltrationV  is calculated as  

 inf
3,600

building

iltration

V
V ACH    (24) 

where buildingV  is the total building volume. 

4.4 ENERGY CALCULATIONS FOR THE MIXER 

The device that is used for mixing is not commercially available or even tested on a pilot scale. 

To get an idea of the energy consumption, a pilot plant is needed in order to get experimental 
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data. As this is not currently available, a model is used instead. Uncertainties are treated in the 

sensitivity analysis.  

Bulk-fluid velocity 

One common method for sizing impellers and agitators is the bulk-fluid velocity method. The 

aim of this method is to calculate a mean velocity for all particles in a tank. This can be used to 

compare different intensities of mixing (Dickey, 2010). The pumping capacity pumpV   is the 

amount of slurry in 3 /m s  that passes the cross-sectional area of the impeller. This can be 

determined as  

 
3

pump Q impeller impellerV N N D     (25) 

where impellerN  and impellerD   is the rotational speed and diameter of the impeller, respectively. 

The pumping number QN   is determined based on Figure 13 which is dependent on the 

Reynolds number for an impeller, Reimpeller , and the ratio between digester diameter and 

impeller diameter. The Reynolds number represents the ratio between inertial to viscous forces 

of a fluid. It is an important property in many flow related problems. High Reynolds numbers 

indicate turbulent flow and low Reynolds numbers indicate laminar flow. For an impeller, the 

Reynolds number is defined as  

 

2

Re
impeller impeller substrate

impeller

app

D N 



 
 .  (26) 

The apparent viscosity that is used in Equation 26 usually considers a moderate rate of shear. 

For mixing applications, the flow is laminar for Reynolds numbers under 10 and turbulent for 

values over 20,000.  

 

Figure 13. The pumping number depending on the Reynolds number and ratio between impeller diameter 

and digester diameter for a pitched turbine impeller. Source: Dickey (2010). 
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With a known pumping capacity, the bulk fluid velocity can be determined as  

 
tan

pump

bulk

k

V
v

A
   (27) 

where tan kA  is the cross-sectional area of the corresponding tank (Dickey, 2010). For the mixing 

device investigated in this project, it is assumed that the pumping capacity is equal to the swept 

volume per second of the mixer, defined as  

 pump mixer mixerV v A    (28) 

where mixerv  and mixerA  are the velocity and cross-sectional area of the mixer moving in the 

substrate. The cross-sectional area of the mixer is assumed half of the standardized digester 

cross-sectional area. The required mean velocity of the mixer is determined by combining 

Equations 27 and 28 

 tanpump bulk k
mixer

mixer mixer

V v A
v

A A


  .  (29) 

In Equation 29, tan kA  is the cross-sectional area of the digester. A bulk fluid velocity of             

0.15 /m s   (30 / minft ) is considered a “moderate” mixing intensity. This mixing intensity 

occurs when new substrate is injected. It is assumed to obtain enough mixing and thus the mean 

mixer velocity ( mixerv  ) is determined. This known mixer velocity is used to calculate the required 

change in mass of the mixer.  

The mixer is modelled to have flow characteristics of a sphere. The mixer moves upward due to 

the density of the mixer being lower than manure and when it moves downward the density is 

higher than the manure. The mixing is during the period when new substrate is supplied to the 

digester. Injection of new substrate takes place two times per day in each digester. As there are 

four digesters in total, every injection lasts three hours.  

Two force balance equations are stated corresponding to the case when the mixer is moving 

upwards and downwards, respectively.  Figure 14 shows the forces acting on the mixer when it 

is moving downwards. The mixer is to be moved by a change in gravitational force, which is 

done by varying its mass. The dynamics of the moving mixer can be determined using a force 

analysis based on Newton's second law of motion. This law states that the rate of change of 

momentum is equal to the sum of all forces acting on that object. With constant mass it is 

expressed as  

 ( )mixer mixer mixer mixer

d
m v m v F

dt
      (30) 

the motion can be described as  

 ,min ( )mixer mixer d mixer g Lm v F v F F       (31) 

when the mixer is moving upwards and as  



39 

 

 ,max ( )mixer mixer d mixer g Lm v F v F F       (32) 

when it is moving downwards, where ,minmixerm  and ,maxmixerm  are the maximum and minimum 

weight and mixerv  is the acceleration of the mixer. Positive direction is downwards. In Equations 

31 and 32, dF , DF  and gF  are the drag, lift and gravitational forces, respectively. The differential 

Equations 31 and 32 are solved using the solver ode45 in MATLAB iteratively until the enough 

mixing velocity ( mixerv ) is achieved. The simulation of the motion of the mixer is divided into two 

parts. One when the block is moving upwards and one when the block moves downwards.  

 

 

 

Figure 14. The force balance when the mixer (red) is moving downwards. 

The change of mass required is defined as  

 ,max ,minmixer mixer mixerm m m   ,  (33) 

It is varied to achieve a proper mean velocity of the mixer over the course of one cycle. The 

suitable mean velocity is based on the mean bulk fluid velocity. The lift force can be expressed 

with Archimedes’ principle as 

 L substrate mixerF V g     (34) 

 and the gravitational force as 

 g mixerF m g  .  (35) 

The drag force when the mixer is moving is determined as 

 
21

( )
2

d substrate mixer d mixer mixerF A C v v      (36) 



40 

 

where dC  is the drag coefficient of the mixer. The drag force changes sign depending on the 

direction of movement. The drag coefficient is dependent on the Reynold’s number, which in 

turn depends on mixer velocity. The drag characteristics of the real mixing device is assumed 

similar to one of a falling sphere. This is motivated because the shape of an object has only minor 

effects on the drag coefficient (Venu Madhav & Chhabra, 1995). For a sphere, the drag coefficient 

as a function of the non-newtonian Reynolds number can be predicted, based on a model from 

Mikhelf & Mahmood (2015), as 

 
0.37824 0.44

(1 0.1466 Re ) ,0.1 Re 103
Re 1 0.2635 Re

dC      


  (37) 

The Reynolds number of the sphere, Re  is determined in a non-newtonian fluid as   

 

2

Re

n flow
flown

fluild v d

K




 
   (38) 

where 

fluid : Density of the fluid. 

v : Velocity. 

flown : Flow behavior index for non-newtonian fluids, assumed value of 0.3 for cattle manure. 

K : Consistency index for non-newtonian fluids, assumed value of 0.7 for cattle manure.  

d : Diameter of the sphere.    

The energy consumption due to the movement of water against gravity is considered. A cycle 

starts at the top where the water is added. This increases its mass and the sphere starts to move 

downwards as the mixer has received mixerm  amount of water, calculated with Equation 33. 

When it has reached the bottom of the tank, the water is pumped back to a storage tank. The 

total energy required for one cycle is  

 

 cycle mixer digesterE m g h      (39) 

As the movement of water is done with a pump with a pump efficiency, pump  the real energy 

consumption for one cycle is  

 

 ,

cycle

cycle real

pump

E
E


   (40) 

The average power consumption of the mixer mixerP   is determined as 

 



41 

 

 
,cycle real

mixer

cycle

E
P

T
   (41) 

where the time of one cycle cycleT  is calculated as the distance travelled over one cycle divided by 

the mixer velocity as   

 
2 digester

cycle

mixer

h
T

v


  . (42) 

4.5 ENERGY CALCULATIONS FOR THE CHP-UNIT 

The CHP-unit produces heat and electricity. The yield is based on the electrical and total 

efficiency values electricity  and total . The electricity production is calculated as  

 ,CHP biogas CHP methane methane electricityP m LHV C       (43) 

where ,biogas CHPm  is the mass flow of biogas that is fed into the CHP-unit. The heat production 

rate is calculated as  

 , , t ( )CHP tot extracted CHP biogas CHP me hane methane total electricityQ Q P m LHV C           (44) 

Common values the electrical efficiency in an internal combustion engine usually lies in the 

range of 25-45 % and 75-85 % ,respectively (Alanne & Saari, 2004). In the project, an electrical 

efficiency of 35 % and total efficiency of 80 % are assumed. 

4.6 ENERGY CALCULATIONS FOR THE UPGRADING PROCESS 

As mentioned in Section 2.2.4, the electricity demand in the upgrading unit consists of the low-

pressure compressor ( ,c LPP  ), the high-pressure compressor ( ,c HPP  ) and the pumping of water (

pumpP  ). The heat sources are the gas being cooled after the low-pressure compressor ( ,cool LPQ  ) 

and the high-pressure compressor ( ,cool HPQ  ).  

The required methane content in the upgraded biogas is 97 % , which is required according to 

the Swedish standards for vehicle gas (Swedish Gas Technology Centre, 2012). The electricity 

demand and heat potential are calculated based on the approach in Enefalk & Ersöz (2016).  

The numbers represent the different stages in the process are illustrated in Figure 15. 

1: Before the low-pressure compressor 

2: After the low-pressure compressor 

3: After the low-pressure cooler and during scrubbing process 

4: After the high-pressure compressor 

5: After the high-pressure cooler 
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Figure 15. Conceptual sketch of the biogas way through the upgrading process. The numbers are used as 

indices in the calculations.  

Low-pressure compressor 

The compression is assumed isentropic. The low-pressure compressor power, ,c LPP  can then be 

expressed as (Ekroth & Granryd, 2006; Havtun, 2014) 

 
2

1
, 1

1
( )

T

c LP p
T T

mech

P n c T dT
 

      (45) 

where 1n  is the substance amount flow of the gas before the scrubbing process and mech  is the 

mechanical efficiency of the compressor. The specific heat in Equation 45 is on a molar basis. 

The parameter 1n  can be expressed, according to the ideal gas law, as 

 1 1
1

1

P V
n

R T





 . (46) 

Using Equation 46 in Equation 45 gives 

 
2

1

1 1
,

1

1
( )

T

c LP p
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  .  (47) 

The temperature of the raw gas before compression 1T  is usually around 40 C  (Bauer et al, 

2013). The temperature after compression, 2T  , is calculated from the isentropic temperature 

2,isT  and the isentropic efficiency of the compressor is  

 
2, 1

2 1

is

is

T T
T T




    (48) 

The isentropic temperature 2,isT is calculated as 
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Combining Equation 48 and 49 gives 
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    (50) 

where the pressure 2P  after the low pressure compression is usually 6-10 bar (Bauer et al, 

2013). In Equation 50,   is a weighted average specific heat ratio calculated as 

 
4 4 4 2,1 ,1(1 )CH CH CH COx x       ,  (51) 

where 
4 ,1CHx is the volume fraction of methane in the raw gas. The specific heat at constant 

pressure pC  is a function of temperature. The specific heat of ideal gases can be approximated 

with the polynomial (Felder & Rousseau 2004) 

 
2 3( )pC T a b T c T d T         (52) 

Where a , b , c  and d  constants specific for each compound. The specific heat of the gas is a 

weighted average of the specific heat of 2CO  and 4CH  as 

   
4 4 4 2,1 , ,1 ,(1 )p CH p CH CH p COC x C x C             (53)   

Water pumping 

The power required for pumping water is  

 
2 2

1
pump H O H O

pump

E V p


     (54) 

where 
2H Op is the pressure difference between the absorption pressure and the atmospheric 

pressure. According to Bauer et al (2013), the water flow
2H OV can be approximated relating it to 

Henry’s law 

 
2

1 4

3 4, 2( )
H O

H CO

n n
V

K T p





  (55) 

where HK  is Henry’s constant, 4, 2COp  is the partial pressure of 2CO  after the scrubber. Henry’s 

constant HK  is calculated with van’t Hoffs equation as  
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    . (56) 

High-pressure compressor  

The high-pressure compressor work is calculated similarly to the low-pressure compressor. The 

specific heat changes compared to the other compressor, as the methane content is different. 

The substance amount is also different due to the change of composition.  

5 5 5
4

4 4 4

4

,14 1 1
, 4 1

1 1 ,4

1 1 1
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c HP p p p
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     (57) 

The pressure of the compressed, upgraded gas is around 200 bar   (SGC, 2012). 

Heat potential from gas cooling 

The potential heat from gas cooling after the low-pressure compressor can be calculated as 

(Felder & Rousseau, 2004) 

 
3 3
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    (58) 

The temperature 3T  of the gas after the cooling is around 30-50 C  (Bauer et al. 2013). 

The potential heat from gas cooling after the high-pressure compressor is calculated in a similar 

manner, where the ratio between the volume fraction of methane 
4CHx  before and after the 

scrubber is taken into account 

 
6 6

4

5 5

4

,11 1
, 4

1 ,4

( ) ( )
T TCH

cool HP p p
T T T T

CH

xp V
Q n C T dT C T dT

R T x 


     

    (59) 

The outgoing temperature of the gas, 6T , is assumed 20 C .  

Total mass balance, electricity demand and heat potential in upgrading process 

The biogas mass flowrate available for upgrading ,biogas SSUm  is calculated with the biogas volume 

flowrate entering the SSU-unit 1V   and the biogas density biogas  at the inlet as  

 , 1biogas SSU biogasm V     (60) 

The total energy demand for the upgrading unit SSUE  is the sum of the pump work and the 

compressor work as 

 , ,SSU pump c LP c HPE E E E   .  (61) 
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The total heat output is the sum of the heat rejected after the two compressors, calculated as 

 , ,SSU cool LP cool HPQ Q Q    (62) 

4.7 QUANTITATIVE SYSTEM MODEL 

This section presents how the sub-systems are integrated. The system is simulated based on 

mass, electricity and heat balances. The heat and electricity yields and consumption of the SSU, 

CHP and boiler depend on the mass flow of biogas to respective component according to the 

models described in the Sections 4.2-4.6. Two situations can occur. In the first situation, the heat 

from the CHP is enough to meet the heat demand of the digesters. In the second situation, the 

boiler needs to be activated in order to fully satisfy the heat demand.  

In Situation 1 the mass balance becomes 

 , ,biogas biogas CHP biogas SSUm m m    (63) 

The heat balance over the supply and demand side can be expressed as  

 1 ( )transmission preheat HEX CHP biogas excessQ Q Q Q m Q     (64) 

where 1HEXQ  is the recovered heat from outgoing digestate. The excess heat excessQ  is assumed to 

be ventilated away with an air-cooled heat exchanger. The electricity balance is 

 , ,( ) ( )SSU biogas SSU mixer CHP biogas CHPP m P P m    (65) 

For a given heat demand the Equations 63-65 constitutes an equation system with three equations 

and the unknowns ,biogas CHPm , ,biogas SSUm  and excessQ .  

In situation 2, when the boiler is in use, the mass balance for biogas is  

 , , ,biogas biogas boiler biogas CHP biogas SSUm m m m     (66) 

and the heat balance over the supply and demand side changes to  

 1 ,( ) ( )transmission preheat HEX CHP biogas boiler biogas boilerQ Q Q Q m Q m     . (67) 

The electricity balance remains the same and Equation 65 is used in Situation 2. This means that 

Equations 65-67 forms an equation system with three equations and the unknowns ,biogas boilerm ,

,biogas CHPm and ,biogas SSUm .  

In Case 1, where only electricity is produced, the biogas flow rate to the SSU-unit is zero and 

instead the electricity balance becomes  

 exp ,( )mixer ort CHP biogas CHPP P P m    (68) 

where exportP  is the electricity that is exported to the grid. 
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One simulation run for each day as the outdoor temperature varies. This, in turn, affects the 

transmission losses which produces seasonal variations. Based on this, the results of the energy 

analysis are presented in the following Section 5. 
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5. RESULTS OF THE ENERGY ANALYSIS 

In this section, the results of the energy analysis are presented.  

5.1 PREHEAT LOSSES 

The heat demand for preheating of substrate is entirely based on the effectiveness of the heat 

recovery heat exchanger. The effectiveness is, in turn, based on the heat transfer area available 

in the substrate-substrate heat exchanger. The energy that leaves the digester with the digestate 

is 102 /MWh year . With a 50 % heat recovery ratio 51 MWh is recovered annually.  

The mass flow rate of manure is calculated to be 0.12 /kg s . The average temperature in 

Gamleby is 8.6 C  based on SMHI. Hence, the manure temperature is 12.6 C . This is according 

to the assumption made for preheat losses in Section 3.2.2. For the substrate to reach 37 C , a 

temperature raise of 24.4 C is required.  

 The annual preheat demand is calculated to be 102 MWh or a continuous heat demand of     

11.6 thkW  . Considering the recovered heat, 51 MWh  is needed annually to preheat the 

substrate or a continuous heat demand of 5.8 thkW .  

5.2 TRANSMISSION LOSSES 

The transmission losses are presented for four different configurations that build upon each 

other as shown in Figure 16. The energy efficiency measures suggested by IMB AB primary 

focuses on minimizing the transmission heat losses. For each configuration, parameters that 

satisfies the constraint of maximum 15 % annual heat losses are selected. Annual heat losses of 

15 %  of the energy content in the produced biogas correspond to 76.5 /MWh year  . The 

preheat losses requires 51 MWh  , as discussed in Section 5.1, leaving 25.5 MWh  for 

transmission losses. The starting point is a plain digester. The energy efficiency measures are 

then added, one at a time, to investigate how the transmission losses are affected.  

 

Figure 16. Presentation of transmission losses results. First, the plain digester is considered, following by 

adding the cover concept, building concept and finally the building concept with utilized waste heat from 

the SSU. 
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5.2.1 DIGESTER  

The starting point is the case with only a digester. The digester walls and floors are insulated 

with a layer of polyurethane foam. The annual transmission losses are shown in Figure 17, 

plotted against digester insulation thickness. The transmission losses are quite high mainly due 

to the uninsulated digester roofs. It is practically impossible, with this configuration, to reach the 

energy efficiency improvement target of 25.5 /MWh year . 

 

Figure 17. Transmission losses using only the digester insulation. 

5.2.2 DIGESTER WITH THE COVER CONCEPT 

The first energy efficiency improvement is the addition of the cover concept, which insulates the 

roofs and walls of the digesters. The cover is made of mineral wool. The transmission losses as a 

function of the cover and digester insulation thicknesses are shown in Figure 18. With this 

configuration it is possible to reach transmission losses of 25.5 /MWh year . A wide range of 

possible insulation thicknesses do exist, out of which some are shown in Figure 18. For further 

investigation however (Section 5.2.3, Section 5.2.4), cover and digester insulations of 70 and  

100 mm  are considered. These give transmission losses of 25.5 /MWh year . Thicker cover 

insulation has been selected because it is a cheaper material.  
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Figure 18. Annual transmission losses depending on the digester and cover insulation thickness. 

5.2.3 DIGESTER WITH THE BUILDING CONCEPT 

The second energy efficiency improvement is the addition of a building. It is constructed as a 

sandwich design with polyurethane foam and steel plates. To keep the indoor building 

temperature above 8 C   the whole year, an insulation thickness of 200 mm  is required. It 

corresponds to an annual transmission loss of 19.7 /MWh year . The total transmission losses as 

a function of building insulation thickness are shown in Figure 19. The addition of a building 

without insulation does not change the transmission losses significantly. When the building 

insulation is 0 mm  the transmission losses are 25.4 /MWh year . This is only slightly lower than 

25.5 /MWh year  which is due to the thermal resistances of the building due to convection on 

the in- and outside. 
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Figure 19. Transmission losses dependent on the building insulation. The marked point shows the 

insulation required for a building temperature above 8 C  

5.2.4 DIGESTER WITH THE BUILDING CONCEPT AND WASTE HEAT UTILIZATION 

The main benefit of the building in terms of energy efficiency is the ability to, with waste heat, 

decrease the transmission losses of the digesters. Figure 20 shows the influence on the 

transmission losses based on injected waste heat. The heat rejection in the upgrading unit 

fluctuates around 3 kW (shown in Figure 32) all year around and a total of 25 MWh   is rejected 

into the building area over one year. Figure 20 shows the total annual transmission losses as a 

function of the added heat and building insulation. More building insulation allows more of the 

waste heat to contribute to a decrease in transmission losses as more heat is trapped within the 

building. For instance, when the building insulation is 0 mm  the transmission losses are 

decreased with 1 /MWh year . At 200 mm building insulation, the transmission losses are 

decreased with 7 /MWh year .  
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Figure 20. Relation between annual transmission losses from the digester, building insulation and added 

heat. 

5.3 MIXING DEVICE 

Mixer dynamics and energy consumption due to movement of water 

The dynamic behavior of the mixer when achieving a bulk-fluid velocity of 0.15 /m s  can be seen 

in Figure 21. This bulk fluid corresponds to moderate mixing intensity; it takes about 18 seconds 

for the mixer to move one digester height of 5.3 m , which corresponds to a mean velocity of 

around 0.3 /m s . To obtain this, one mixer requires an increase of mass of around 240 kg . This 

means that the mixer and substrate should have the same density when 120 kg   of water (half 

of 240 kg ) has been added to the mixer. In this way, a weight deficit can be achieved in the 

mixer at the bottom of the digester by removing water and a weight excess can be achieved at 

the top of the digester by adding water. A reasonable way of mixing is to run it for short periods 

of time. This has been successful also in present small-scale digesters (Olsson, 2014). This is 

interpreted based on the fact that, as will also later be presented, four digesters are used in the 

Ogestad case. Each digester therefore receives substrate one quarter of the time and 

consequently each mixer is run one quarter of the time. This means that each mixer runs 6 hours 

per day.  

The continuous theoretical energy consumption for one digester is 90 W   and for all four 

around 360W .  The total theoretical annual energy consumption is 3.2 MWh . The mixer follows 

the velocity and distance pattern shown in Figure 21 on the way up as well as down.  
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Figure 21. Mixer velocity and distance as a function of time as the mixer is moving downwards. 

Friction losses 

Friction losses are also present when lifting the mixer. It is assumed that it takes 30 seconds to 

fill and empty the water in order to have a reasonable speed. A volume flow of  8 /l s  is needed 

to empty/fill 240 kg  of water in 30 seconds. The total head loss for friction and single losses is 

estimated to 2,500 Pa corresponding to 25 m  of piping with 100 /Pa m . The energy 

consumption due to friction losses is therefore 20W .  

Total energy demand 

The total energy demand for the mixer is 475 W  including an 80 % total pump efficiency. This 

demand is constant and does not change over the year. 4.2 MWh   is used for mixing over one 

year, this corresponds to 0.8 % of the total biogas production. 

5.4 TOTAL ENERGY FLOWS 

The results for Case 1 (electricity production) and Case 2 (vehicle gas production) are presented 

below in Section 5.4.1 and 5.4.2. Each case is divided into two sub-cases according to the 

methodology described in Section 3.3.1. The cover concept is compared with the building 

concept. The energy supply in the Sankey diagrams comes from three parts. Firstly, the energy 

content in the substrate. Secondly, the thermal energy recovered from the digestate which is 

labelled “Heat recovery” on the left. Finally the thermal energy supplied by external heat sources 

(CHP and boiler), which is labelled “External heat”.  The two latter energy flows are supplied by 

the outgoing flows in the lower right corner in the Sankey diagrams. 
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5.4.1 CASE 1: ELECTRICITY PRODUCTION 

Cover concept 

The annual energy flows for the cover concept is shown in the Sankey diagram in Figure 22. The 

annual electricity production is 148.8 MWh  .  

 

Figure 22. The energy flows in the system when all biogas is converted in a CHP unit. A surrounding 

building is not used. Unit is /MWh year . 

Building concept 

The energy flows when the building concept is considered are shown in Figure 23. An insulation 

of 200 mm   is considered in order to keep the minimum building temperature above 8 C  . 

There are no significant changes compared to Figure 23 and the electricity output is still 148.8

/MWh year .  

 

Figure 23. The energy flows in the system when all biogas is converted in a CHP unit. A building is used 

with an insulation thickness of 200 mm . Unit is /MWh year . 
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5.4.2 CASE 2: VEHICLE GAS PRODUCTION 

Cover concept 

The annual energy for the case without a building is shown in the Sankey diagram in Figure 24. 

The annual produced vehicle gas is 378.8 MWh  . A majority (378.8 MWh ) of the biogas goes to 

the upgrading unit, a smaller fraction of 112.8 MWh  to the CHP and 18.3 MWh  to the boiler.  

 

Figure 24. The energy flows in the system when vehicle gas is produced. A surrounding building is not 

used. Unit is /MWh year . 

Building concept 

The annual energy for the case with a building is shown in the Sankey diagram in Figure 25. The 

annual produced vehicle gas is 387.4 /MWh year , which is slightly more than when the cover 

concept is used. The majority of biogas (387.4 MWh ) goes to the upgrading unit, followed by a 

smaller fraction of 115.1 MWh  to the CHP and 7.5 MWh  to the boiler. Decreased transmission 

losses means that a smaller amount of biogas is needed in the boiler for heat. The reason to the 

decreased transmission losses is partly due to the heat output of 27 /MWh year  from the water 

scrubber (labelled “Heat” in Figure 25). This is injected to the building area and contributes in 

this way to decreased transmission losses. 

 

Figure 25. The energy flows in the system when vehicle gas is produced. A surrounding building is used to 

recover waste heat from the upgrading unit. Energy unit is /MWh year .  
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5.5 SEASONAL VARIATIONS 

The seasonal variations are presented below, showing the dynamic behavior of the system for 

the cover concept. Section 5.5.1 treats the digester heat supply and demand, and Section 5.5.2 

and 5.5.3 treats Case 1 and Case 2, respectively.   

5.5.1 DIGESTER HEAT DEMAND AND SUPPLY 

The energy output varies with the season. This is due to different outdoor temperature that 

gives varying transmission losses. Consequently, the total heat demand varies as well. The 

seasonal variations on the heat flow is necessary to take into account for proper selection of 

components. The seasonal heat demand is shown in Figure 26. The preheat losses are constant 

at 11.7 kW   which is due to the assumed constant substrate inlet temperature. The 

transmission losses vary between 1.2 kW and 4.5 kW .  

 

Figure 26. Heat losses from the digesters. 
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The required heat is supplied with both heat recovery and heat from boiler and CHP (external 

heat demand). The division between these is shown in Figure 27. The heat recovery rate is 5.8 

kW  and the constant rate is due to the constant substrate inlet temperature. The external heat 

demand is supplied through the second heat exchanger and varies between minimum 7.1 kW  

and maximum 10.4 kW .  

 

Figure 27. Heat supply to the digesters. 

5.5.2 CASE 1: ELECTRICITY PRODUCTION 

The heat flows for Case 1 are shown in Figure 28. The heat output is constant at 32 kW . It can 

also be seen that there is always an excess of heat, which varies between 21.7 and 24.9 kW . If it 

is not utilized, it needs to be ventilated away with for example an air-cooled heat exchanger.  

The electricity production and consumption are constant throughout the year. The output of the 

CHP is 17.5 kW  of which 0.5 kW  is used by the mixer and 17 kW is exported.  
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Figure 28. Heat flows, Case 1. 

5.5.3 CASE 2: VEHICLE GAS PRODUCTION 

The external heat demand is supplied with waste heat from the CHP as well as from the boiler. 

The division between these two are shown in Figure 29. The boiler contribution varies between 

0 and 3.5 kW and the CHP contribution between 6.9 and 7.4 kW .  

 

Figure 29. Heat flows, Case 2. 
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The electricity situation is displayed in Figure 30. Electricity is produced by the CHP-unit and 

utilized by the SSU-unit as well as the mixer. The total electricity production varies between    

3.7 and 4 kW . The mixer has a constant consumption of around 0.5 kW  and the SSU unit 

consumption varies, depending to the amount of upgraded vehicle gas, between 3.2 and 3.5 kW . 

The produced amount of vehicle gas is slightly higher in the summer months due to a lower heat 

demand. The lower heat demand means that less biogas is utilized in the boiler and, 

consequently more biogas goes to the SSU-unit.  

 

Figure 30. Electricity summary, vehicle gas case. 

The produced vehicle gas varies over the year as shown in Figure 31 between 41.6 kW  and  

45.2 kW , which corresponds to a flow rate between 22.7 and 25.4 /liters hour of upgraded 

compressed biogas at 200 bar  and 97 % methane.  
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Figure 31. Vehicle gas production over the year 

The biogas upgrading also yields heat. The annual heat rejection rates are shown in Figure 32 

and varies between 2.9 and 3.2 kW . As with the electricity demand in the SSU-unit, a slight 

increase during the summer months can be detected.  

 

Figure 32. Upgrading waste heat.  
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6. SYSTEM CONFIGURATION 

In this section, a configuration of the biogas system is presented. The proposed configuration is 

based on both the literature review, study visits and results from the energy analysis (Section 5). 

This section serves as a basis for the economic and environmental evaluations in Sections 7 and 

8. 

The full system is divided into three sub-systems: 

1. Digester and building. 

2. Heating system. 

3. Upgrading and post-treatment of vehicle gas. 

6.1 DIGESTER AND BUILDING 

In this section, digester and building sizes are presented.  

6.1.1 STANDARDIZED DIGESTER 

The dimensions of the proposed cylindrical standardized digester, suitable for 50 cows, are 

presented in Table 1. 

Table 1. Properties of the standardized digester. 

Property Value 

Digester height 5.3 m   

Digester diameter 5.3 m   

Digester volume 120 3m   

Design manure flow 2,700 /kg day   

Insulation thickness, digester 70 mm   

Insulation thickness, cover 100 mm   

6.1.2 CONFIGURATION IN OGESTAD 

With 200 cows, four standardized digesters are needed. Data regarding material flows in this 

configuration is shown in Table 2. The configuration is shown from above in Figure 33. A safety 

distance between two digesters and building wall is assumed 2 m  as this is the minimum safety 

distance allowed between gas holders and building walls (MSB, n.d.). The building dimensions 

are shown in Table 3. 

Table 2. Material flows in the Ogestad case. 

Property Value 

Manure flow 10,600 /kg day  

Total biogas flow 10 3 /m h   
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Table 3. Building dimensions. 

Property Value 

Building height 7.3 m   

Building depth 16.7 m  

Building width 16.7 m  

 

 

Figure 33. Principal layout of the building seen from above. Distances are measured in mm .   

6.1.3 MIXER CONFIGURATION 

The mixer dynamics is described in Section 1.4.3. The pump fills and empties the mixer 

periodically. A simplified sketch on the working principle is shown in Figure 34. Two three-way 

valves are used to allow the pumping of water in two ways, using only one pump. The rated 

volume flow of the pump needs to be 8 /l s and it needs to increase pressure with 55 kPa .   
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Figure 34. The simplified mixing configuration. 

6.2 HEATING SYSTEMS 

Two different heating systems are considered. One for Case 1 (electricity) and one for Case 2 

(vehicle gas). The heating systems differ between the two cases because of different components 

and energy flows. The heat demand is equal in both cases as presented in Section 5. The method 

of supplying heat to the substrate is also equal. The heat recovery is done with heat exchanger 1 

(HEX1) and additional heat with heat exchanger 2 (HEX2). All heating is done before the 

digestate enters the digester. The reason is to avoid heating elements inside the digesters that 

are associated with problems in current systems. 

To supply heat that compensates for the transmission losses, the incoming substrate has a 

temperature ,substrate feedT , which is above 37 C . This temperature is calculated as   

 
,

,

transmission
substrate feed digester

substrate substrate p substrate

Q
T T

V C
 

 
  (69) 

Sizing of the heat exchangers is done by calculating the annual maximum heat transfer rate that 

occurs which is done in the energy analysis, Section 5.5.  

6.2.1 HEATING SYSTEM CASE 1: ELECTRICITY PRODUCTION  

An overview of the heating system is shown in Figure 35. In Figure 35 the green, blue and red 

loops are the substrate loop, heat transfer loop and CHP cooling water loop, respectively. 

Substrate is heated in HEX1 and HEX2. The substrate leaves HEX2 with the temperature 

,substrate feedT  calculated with Equation 69. The blue loop is needed in order to downgrade the heat. 

The cooling water from the biogas engine is usually around 80-95 C , which is too hot to be 

directly fed into HEX2. The substrate risks to form sediment at temperatures above 70 C  

(Starberg et al., 2015). As shown in Section 5.4.1, there is always excess heat in Case 1. The air-

cooled HEX ventilates away the excess heat to the ambient. Circulation- or feeding pumps are 

needed in every loop to control and maintain the flow of water (red and blue loop) and substrate 

(green loop). Both the red and blue loop have a supply and return temperature. The blue loop 

operates at a supply temperature of 65 C in order not to exceed 70 C  ,as previously 
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discussed. The assumed return temperature is 45 C in order to exceed the inlet substrate 

temperature of 24.8 C  as well as keeping a moderate temperature difference across the heat 

exchanger. A summary of the in- and outlet temperatures are shown in Table 4. 

The volume flows of water in the water loops waterV  (blue and red) are calculated as  

 
,

water
water

water water p water

m Q
V

C T 
 

 
  (70) 

where Q  is the heat transferred with the respective heat exchanger and T  is the temperature 

difference across it. The sizes of the selected components are shown in Table 5. 

 

Table 4. Temperature levels in the heating system for Case 1. The colors correspond to the loops in Figure 

35. 

Parameter Value 

Substrate inlet temperature 12.6 C  

Substrate temperature after heat recovery (HEX1) 24.8 C  

Substrate temperature after HEX2 (maximum) 46.5 C  

Water inlet temperature HEX2 65 C  

Water outlet temperature HEX2 45 C  

Cooling water outlet from CHP 85 C  

Cooling water inlet to CHP 60 C  

 

Table 5.  Component sizes of Case 1. 

Component Size  

HEX1 6 thkW   

HEX2 11 thkW  

Air-cooled HEX 25 thkW  

HEX to downgrade heat 11 thkW  

Biogas engine 18 ekW  

Circulation pumps, substrate loop (green) 0.13 /l s   

Circulation pump, water loop (blue) 0.10 /l s  

Circulation pump, cooling water loop (red) 0.30 /l s  
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Figure 35. Heating system in Case 1: Electricity production.  

6.2.2 HEATING SYSTEM CASE 2: VEHICLE GAS PRODUCTION 

The considered heating system for Case 2 is shown in Figure 36. The green and blue loops are 

similar to Case 1. The red loop (heat supply), however, is changed. As multiple heat sources are 

present, it is recommended to use a hot water tank for the distribution. The heat is supplied 

from both the boiler loop and biogas engine loop to the tank with two heat exchangers. A third 

heat exchanger extracts the heat from the hot water tank and supplies it to HEX2. The size of 

equipment is shown in Table 7. The biogas engine would actually only require a size of 4 kW but 

the smallest commercial CHP found is 5 kW . As there is no excess heat in Case 2, an air-cooled 

HEX is not included. Similar to Case 1, the temperature levels for Case 2 are shown in Table 6.  
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Table 6. Temperature levels in the heating system for Case 2. The colors correspond to the loops in Figure 

36.  

Parameter Value 

Substrate inlet temperature 12.6 C  

Substrate temperature after heat recovery (HEX1) 24.8 C  

Substrate temperature after HEX2 (maximum) 46.5 C  

Water inlet temperature HEX2 65 C  

Water outlet temperature HEX2 45 C  

Cooling water outlet from CHP 85 C  

Cooling water inlet to CHP 60 C  

Cooling water outlet from boiler 85 C  

Cooling water inlet to boiler 60 C  

 

Table 7. Component sizes of Case 2. 

Component Size  

HEX1 6 thkW   

HEX2 11 thkW  

HEX in the blue loop 11 thkW  

HEX in the red loop (Boiler) 4 thkW  

HEX in the red loop (Biogas engine) 8 thkW  

Biogas engine 5 ekW  

Boiler 4 thkW  

Circulation pump, substrate loop (green) 0.10 /l s  

Circulation pump, water loop (blue) 0.13 /l s  

Circulation pump, cooling water loop (red) 0.10 /l s  

Circulation pump, boiler loop (red) 0.05 /l s  
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Figure 36. Heating system in Case 2: Vehicle gas production. 

6.3 SSU-UNIT AND POST-TREATMENT 

The SSU-unit and the post-treatment system is used in Case 2. The required components are 

listed in Table 8. The upgrading technology used is water scrubber, as mentioned earlier. The 

gas is also odorized before the compression and dried before the storage tanks. The 

compressors are assumed air cooled, and the excess heat is supplied to the building. The amount 

of heat available can be seen in Table 8.  

When it comes to usage, the gas is exported. The reason is that filling solutions on site, whether 

it is fast filling or time filling, require existing infrastructure on the farm. A certain amount of 

vehicles needs to be biogas-driven, and their use pattern needs to be customized for the capacity 

that a biogas engine offers. As the proposed configuration is a stand-alone system, there should 

be no external requirements in order to implement the system. Exporting the gas works on 

every farm, because the needed transport infrastructure, such as roads, already exists.  

High-pressure storage tanks are needed to export the gas. The size of the storage depends on the 

flow rate of upgraded gas, and how often the truck retrieves the gas from the prosumer. The 

maximum flow rate of raw biogas is 7.6 3 /Nm h . This corresponds to 4.9 3 /Nm h  of upgraded 

gas (This flow is smaller due to the removed carbon dioxide). One week of storage is deemed 

feasible, which requires 820 3Nm  storage capacity.  A capacity of 5 3 /m h  is needed for the 

high-pressure compressor and the dryer. 
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Table 8. SSU-unit and post-treatment components. 

Component Required dimension Comment 

Water-scrubber unit 7.6 
3 /Nm h  raw biogas Includes the low-pressure compressor. 

High-pressure compressor 5
3 /Nm h  upgraded gas Compresses the gas to vehicle fuel 

standards. 

Drying 5
3 /Nm h  upgraded gas Drying of the compressed gas. 

High-pressure storage of gas 820 
3Nm  pressurized gas One week of storage. 

Heat recovery low pressure 
compressor 

1.5 kW   Heat supply to the building from cooling 
after low-pressure compressor. 

Heat recovery high pressure 
compressor 

1.5 kW   Heat supply to the building from cooling 
after high-pressure compressor. 
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7. ECONOMIC ANALYSIS 

In this section, the economic analysis of the configurations are presented. An economic analysis 

is carried out for the four cinfigurations. Thereafter, the experience curve theory is applied in 

order to estimate the cost structure in a mass production scenario. Finally, the economic results 

are presented. 

7.1 COST ESTIMATIONS 

The total production costs are assumed the sum of all material and labor costs as well as the 

costs for development of a control system. In addition to this, costs for maintenance of the 

system are considered.  

7.1.1 MATERIAL COSTS  

The material costs are determined by contacting manufacturers, as prices for material are 

usually not found online. A list of materials and assumed prices are presented in Appendix B. As 

it is very difficult to cover all material costs, the Pareto’s principle is used. This suggests that 20 

% of all components constitutes 80 % of all costs. It is assumed that these costs are mapped. 

However, smaller items that are not known are not covered. It is assumed that the calculated 

costs, calculatedDMC  constitutes 80 % of the material costs (Juran & Pareto, 2017). Therefore 100 

% of the material costs, totalDMC , are calculated as  

 
0.8

calculated
total

DMC
DMC  .  (71) 

Digester and building 

One digester is constructed with two layers of 0.5 mm  stainless steel plates along the walls, roof 

and floor. Between these, a 70 mm  (based on Section 5.2.2) layer of polyurethane foam 

insulation is placed, making up a sandwich construction together with the steel plates. The 

digester roofs do not have such insulation. A similar approach is taken for the building. The 

building is assumed to have a 50 mm  polyurethane foam insulation (based on Section 5.2.4). 

The total volume of polyurethane foam is the sum of material used in the digesters and building. 

The total area of steel plates is twice the area of the building and digesters, due to the sandwich 

construction where a steel plate is put on both sides of the insulation layer. 

The cover for the digesters is assumed to be made of mineral wool. The total volume of mineral 

wool needed is the area of the digester roofs and walls multiplied with the insulation thickness 

of mineral wool being 100 mm   (based on Section 5.2.2).   

Two pumps as well as connecting pipes between substrate inlet and digestate outlet are 

considered, as presented in Section 6. This allows for the transport of substrate through the 

system. 
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Heating system 

Two types of heating system are considered due to the different nature of the energy flows in 

CHP case compared to the vehicle gas case. The proposed heating systems are based on Section 6 

and they are shown in Figure 35 and 36. 

Mixer 

The mixer is assumed to be constructed as a steel cylinder made from stainless steel. PVC-pipes 

connects the mixer to a water storage tank. A pump is used to move the water. To enable the 

movement of the mixer also some flexible hoses would be needed. However, for cost estimation, 

these are neglected. 

CHP 

The price for a CHP-unit is assumed the commercially found price. The size of it is determined 

from the energy analysis in Section 5.5, seasonal variations. The maximum electric output from 

CHP is regarded as the dimensioning rated power of the CHP unit. Case 1 (electricity case) uses 

an 18 kW  unit and Case 2 (vehicle gas case) uses a 5 kW  unit. 

Upgrading unit and post treatment 

Costs related to upgrading and post treatment of vehicle gas are taken from literature. The costs 

are divided into costs for the upgrading unit and costs for post-treatment. The post-treatment 

costs include the following: 

 Gas-dryer 

 High-pressure storage tanks 

 High-pressure compressor 

 Odorization 

Prices for the scrubber unit, the low-pressure compressor and the dryer are gathered from 

Blampain et al. (2016). The study covers small scale upgrading with a raw biogas flow of              

15 3 /m h , which is close to the present case at around 10 3 /m h . As such, the prices are directly 

incorporated in the economic analysis of this project. A price for the upgrading unit of       

750,000 SEK  is assumed and a price for the gas dryer is assumed 78,400 SEK . The price for 

the high-pressure storage tanks has been investigated in Blom (2016) and Blampain et al. 

(2016). The price for 4 days of storage is 175,000 SEK  based on Blom (2016) and a 7 days 

storage costs around 240,000 SEK  based on Blampain et al. (2016). Based on this, the high-

pressure storage tanks are assumed to cost 240,000 SEK .  

The high-pressure compressor varies significantly in price between different sources. The prices 

for compressors in Blom (2016) ranges between 65,000 and 295,000 SEK  for gas flows 

between 3 and 12 3 /m h . Blampain et al (2016) reports 350,000 SEK  for a 10 3 /m h  flow. The 

cost range in Gonzalez & Smith (2014) is between 38,000 and 210,000 SEK for compressor 

capacities between 1.7 and 6.8 3 /Nm h  (1-4 standard cubic feet per minute).  Based on this, 

100,000 SEK  is assumed for the high-pressure compressor. The price for odorization is, based 

on Blom (2016), assumed 30,000 SEK .  
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7.1.2 LABOR COSTS 

Direct labor costs 

The division of cost components of the system is determined by looking at the automobile 

industry. In this industry, it is assumed that roughly 47 % of the total cost consists of direct 

material costs and the direct labor accounts for 22 %  (Market Realist, 2015). This is also 

suggested by IMB AB (Bech, 2019).  

Control system development 

The system is complex and requires a control system. The developing costs for such systems are 

usually quite high and cannot be neglected. It is assumed that 10 %  of the direct material and 

labor costs are needed for the development of a control system (Bech, 2019).   

7.1.3 MAINTENANCE COSTS 

It is common to express the annual maintenance costs as a fraction of the total initial capital cost.  

In Alvina & Wright (n.d.) it is assumed 2 %  and in Bauer et al. (2013) it is reported that for a 

water scrubber it is usually around 2-3 % . In Beddoer et al. (2007) 38 biogas installations in the 

U.S. are investigated and the annual maintenance is reported to vary between 2.3 and 7% . Based 

on this, the annual maintenance costs are assumed to be 3 %  of the total capital costs.  

7.1.4 SUBSIDIES USED 

The subsidies from the Swedish Board of Agriculture are considered. As mentioned in Section 

2.3.2 it offers up to 40 % of the investment costs covered for investments larger than        

100,000 SEK . In the results section, this is the subsidy considered when subsidies are used. 

The electricity certificate support system described in the literature review is not considered, as 

it is only guaranteed until 2020. The production support for biogas produced from manure is not 

considered either. The reason is that the overcompensation mechanism makes the exact subsidy 

amount uncertain.   

7.1.5 INCOME 

It is assumed that the produced electricity is used on the farm and replaces otherwise bought 

electricity. The price for electricity includes a price for the consumption and a network price. 

The sum of these are assumed 700 /SEK MWh , based on the Swedish Energy Agency (2019). 

Vehicle gas is sold for 7.73 3/SEK Nm  methane or around 820 /SEK MWh  based on Dahlgren 

et al. (2013). This corresponds to around 70 %  of the price paid at a gas station.  

The income is calculated on a yearly basis. It is based on the annual amount of electricity (Case 

1) or vehicle gas (Case 2) produced. The total income per year is calculated as  

 
 

, 1 6

700 /
8,760

10
revenue Case excess

SEK MWh
I P     (72) 

 for Case 1, and as 
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, 2 , 6

820 /
8,760

10
revenue Case biogas SSU methane methane

SEK MWh
I m C LHV       (73) 

for Case 2. In Equations 72 and 73, the division with 610  is due to the conversion from

/SEK MWh  to /SEK Wh .  

7.2 ECONOMIES OF SCALE AND THE EXPERIENCE CURVE 

The concept of economies of scale and the experience curve are introduced in Section 3.4.2, 

estimation of costs. Different industries have different experience rates. For instance, 

shipbuilding industry has an 80-85 %  experience curve, meaning that for each doubling of the 

production volume, the cost of production decreases with 15 - 20 % . Industries dealing with 

raw materials have an experience curve of 93-95 % , meaning a cost reduction of 5 - 7 % for each 

doubling of production volume (Quarterman Lee, 2014). The experience rate in energy 

utilization industries such as manufacturing of heat pumps and air conditioners are studied in 

Weiss et al. (2010). It is found that the cost reduction mean value (for doubling of production 

volume) in different sectors varies between around 8 and 26 % . Based on this an experience 

curve of 90 % is assumed, meaning a production cost decrease of 10 % for each doubling of 

production volume.  

Considering the cumulative volume, it is ultimately determined by the market potential. Looking 

at the potential of biogas production from agriculture in Sweden, and the rest of the world, the 

theoretical volume of produced units is very large. The total production costs are calculated 

based on the number of units produced.  

With cumulative volume of production, the cost of the first unit and the experience rate 

determined, the cost of the N :th unit is calculated with Equation 6 in Section 3.4.2 which is 

presented again as Equation 75. The maintenance costs are also assumed to follow the 

experience curve.  

7.3 BUSINESS MODEL 

In order to make it profitable for IMB AB to sell the systems, the customer needs to be satisfied 

while also IMB AB makes profit.  

A common way for a prosumer to compare different investment options is to compare the 

Internal Rate of Return ( IRR  ). For the purpose of this system, a prosumer is assumed satisfied 

if an IRR of 10 % can be achieved. This assumption is based on North European Energy 

Perspectives Project (2018) which presents different common values for IRR   for different 

parts of the energy sector in Europe. This puts a constraint on the selling price of the system, as 

the selling price of a system cannot exceed what the customer is willing to pay. If the system is 

subsidized with subI  (40 % of the system selling price), the selling price can be higher as part of 

the investment is then paid by the support scheme. The selling price of a system systemI  is 

calculated as    

 
20 ,

0 (1 )

revenue t

system sub tt

I
I I

IRR
 


    (74) 
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where ,revenue tI  is the annual income generated at year t  by the system, from either sold 

electricity or vehicle gas. This is calculated with Equations 72 and 73.  

The total costs for IMB AB, ,total NI  are estimated to be the sum of maintenance- and production 

costs of the system. The production costs are calculated according to the methodology described 

in Section 7.1 and 7.2. The production costs for the N :th unit are calculated as  

 , ,1

X

production N productionC C N   .  (75) 

 The maintenance costs over the economic lifetime for IMB AB is calculated as 

 
20 int ,

int , 1 (1 )

ma enance N

ma enance N tt

C
I

d



   (76) 

where d  is the discount rate used for IMB AB. This is assumed 5 % . In Equation 76,  

int ,ma enance NC  is the annual maintenance costs for the N :th produced unit. The experience curve 

theory is applied on the maintenance costs as well, as 

 int , int ,1

X

ma enance N ma enanceC C N     (77) 

where int ,1ma enanceC  is the annual maintenance costs for the first produced unit.   

The total costs for IMB AB for the N :th produced unit are the sum of the production cost and 

the maintenance costs. This is calculated as  

 , , int ,total N production N ma enance NI C I   . (78) 

The selling price for one system, calculated with Equation 74, is compared with the associated 

costs for one system with Equation 78. The system costs are predicted to decrease with 

increased production volumes and the expected selling price remains constant, independent of 

production volume. From the perspective of IMB AB, a critical production volume point, criticalN  

,is where the costs equal the prospected selling price, or when  

 , criticaltotal N systemI I .  (79) 

The accumulated development costs for IMB AB, accumulatedI   up until this critical production 

volume is regarded as an important indicator to compare systems from an economic standpoint. 

At this point, the systems start to be profitable. They are calculated as  

 ,1
( )

criticalN

accumulated total N systemN
I I I


    (80) 

and illustrated as the red section in Figure 37. It is reasonable to assume that not only the 

accumulated costs are required for an investment. The system development procedure is not 

decided to this date but for simplicity, it is assumed that one system at a time is produced and 
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sold. That means that the selling price of the system needs to be added once, to the accumulated 

development costs in order to calculate the total investment costs investmentI  as 

 investment accumulated systemI I I  . (81) 

Once the first system has been produced and sold, that revenue can be used for producing the 

next system. 

 

Figure 37. Qualitative explanation of the profit- and investment cost calculation. 
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7.4 ECONOMIC RESULTS 

In this section, the economic results of the study are presented. For each sub-case, the following 

key parameters have been determined with and without subsidies. 

 Investment costs for IMB AB in order to reach a profitable system. 

 The critical volume of production 

 The total production and maintenance costs for the first produced unit, including the 

cost breakdown structure.  

 The selling price, to the prosumer, of the biogas system. 

 The LCOE for electricity produced (in Case 1). 

7.4.1 CASE 1: ELECTRICITY PRODUCTION  

Both the cover and building concepts are evaluated.  

Cover concept 

The prospected costs for IMB AB as a function of the cumulative production volume is presented 

in Figure 38. It also shows the income that IMB AB can expect from a prosumer. The key figures 

are presented in Table 9.  

Table 9. Key figures for Case 1, Cover concept 

Parameter Subsidies Value 

Investment to reach a profitable system  Yes 1,630,000 SEK  

Critical production volume Yes 2 

System selling price Yes 1,500,000 SEK  

Investment to reach a profitable system No 8,700,000 SEK  

Critical production volume No 53 

System selling price  No 900,000 SEK  

 

A cost breakdown structure for the first produced system is shown in Figure 39. The total 

system production costs are 1,200,000 SEK  and the annual maintenance costs are 35,000 

SEK . The revenue from replacing bought electricity is 104,000 SEK  annually.  

The LCOE for the first produced unit is 710 and 1,050 /SEK MWh  when the subsidy is 

included and not included, respectively. This can be compared to the LCOE  for other 

renewable energy sources. As a comparison, the LCOE for new solar and onshore wind was in 

2017, 930 /SEK MWh  and 280 /SEK MWh  , respectively (IRENA, 2017). 
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Figure 38. Costs and selling price against production volume. 

 

 

Figure 39. Investment costs categories as shares (Case 1, Cover concept). 
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Building concept 

Figure 40 shows the prospected costs for IMB AB as a function of the cumulative production 

volume. It also shows the income that IMB AB can expect to receive from a customer. Key figures 

are presented in Table 10. The building concept requires a very large amount of produced 

systems (>>100) until reaching the system selling price. This explains the large investment cost 

of more than 40,000,000 SEK .     

Table 10. Key figures for Case 1, Building concept. 

Parameter Subsidies Value 

Investment to reach a profitable system  Yes 5,900,000 SEK  

Associated critical production volume Yes 14 

System selling price Yes 1,500,000 SEK  

Investment to reach a profitable system No >> 40,000,000 SEK  

Associated critical production volume No >> 100 

System selling price No 900,000 SEK  

 

A cost breakdown structure for the first produced system is shown in Figure 41. The total 

system costs are 1,600,000 SEK  and the annual maintenance costs are 48,000 SEK . The 

annual revenue from replacing bought electricity is 104,000 SEK annually.  

The LCOE for the first produced unit is 950 and 1,390 /SEK MWh  when the subsidy is 

included and not included, respectively. 

 

Figure 40. Costs and selling price against production volume. 
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Figure 41. Cost breakdown structure for the investment costs (Case 1, Building concept) 

 

7.4.2 CASE 2: VEHICLE GAS PRODUCTION 

One case with only a cover and one with a surrounding building are evaluated economically. 

Cover concept 

Investment costs for IMB AB as a function of the cumulative production volume are presented in 

Figure 42. This figure also shows the income that IMB AB can expect to receive from a customer. 

Table 11 shows the key figures for this case. 

Table 11. Key figures for Case 2, Cover concept. 

Parameter Subsidies Value 

Investment to reach a profitable system  Yes 4,600,000 SEK  

Associated critical production volume Yes 2 

System selling price Yes 4,400,000 SEK  

Investment to reach a profitable system No 18,700,000 SEK  

Associated critical production volume No 38 

System selling price No 2,600,000 SEK  

 

The investment costs are higher in this case and for the first produced unit it is around 

3,300,000 SEK . A cost breakdown structure for the initial cost is shown in Figure 43. The most 
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expensive part of the system is without doubt the upgrading process including the post 

treatment and storage. It stands for around 35 %  of the total costs. 

The annual maintenance costs 100,000 SEK for the first produced unit and decrease by 10 %

for each doubling of production volume. The annual income from sold vehicle gas is          

311,000 SEK annually.  

 

Figure 42. Cost and selling price against production volume. 
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Figure 43. Production cost breakdown structure (Case 2, Cover concept). 

Building concept 

Figure 44 shows the prospected costs for IMB AB as a function of the cumulative production 

volume. It also shows the income that IMB AB can expect to receive from a customer. Key figures 

are presented in Table 12. 

Table 12. Key figures for Case 2, Building concept. 

Parameter Subsidies Value 

Accumulated costs to reach a profitable system  Yes 5,200,000 SEK  

Associated critical production volume Yes 3 

System selling price Yes 4,500,000 SEK  

Accumulated costs to reach a profitable system No 32,700,000 SEK  

Associated critical production volume No 67 

System selling price No 2,700,000 SEK  
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The investment costs are higher in this case and for the first produced unit it is around 

3,700,000 SEK . A cost breakdown structure for the initial cost is shown in Figure 45. The most 

expensive part of the system is without doubt the upgrading process, including the post 

treatment and storage. That sector stands for, in total around 31 % of the total costs. 

The annual maintenance costs 114,000 SEK for the first produced unit and decrease by 10 %

for each doubling of production volume. The annual income from sold vehicle gas is          

319,000 SEK annually. 

 

Figure 44. Costs and selling price against production volume. 

 

0

1

2

3

4

5

6

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

C
O

ST
S 

(M
SE

K
)

Cumulative production volume

Case 2, Building concept

Costs for IMBAB
System selling price - without subsidies
System selling price - with subsidies



81 

 

 

Figure 45. Investment cost breakdown structure (Case 2, Building concept). 
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8. ENVIRONMENTAL ANALYSIS 

The environmental analysis is carried out in a similar manner to the economic analysis. It 

considers the emissions of carbon dioxide over the economic lifetime. Emissions for the 

production of the system is considered as well as carbon dioxide savings due to renewable 

electricity and vehicle fuel replacing conventional electricity and vehicle fuel. Environmental 

impacts and carbon dioxide savings are expressed in carbon dioxide equivalents. This is a 

commonly used unit to measure environmental impact. It converts the global warming potential 

of different greenhouse gases to an equivalent amount of carbon dioxide.  

8.1 INPUT DATA AND BOUNDARY CONDITIONS 

Due to the complexity of the system, limitations must be put on the environmental analysis. The 

analysis includes the materials needed for the digester, the mixer, the building, the cover and the 

piping. The power producing units, such as the CHP unit, the SSU unit and the boiler, have been 

excluded. The reason is partly that the amount of material needed is negligible compared to the 

materials in the structures, and partly because of the difficulty to make a fair comparison of such 

complex components. The environmental benefit due to the produced bio fertilizer associated 

with the digestate is also excluded. 

The Eco Audit tool in CES EduPack is used for the environmental analysis. The input parameters 

are type of raw material, quantity needed, percentage recycled content, main production 

process, End-of-Life (EoL) strategy, and transportation method of the materials. The calculations 

for the quantities needed can be found in Appendix B. The materials are assumed to be produced 

in China, with an estimated 30,000 km transportation to Europe. Below is a description of the 

other input parameters chosen in Eco Audit. The impact from the EoL-process is not included in 

the results, as the recycled content is accounted for already. It is therefore not described or 

motivated more in detail. 

Type of material 

Polyurethane is used for the insulation of the digester and the building. They are in the form of 

rubber, thermoplastics, elastomers etc. depending on the application and desired characteristics 

(UW Elast, n.d.).  All types of polyurethane contain a urethane-group. The type of polyurethane 

and process that is most suitable for this system is not known at this stage. In the Eco Audit tool, 

both the thermoplastic type and the elastomer type of polyurethane are available. After 

investigation, the choice between elastomer and thermoplastic does not affect the resulting 

energy use or the carbon footprint for the polyurethane material.  For the insulation in the 

digester and the building, elastomer has been selected.  

Recycled content 

In Sweden, practically all polyurethane waste that is not reused is sent to combustion for energy 

recovery. New techniques make this alternative suitable also for ozone depleting and 

contaminated materials. Because of the difficulty to know if the material is reused or not, it is 

assumed that virgin material is used. The same problem holds for the PVC, which is also 

assumed to be virgin material. Steel plates in sandwich constructions can and should be 

recycled. (PU Europe, 2014). The feasibility depends on the steel prices. Because of the common 

practice to recycle the steel plates, it is assumed that they have a typical percentage recycled 
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content. Steel is generally a suitable material to recycle and use in new applications. It is 

therefore assumed that all steel material has a typical percentage recycled content.  

Main production process 

The processing of polyurethane is done in different ways, including molding and extrusion. In 

this case the main production process is molding, as it is the only alternative for the elastomer 

type of polyurethane. The choice of main production method has some impact, with the molding 

being much more energy demanding than the extrusion process. The relative contribution on 

total energy use and carbon footprint remains, however, quite small. 

Steel plates are usually produced by rolling. Galvanizing can be applied to increase the 
resistance against corrosion. Roll forming is assumed to be the main production process for all 
the steel. Data for mineral wool has been gathered from literature. Flury & Frischknekt (2012) 

found that 1.0 kg  of 2CO  equivalents are emitted for every kilogram of stone wool produced. 

The corresponding value in Schmidt et al (2004) is 1.3 kg  2CO  - equivalents. The higher value 

of 1.3 
2

/CO productkg kg  is chosen for this analysis.  

8.1.1 INPUT DATA COVER CONCEPT 

Table 13 shows the input data and carbon dioxide equivalents for the cover concept.  

 
Table 13. Input data for the cover concept.  If nothing else is stated, the numbers are gathered from the 
Eco Audit tool in CES EduPack. The values are rounded.  

Component Type of 

material 

Quantity 

(kg) 

Recycled 

content 

Main 

production 

process 

Environmental 

impact (𝒌𝒈𝐶𝑂2,𝑒𝑞  / 

kg of product) 

Total 

environmental 

impact 

(𝒌𝒈 𝑪𝑶𝟐,𝒆𝒒) 

Digester 

steel plates 

Stainless 

steel 

3,900 Typical % Rolling 6.2 24,000 

Digester 

insulation 

Polyurethane 1,300 Virgin   

(0 %) 

Molding 5.5 6,900 

Cover 

insulation 

Mineral 

wool 

4,500 77 % 

virgin, 23 

% 

recycled 

(Schmidt 
et al. 
2004) 

Not 

applicable 

1.3  

(Schmidt et al. 
2004) 

5,600 

Pipes for 

water and 

slurry 

PVC 300 Virgin 

(0%) 

Polymer 

extrusion 

3.1 840 

Gas pipes Stainless 

steel 

50 Typical % Roll 

forming 

6.2 290 

Steel for 

mixer 

Stainless 

steel 

3,600 Typical % Casting 6.4 23,000 

Total impact                    54,300 
 

 

  



84 

 

8.1.2 INPUT DATA BUILDING CONCEPT 

Table 14 shows the input data and corresponding carbon footprint for each component for the 

building concept. 

Table 14. Input data for the building concept. If nothing else is stated, the numbers are gathered from the 

Eco Audit tool in CES EduPack. The values are rounded. 

Component Material 

type 

Quantity 

(kg) 

Recycled 

content 

Main 

production 

process 

Environment

al impact                    

( 𝒌𝒈𝑪𝑶𝟐,𝒆𝒒/ 

kg of 

product) 

Total 

environmen

tal impact 

(𝒌𝒈𝑪𝑶𝟐,𝒆𝒒)  

Digester steel 

plates 

Stainless 

steel 

3,900 Typical % Roll forming 

 

6.15 24,000 

Digester 

insulation 

Polyuret

hane 

1,300 Virgin (0%) Molding 5.4 6,800 

Building steel 

plates 

Stainless 

steel 

3,700 Typical % Roll forming 6.2 23,000 

Building 

insulation 

Polyuret

hane 

1,800 Virgin (0%) Polymer 

molding 

5.4 10,000 

Cover 

insulation 

Mineral 

wool 

4,500 77 % virgin, 

23 % recycled 

(Schmidt et 
al. 2004) 

Not applicable 1.3  

(Schmidt et 
al. 2004) 

5,600 

Pipes for 

water and 

slurry 

PVC 300 Virgin (0%) Polymer 

extrusion 

3.1 830 

Gas pipes Stainless 

steel 

50 Typical % Roll forming 6.2 290 

Steel for 

mixer 

Stainless 

steel 

3,600 Typical % Roll forming 6.4 23,000 

Total impact                 87,000 

 

8.2 ENVIRONMENTAL RESULTS 

In this section, the results from the environmental analysis are presented. The yearly 

environmental benefit from production of either electricity or vehicle gas is added to the 

environmental impact of the materials at year zero. 

8.2.1 CASE 1: ELECTRICITY PRODUCTION 

Comparison between the two concepts 

Figure 46 shows the environmental performance for Case 1. The reduction of 2CO  is larger for 

the cover concept than for the building concept. The net amount of 2CO avoided is 88 tons for 

the cover concept and 55 tons for the building concept. The cover concept becomes 2CO positive 

after 9 years and the building concept becomes 2CO positive after 13 years.  
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Figure 46. The 2CO  reduction over the lifetime of the system for the two concepts in Case 1: electricity 

production. 

 

8.2.2 CASE 2: VEHICLE GAS PRODUCTION 

Comparison between the two concepts. 

Figure 47 shows the environmental performance for Case 2. The difference between the two 

concepts is small. The net amount of 2CO avoided is 1,834 tons for the cover concept and     

1,844 tons for the building concept. Both the cover and building concepts become 2CO positive 

after 1 year. The lines are not parallel due to the higher annual production of vehicle gas in the 

building concept. 
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Figure 47. The environmental performance for the two concepts in Case 2. 

 

8.2.3 SUMMARY – CASE 1 AND CASE 2 

Table 15 shows a summary of the previous environmental results. Two performance indicators 

are showed: the carbon dioxide avoided after the economic lifetime (20 years), and number of 

years until the avoided emissions are superior to the emissions in the production phase. 

Table 15. Summary of the environmental results for four different configurations. 

 𝑪𝑶𝟐 avoided (ton) Years until 𝑪𝑶𝟐 positive 

Case 1: Electricity production   

- Building concept 55 13 

- Cover concept 88 9 

Case 2: Vehicle gas production   

- Building concept 1,844 1 

- Cover concept 1,834 1 
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9. SCALABILITY EVALUATION 

9.1 BOUNDARY CONDITIONS 

To evaluate the viability of the system on smaller farms, a hypothetical farm with 50 cows is 

modelled. The base is the cover concept for Case 1 with one standardized digester used. The 

purpose is to evaluate the economic performance on a smaller scale. The procedure is similar to 

the system with 200 cows. Firstly, an energy balance is exerted as described in Section 4. Based 

on that, proper equipment is considered and cost-estimated according to Sections 7.1 and 7.2. 

As the system is considered at a smaller scale, some costs are the same as for the larger system 

(200 cows) and some are likely to decrease. It is assumed that the direct material and labor costs 

are proportional to the material that is actually used, with the exception of the CHP-unit. A 

proper CHP-unit is selected to handle the smaller biogas flow. In practice, it means that apart 

from CHP-unit the material and labor costs are assumed one quarter for the case with 50 cows 

compared to the case with 200 cows. 

The costs for developing a control system are assumed the same as for the system with 200 

cows. The reason is that the same type of control system is supposed to be used. The 

maintenance costs are, similar to the 200 cow system, assumed to be 3 % of the total capital 

costs. 

The design of the heating system is assumed similar to what is used in Figure 35, Section 6.2.1 

but with smaller sizes of equipment. 

9.2 RESULTS 

The system with one digester have smaller sizes in all components. The annual electricity 

production is also smaller as is the rated power of the CHP. The electricity output is constant at a 

rate of 4.5 kW  of which 4.4 kW  is exported and 0.1 kW  is used for mixing. The heat output is 

constant at 8 thkW . Table 16 shows important key figures in regards to the downscaled system. 

The prospected costs for IMB AB as a function of the cumulative production volume is presented 

in Figure 48. 

Figure 49 shows the cost breakdown structure for the production costs. It can be seen that a 

large share of the costs of around 27 % , can be traced down to the control system costs. The 

total production costs for the first system are around 400,000 SEK and the maintenance costs 

12,000 SEK . The annual income is 26,000 SEK . 
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Table 16. Key figures for a downscaled system (50 cows) 

Parameter Subsidies Value 

Investment to reach a profitable system  Yes 1,100,000 SEK  

Associated critical production volume Yes 14 

System selling price Yes 370,000 SEK  

Investment to reach a profitable system No 15,600,000 SEK  

Associated critical production volume No 400 

System selling price No 220,000 SEK  

 

  

Figure 48. Economic results of the downscaled system. 
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Figure 49. Cost breakdown structure for the downscaled system.  
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10. SENSITIVITY ANALYSIS 

A sensitivity analysis is carried out, considering the cover concept with subsidies included. The 

output Key Performance Indicator (KPI) is the total investment costs for IMB AB, calculated with 

Equation 81 in Section 7.3.  

Many variables are suitable for a sensitivity analysis, but as due to project limitations, only a few 

are selected. These are introduced in Section 3.7.  

10.1 COMMODITY PRICES, BIOGAS YIELD AND EXPERIENCE RATE 

In this section, the commodity selling price, biogas yield, and experience rate are varied to 

investigate the impact on the KPI. In Case 1, the electricity price for the customer is varied, as the 

produced electricity is assumed to replace bought electricity from the grid. In Case 2, the vehicle 

gas-selling price is varied, as the produced vehicle gas is exported. 

Figure 50 and Figure 51 show the results for Case 1 and Case 2, respectively. The variables are 

varied between -30 %  and +30 %   of their initial values. The maximum and minimum values 

and the initial values are shown in Table 17.  

Table 17. Sensitivity analysis input values. 

Variable -30 % 0 % (initial value) +30 % 

Experience rate % 7  10  13  

Biogas yield ( 𝑚3/ℎ) 7 10 13 

Electricity price, 
SEK/MWh 

500 700  900 

Vehicle gas selling 
price SEK/MWh 

520 820  1,100 

 

Figure 50 shows that the KPI (accumulated investment cost) in Case 1 is more sensitive to 

changes in electricity price and biogas yield, than experience rate. Electricity price and biogas 

yield have similar impacts on the KPI. Of these two, the electricity price is the most uncertain. 

The large impact that the biogas yield has, makes it an interesting option to test the substrate 

that is available. This, in order to get more accurate data on how much biogas that can be 

produced. The experience rate has negligible impact.  

When the biogas yield and the electricity price are increased, the KPI reaches a constant value. 

This indicates that the total investment costs for IMB AB become the production cost that IMB 

AB has to invest in the first system, regardless the income from the subsequent sales.   
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Figure 50. The accumulated investment costs for Case 1, when varying the electricity price, the biogas 

yield and the experience rate. 

Figure 51 shows that the biogas yield has the largest impact on the KPI among the three 

variables in Case 2. The vehicle gas-selling price also has a relatively large impact. The 

experience rate has negligible impact. Similar to Case 1, the KPI reaches a constant value when 

the biogas yield and the vehicle gas-selling price are increased. This indicates that the total 

investment costs for IMB AB become the production cost that IMB AB has to invest in the first 

system, regardless the income from the subsequent sales.   
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Figure 51. The accumulated investment costs for Case 2, when varying the vehicle gas selling price, the 

biogas yield and the experience rate. 

10.2 MIXER ELECTRICITY CONSUMPTION 

In this section, the specific mixer electricity consumption is increased to investigate the impact 

on the KPI. The specific mixer electricity consumption initial value is 1 3/W m , and it increases 

up to 5 3/W m , corresponding to a 400 %  increase. Figure 52 shows that the KPI is not as 

sensitive to increased mixer electricity consumption as the biogas yield or electricity/vehicle gas 

price. When the electricity consumption is increased with 400 % , the investment costs increase 

from 1.6 to 1.7 million SEK in Case 1, and from 4.3 to 4.5 million SEK  in Case 2.  
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Figure 52. The accumulated investment costs for the two cases when the mixer electricity consumption is 

increased from the initial value. 

10.3 PROSUMER PROFITABILITY REQUIREMENT 

In this section, the IRR demanded by the prosumer is varied. The value will vary depending on 

the specific requirements from the prosumer. The initial value is 10 %, and it varies between      

5 and 15 % . Figure 53 shows that Case 2 is slightly more sensitive to changes of the IRR. When 

the IRR is increased to 15 % , the KPI is increased to 3.2 million SEK  in Case 1, and                    

7.6 million SEK  in Case 2. Similar to Section 10.1, The KPI reaches a constant value when the 

cost for the upgrading unit is decreased and thus the costs for IMB AB decrease. This value is the 

production costs for the first system that IMB AB has to invest, regardless the income from the 

subsequent sales. Based on Figure 53, the investment costs start to increase dramatically at 

around 12 %  IRR.  

 



94 

 

  

Figure 53. The accumulated investment costs for the two cases when the prosumer IRR is varied from the 

initial value 10 %. 

 

10.4 UPGRADING UNIT INVESTMENT COSTS 

In this section, the impact from the upgrading unit investment cost is investigated. The initial 

value is 750,000 SEK , and it is varied between 525,000 SEK and 975,000 SEK . Figure 54 

shows that an increase of upgrading unit cost by 30 %  leads to increased accumulated 

investment costs of approximately 1 Million SEK .  

 

Figure 54. The accumulated investment costs in Case 2, when the cost of the upgrading unit changes.  
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11. DISCUSSION 

In this section, different aspects of the work is discussed.  

11.1 MODULARITY AND INOVATIONS FROM IMB AB  

The cover and building concepts are evaluated. These are found to mainly minimize the 

transmission losses. The energy analysis shows, however, that the main heat demand is due to 

preheating of substrate. This raises the question, whether the focus with these innovations are 

misdirected and do not directly affect the main problem of energy efficiency. This seem true, at 

least in regards to heat demand. One idea with the building concept is to utilize otherwise 

wasted heat. The question remains if there is another way of utilizing the rejected heat from the 

SSU-unit. As of today, it is not done on any of the farms that were visited. In general, the excess 

heat from air-cooled compressors are ventilated away. From an energy standpoint, one 

reasonable way of moving forward would be to integrate the heat with the hydronic heating 

system described in Section 6. In this way, it could contribute where it is needed the most, being 

for preheating of substrate. However, in order to conduct this efficiently, a water-cooled 

compressor would be required, which is currently not very common.  

The cover concept seems promising as a cost-effective way of insulating the digesters. The 

thermal requirement on the material is low, so in principal any fabric material could be used. 

Local producers could be contacted to obtain the cover. The carbon footprint of materials such 

as mineral wool are lower than for example polyurethane foam, further supporting the cover 

concept. 

The investment costs of the building concept is larger. Those costs are not compensated by a 

large enough increase in revenue. However, the building has the potential of giving lower 

maintenance costs because of the protection of equipment that it provides. This potential cost 

reduction has not been quantified in this work. On the other hand, the fact that a building is 

present also brings some maintenance costs for the building itself as well as additional capital 

costs for the building. The building also brings more material costs and therefore a larger carbon 

footprint. Especially by increasing the amount of steel, which is associated with relatively large 

carbon dioxide emissions.   

The safety aspects need more investigation when the exact configuration is to be decided. One of 

the questions arising at this stage of the project is the ventilation requirement in the building. To 

prevent the whole building from being explosion classified, the requirement is likely higher than 

the value from Boverket used in the simulations, at least in parts of the building. This would lead 

to higher heating demand and the building being less attractive from an energy efficiency point 

of view.  An external investigation is needed to decide the exact safety requirements for the 

system, further increasing the system development costs.  

The innovation for the mixer seems to be a promising method. A continuous electricity demand 

of around 1 3/W m has to be regarded as reasonable when considering the present installations 

where energy consumption of  20-30 3/W m or even 40 3/W m  exist (Nordgren, 2014; Ståhl, 

2016). However, as already mentioned, this is only estimations. Experimental data is needed to 

get a more precise estimation of the energy performance. Experimental data is also needed to 

verify if it actually solves the other problems such as corrosion of mixing equipment, identified 

as a common problem within farm-based biogas production. The sensitivity analysis shows that 
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even if the electricity consumption goes up to 5 3/W m , the accumulated investment costs to 

reach a profitable system do not increase significantly. However, as current systems have shown 

much larger energy consumptions, this variable is still associated with large uncertainties.  

The economic analysis showed a great potential provided that the system can be mass-

produced. It also showed that the achieved cost reductions from producing multiple units is 

more or less a requirement in order to have a profitable system. In addition, the experience rate 

did not have any significant impact on the KPI in the sensitivity analysis. The impact from the 

experience rate lays instead in the profitability, especially if a large amount of units is produced. 

The time aspect should also be discussed. A discount rate is used for the cash flow of each sold 

unit, but no discount rate is used for the mass production. A direct payback is assumed, even 

though the units will not be produced at the same time.  

The upgrading unit is, as of today, associated with significant uncertainties. The economic 

analysis assumes that the SSU is modular in the same way as the digesters and can be used on 

farms of different sizes in a modular way. This, however, is not necessarily true and one 

completely new design might be needed for each size. If this is the case, the concept of mass-

production needs to be evaluated again and it might not be possible to apply the experience rate 

theory, or the experience rate would be lower. 

Generally, the results have shown that the investment costs associated with developing biogas 

systems are quite high and the profit margins are not always good. In addition to this, there are 

uncertainties regarding the biogas yield and electricity price that can have significant impact on 

the profitability of the system. One parameter that has been excluded in this project is the 

availability of the systems. If a major breakdown or failure occurs, the profit will be lower. The 

proposed system has some in built redundancy in regards to this. If a problem occur in one 

digester, the others can possibly continue to work as usual. 

The scalability evaluation showed that the needed investment to reach a profitable system with 

50 cows is lower than the system with 200 cows, when subsidies are included (1.1 Million SEK

for the system with 50 cows and 1.6 Million SEK for the system with 200 cows). This indicates 

that there might be worth developing the system on a smaller scale. On the other hand, the 

income from each unit is smaller, so more units need to be sold (14 units of the system with      

50 cows and 2 units of the system with 200 cows). Thus, the system has not shown economic 

scalability.  

11.2 SUSTAINABILITY REVIEW 

Both the path of producing electricity and vehicle gas are evaluated in Case 1 and Case 2. The 

latter case seems to be the preferable way to pursue regarding economic and environmental 

benefits. These results might however differ depending on the boundary conditions.  

The environmental analysis shows that the vehicle gas case outperforms the electricity case in 

terms of avoided 2CO - emissions. The reason is the much larger reduction in 2CO  when 

replacing fossil fuels than when replacing the Nordic electricity mix, together with the larger 

output per 3m  of raw biogas when producing vehicle gas. 
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The environmental benefit of producing electricity is highly dependent on the electricity mix 

that it replaces. In Sweden, around 90 % of the electricity produced comes from hydro-, nuclear- 

and wind power that are low-carbon sources (Swedish Energy Agency, 2017). In large parts of 

the world this, however, is not the case. In 2015, over 60 % of the electricity generation 

worldwide was based on fossil fuels (United Nations, 2018). A biogas generator would be a more 

attractive choice from an environmental standpoint in a country with more fossil fuel based 

electricity generation. This would be the case in many other places than Sweden, such as China 

and India.  

A similar argument can be used from the economic perspective. Sweden is a country with 

relatively low electricity prices and high vehicle fuel prices. As shown in the sensitivity analysis, 

the electricity and vehicle gas selling prices have significant impact on the economic 

performance of the system and the reasonable selling price of a system. For example, a 30 % 

lower revenue from selling the vehicle gas would increase the accumulated investment costs 

with 5 million SEK, or 160 %. As such, the results are site specific and these boundary conditions 

should always be revised depending on the location.  

Regarding the environmental performance of Case 2, fossil fuels are dominating globally within 

the transportation sector (U.S EIA, 2016). This implies that the carbon dioxide reduction by 

producing vehicle fuel will likely stay relatively high regardless of the location. That, however, 

requires the proper infrastructure such as biogas driven vehicles, which might not always be 

available.  

Energy security and self-sufficiency of energy are two important aspects of social sustainability. 

The electricity case contributes more to these aspects because the produced electricity is used 

on-farm. The produced vehicle gas is exported and therefore does not contribute to neither self-

sufficiency, nor energy security. A better alternative, considering these aspects, would be to 

replace parts of the diesel consumption with vehicle gas. Compared to other renewable energy 

resources, electricity generation from biogas has the advantage of being dispatchable. It can 

therefore, in a sustainable way, act as a backup complement to energy sources such as solar or 

wind power, further increasing energy security.  

The labor associated with the production and maintenance of the system is contracted by IMB 

AB. This means that the local community will probably not benefit from possible job 

opportunities. The system will not be locally produced but rather in centralized factories. The 

assembly and maintenance will likely be done by mobile workers for IMB AB that ambulate 

between different installations. 

Another aspect of the upgrading technology being less widespread is that the prospected 

profitability and the basis of calculations are more uncertain. It is partly based on a patent that is 

not yet published, making the cost a significant uncertainty. The impact from the upgrading unit 

cost is not compared with other parameters in the sensitivity analysis. However, a 30 %  

increase in the upgrading unit cost results in 1 million SEK of increased accumulated investment 

costs for IMB AB. Having in mind that the upgrading unit cost is highly uncertain, the probability 

of the system being less profitable is high.   

Albeit the profitability is expected to be higher when producing vehicle gas, it is associated with 

higher investment costs. If access to capital is an issue, which could be the case in certain parts 
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of the world or for certain prosumers, it might be more reasonable to pursue the path of 

electricity production.   

The environmental impact from the power-producing units (SSU and CHP) has been neglected. It 

is possible that these components make up a significant part of the environmental impact. 

However, the amount of material is small compared to the structures of the digesters, cover and 

building. Therefore, the manufacturing process must be really energy intensive, in order for the 

power producing components to have an impact on the environmental results.  

The estimated biogas yield significantly affect the performance from energy, economic and 

environmental standpoints. As shown in the sensitivity analysis, this variable has a larger impact 

on the KPI than vehicle gas selling price in Case 2, and a similar impact as electricity price in 

Case 1. This could be of significant importance if the yield falls short of the prospected yield. The 

biogas yield depends on several parameters, such as VS, TS and methane potential. Therefore, 

the risk of a smaller yield than expected is higher, than for an independent variable.  

A final aspect that shows a great impact on whether the system is profitable or not, is the IRR 

from the prosumer standpoint. The accumulated investment costs for IMB AB is nearly doubled 

in Case 2, when the IRR is increased from 10 to 15 %. The risk is therefore that the company 

investment will be higher depending on the prosumer economic preferences. The business 

model applied is not certain to be the final one that is used. It assumes a separation between IMB 

AB and the prosumer. In reality, a more dynamic interaction is possible, which would affect the 

investment costs.  
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12. CONCLUSIONS AND FUTURE WORK 

12.1 CONCLUSIONS 

Based on the aim and objective of the study, conclusions are presented. 

 The new mixing method is promising  

The new mixing method seems promising and it should be investigated more. The preliminary 

results show that the energy consumption is low compared to commonly used mixing methods. 

 Building concept not viable in terms of energy 

The concept of utilizing a surrounding building in conjunction with excess waste heat has been 

shown not to generate any major benefits in terms of increased energy efficiency. 

 The modularity gives potential cost reductions 

The possibility of gaining experience by producing similar systems has significant potential to 

reduce costs and generate profitable biogas systems. 

 Modular small-scale vehicle gas production is promising 

The small-scale vehicle gas production is a promising method of producing sustainable vehicle 

fuel. Positive results were achieved both from economic and environmental standpoints.  

 Modular electricity production promising 

The electricity production case generates profit under the assumption that they are modular and 

many systems are produced.  

 Significant difference in environmental performance between the two cases   

The accumulated 2CO  reduction is much larger in the vehicle gas production case than in the 

electricity production case. This is explained partly by the low carbon emissions from Swedish 

electricity mix, and partly by the higher output per 3m  of raw biogas when producing vehicle 

gas.  

 Subsidies of 40 % important for profitability 

In both cases and for both the building and cover concept, the subsidies have a significant impact 

on the required investments before a profitable system can be reached. 

 Electricity price, vehicle gas selling price and biogas yield can have a significant 

impact on the profitability 

The price on electricity and vehicle gas, and the biogas yield have been shown to significantly 

affect the economic outcome when varied. They are uncertain and site-specific, so there is a risk 

that the investment costs will be higher due to changes in these variables.  
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12.2 FUTURE WORK 

This thesis is part of the long-term collaboration between KTH and IMB AB on the path towards 

a modular biogas system. What remains is to suggest some future work to follow up the project.  

12.2.1 EXPERIMENTAL ANALYSIS OF THE MIXER 

The energy analysis of the mixer showed promising results and the mixer has the potential of 

being energy efficient. The mixer was in this report assumed to solve some of the other 

problems currently encountered in small-scale biogas production such as equipment corrosion. 

It was also assumed to generate similar mixing pattern as a normal impeller. To investigate if 

these presumptions are true, a prototype of the mixing device is needed. This will also generate 

data regarding the actual energy consumption.  

A proposed future work is to build a prototype of the mixer in order to understand more about 

the dynamics and associated problems. 

12.2.2 BROADER PERSPECTIVE ON THE SYSTEM 

The use of biogas has the potential of being a part of a small-scale polygeneration system. 

Agriculture industry is energy intensive with many types of energy demands, for example 

heating, cooling, electricity and energy for transportation. Therefore, it is important to evaluate 

the modular system from a broader perspective by expanding the system boundaries. In this 

way, all benefits that biogas production can generate could be included. Examples are 

 Biofertilizers  

 CHP-heat in combination with absorption cooling  

 Usage of CHP-heat in a local district heating network 

 Usage of vehicle gas in dual-fuel tractors. 

 Other on-farm usage of vehicle gas. 

The proposed further work is to compare different ways of utilizing biogas on farms. The 

transient behavior pattern would need to be studied if the biogas production is combined with 

intermittent power sources, such as wind and solar. 

12.2.3 PRODUCT DESIGN STUDIES 

Design and industrial aspects have only briefly been treated in this project. To make a more 

accurate prediction of the investment costs and costs reduction potential, different aspects of 

industrial production should be investigated. The system should be easily manufactured, 

transported as well as modular. These aspects remain uncertain. For the system to be modular, 

not only the digesters need built-in modularity but also parts such as the heating system, 

upgrading unit and the CHP. The construction and mounting of the system need to be 

determined as well as the production methods that should be used. This also include 

development of the final business model. It might not be possible for a company to guarantee a 

20-year lifetime of the system, as assumed in this project. 
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APPENDIX A MATLAB-CODES 

In this Appendix the MATLAB-codes are presented.  

Energy system analysis 

For the energy system analysis three main codes were used.  

 Firstly, the main file for calculating the seasonal energy flows is presented. With this the 

two function files “BalanceFlow_VehicleGas” and “Pytsvarme” needs to be saved in the 

same file.  

 The second main code treats the transmission losses as function of the building and 

injected waste heat to the building area. 

 The third main code treats transmission losses as function of the digester and cover 

insulation thicknesses. 

 The fourth code treats mixer dynamics. This needs the function file “Velocity”. 

Main file seasonal energy flows 

clear all, close all, clc 

  
%%% Inputs %%% 

  
n_cow=200; % Number of cows (-) 
l_building=0.05; % Building insulation thickness (m) 
l_cover=0.1; % Cover thickness (m) 
l_digester=0.07; % Digester insulation thickness (m) 
Qadd=3000; % Heat for the building area 
Building=0; % Set this to one for building concept, zero for cover concept 

(-) 
VehicleGas=1; % Set this to one for vehicle gas production, zero for 

electricity production 

  
%%% Script start %%%  

  
% General information and digester/building design 
rho_substrate=1000; % density of the substrate (kg/m3) 
m_manure_percow=53; % Manure production of one cow (kg/day) 
mdot_manure=n_cow*m_manure_percow/24; % Manure flow (kg/h) 
ResTime=45;     % Residence time (45 days) 
V_digester=ResTime*24*mdot_manure/rho_substrate; % Volume of digester 

assuming a 45 day process time (m3) 
Vdot_manure=mdot_manure/rho_substrate; % Volumne flow of manure (m3/h) 
mdot_manure_sec = mdot_manure/3600; % Mass flow of manure (kg/s) 

  
TS=0.09; % 9% dry content 
Cp_substrate=(1-TS)*4180+TS*1050; % Specific heat of manure (J/kgK) 

  
% Biogas production 
rho_CH4 =0.659; % Density of methane (kg/m3) 
CH4_yield=200;  %m3_CH4/ton VS 
VS=0.8; % Volatile organic solids 
x_CH4 = 0.65; % Methane content in outgoing biogas 
Vdot_biogas = Vdot_manure*rho_substrate*TS*VS*CH4_yield/1000/x_CH4/3600;  
V_CH4_tot = Vdot_biogas*x_CH4; %m3 CH4/s 
LHV_CH4=50*10^6; % LHV of methane J/kg 
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% Digester dimensions/standard digester 
n_cow_std=50;% Number of cows that the digester is designed for (50) 
n_digester=ceil(n_cow/n_cow_std); % Number of digesters 
V_digester_std=V_digester/n_digester; 
d_digester=(4*V_digester_std/pi)^(1/3); % Diameter of the digester 
h_digester=d_digester; % Height of digester. For optimal dimensions the 

height and diameter are the same 

  
Ad_wall=d_digester*pi*h_digester*n_digester;    % Area of the cylindrical 

wall of the digesters 
Ad_roof=d_digester^2/4*pi*n_digester;           % Area of the roof of the 

digesters, assume they are circular 
Ad_floor=Ad_roof;                               % Area of the digester 

floor 

  
% Building dimensions 
SD=2; % Safety distance between digesters and building walls/roof (m) 
h_building=h_digester+SD; %Height of the building 
w_building=((d_digester+SD)*n_digester/2+SD);% Width of the building 
d_building=((d_digester+SD)*n_digester/2+SD); % Depth of the building 

  
Ab_wall=2*h_building*w_building+2*h_building*d_building; % Wall area of the 

building 
Ab_roof=w_building*d_building; % Roof area of the building 
Ab_floor=w_building*d_building-Ad_floor; % floor area of the building 

  
% Heat transfer coefficients 
% Insulation, assuming only polyurethane and the ground as insulation 
k_insulation=0.024; % Thermal conductivity of polyurethane (W/m*K) 
k_ground=2; % Based on Jarmander Sjöberg 
k_cover=0.037; % Stenull 
l_ground=1.7; % 
l_gravel=0.5;  
ho_digester=5; % This value is the right magnitude, based on the HTF book 
hi_building=5;  
ho_building=10; % higher value here based on the forced convection (at 

5m/s) 

  
% Design temperatures 
 T_SMHI = xlsread('SMHI_DATA','SMHI_DATA'); % Fetching the data from 

Ogestad weather station 
 T_SMHI=T_SMHI(:,2); % Outdoor air temperture over one year, 3 measurements 

each day 
 T_building=8; %Minimum allowed building temperature, (design, over the dew 

point) 
 T_digester=37; % Digester temperature 
 Tavg=sum(T_SMHI)/length(T_SMHI); % Average air temperature in Gamleby 
 T_dot5=min(T_SMHI); % Minimum air temperature in Gamleby 

  
 Tday=zeros(1,365); 
 for i=1:365 
    Tday(i)=T_SMHI(3*i-1); % Due to SMHI file measures every 8th hour =3 

times per day 
 end 
 Tsub_in=Tavg+4; % Substrate in temperature (4 higher than outdoor air 

temp) 
 T_out=Tday; 

  
 eps1=0.5; % Effectiveness of the heat exchanger digestate/substrate 
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 Q_HEX_max=Cp_substrate*rho_substrate*Vdot_manure/3600*(T_digester-

Tsub_in); 
 Q_HEX1=Q_HEX_max*eps1; % Calculating the heat that is added by the 

outgoing substrate 
 T_dig_out=T_digester-eps1*(T_digester-Tsub_in); 
 T_interm=eps1*(T_digester-Tsub_in)+Tsub_in; % Outgoing temperature of 

HEX1, intermediate temperature 

  
 % Thermal energy flows 
 Q_preheat=mdot_manure_sec*Cp_substrate*(T_digester-Tsub_in); % Heat 

required for preheat of substrate 

  
 Q_biogas=LHV_CH4*V_CH4_tot*rho_CH4; 

  
 % Ventilation and infiltration losses 
 rho_air=1.2;% kg/m3 
 Cp_air=1000; % 1000 J/kg/K 

  
VentilationBoverket=0.1; % 0.1 l/s/m2 floor area 
 ACH_infiltration=0.111; 
 V_building=h_building*w_building*d_building; 

  
 Vdot_ventilation=VentilationBoverket*(Ad_floor+Ab_floor)/1000; 
 Vdot_infiltration=ACH_infiltration*V_building/3600; 

  
 Q_ventilation=Vdot_ventilation*rho_air*Cp_air*(T_building-T_out); 
 Q_infiltration=Vdot_infiltration*rho_air*Cp_air*(T_building-T_out); 

  
 %% 

  
 % U-values 
 Ud_wall=(l_cover/k_cover+l_digester./k_insulation+1/ho_building).^-1; 
 Ud_roof=(l_cover/k_cover+1/hi_building+1/ho_building).^-1; 
 Ud_floor=(l_digester/k_insulation+l_ground/k_ground).^-1; 

  
 Ub_wall=(1/ho_building+l_building/k_insulation+1/hi_building)^-1; % U-

value for the building wall and roof 
 Ub_roof=(1/ho_building+l_building/k_insulation+1/hi_building)^-1; 
 

Ub_floor=(l_building/k_insulation+l_gravel/k_ground+l_ground/k_ground+1/hi_

building)^-1; % Uvalue for the building floor 
 % Temperature in the building and transmission losses 
 Q_trans=zeros(1,length(T_out)); 
 T_building_real=zeros(1,length(T_out)); 
 if Building==1 

  
 for i=1:length(T_out) 
    TbFunc= @(Tb) Ud_wall*Ad_wall*(T_digester-

Tb)+Ud_roof*Ad_roof*(T_digester-Tb)-Ub_wall*Ab_wall*(Tb-T_out(i))-

Ub_roof*Ab_roof*(Tb-T_out(i))-Ub_floor*Ab_floor*(Tb-(Tavg+3))+Qadd-

Vdot_infiltration*rho_air*Cp_air*(Tb-T_out(i))-

Vdot_ventilation*rho_air*Cp_air*(Tb-T_out(i)); % Calculating T building 
    T_b=fsolve(TbFunc,0); 
    Q_trans(i)=Ud_wall*Ad_wall*(T_digester-

T_b)+Ud_roof*Ad_roof*(T_digester-T_b)+Ud_floor*Ad_floor*(T_digester-

(Tavg+3));   
    T_building_real(i)=T_b;  

     
 end  
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 else  
     for i=1:length(T_out) 
    Q_trans(i)=Ud_wall*Ad_wall*(T_digester-

T_out(i))+Ud_roof*Ad_roof*(T_digester-

T_out(i))+Ud_floor*Ad_floor*(T_digester-(Tavg+3));  
     end 
 end 
  Q_HEX2=Q_trans+Q_preheat-Q_HEX1; % Total external heat demand 
 %%% Plots 
t=1:length(Tday); % Plot vector x axis 
T=ones(1,length(Tday)); % Plot vector used for constant values 

  
figure(1) 
 plot(t,Q_trans/1000) 
 hold on 
 plot(t,T*Q_preheat/1000) 
 hold on 
  plot(t,(T*Q_preheat+Q_trans)/1000) 
  hold on 
  grid on 
 legend('Transmission','Preheat','Total') 
 ylabel('kW') 
 xlabel('Day') 
 title('Heat losses') 
ylim([0 20]) 

  
 figure(2) 
 plot(t,T*Q_HEX1/1000) 
 hold on 
 plot(t,Q_HEX2/1000) 
 grid on 
 hold on 
 plot(t,T*Q_HEX1+Q_HEX2) 

  
 legend('Heat recovery','External heat demand','TOTAL') 
 ylabel('kW') 
 xlabel('Day') 
 title ('Supply') 
 ylim([0 20]) 

  
 %% Biogas utilization 

  
% Vectors for speed 
v_boiler=zeros(1,length(Q_trans)); 
v_CHP=zeros(1,length(Q_trans)); 
v_SSU=zeros(1,length(Q_trans)); 
Excess=zeros(1,length(Q_trans)); 
Qadd=zeros(1,length(Q_trans)); 
WaterFlow=zeros(1,length(Q_trans)); 
Q_boiler=zeros(1,length(Q_trans)); 
P_stirr=zeros(1,length(Q_trans)); 
P_CHP=zeros(1,length(Q_trans)); 
Q_CHP=zeros(1,length(Q_trans)); 
P_SSU=zeros(1,length(Q_trans)); 
Q_SSU=zeros(1,length(Q_trans)); 
E_SSU=zeros(1,length(Q_trans)); 
Q_Excess=zeros(1,length(Q_trans)); 

  
% Efficiencies 
eta_CHP_heat=0.55; 
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eta_CHP_el=0.3; 
eta_boiler=0.85; 

  
%% 
if VehicleGas==1 

  
for I=1:length(Q_trans) 
  initial2=[0; 0;0]; % Initial vlaues for BalanceFlow v3 

    
  [X,FVAL] = fsolve(@(v) 

BalanceFlow_VehicleGas(eps1,Tday,Q_trans(I),Q_HEX2(I),v),initial2); 

   
  v_boiler(I)= X(1); % Methane to the boiler 
  v_CHP(I)= X(2);    % Methane to CHP 
  if X(3)>0 
  v_SSU(I)= X(3);    % Methane to SSU 
  else  
      v_SSU(I)=0; 
  end 

   
  [Qadd(I),WaterFlow(I)]=Pytsvarme(X(3)); % Calculating the amount of heat 

from the upgrading 

   
  Q_boiler(I)=v_boiler(I)*LHV_CH4*rho_CH4*eta_boiler; % Boiler heat 

  
% Mixing device 
P_stirr_spec=475/V_digester; % Specific power consumption (W/m3 digester) 
P_stirr(I)=V_digester*P_stirr_spec; % Electricity to stirrer 

  
P_CHP(I)=v_CHP(I)*LHV_CH4*rho_CH4*eta_CHP_el;  % Electricity from CHP 
Q_CHP(I)=v_CHP(I)*LHV_CH4*rho_CH4*eta_CHP_heat; % Heat from CHP 
Q_Excess(I)=Q_CHP(I)+Q_boiler(I)-Q_HEX2(I); 

  
P_SSU(I)=P_CHP(I)-P_stirr(I); % Electricity due to upgrading 
Q_SSU(I)=Qadd(I); 
E_SSU(I)=v_SSU(I)*LHV_CH4*rho_CH4; % Energy in vehicle gas 

  
end 

  
BiogasCHP=sum(v_CHP)*24*LHV_CH4*rho_CH4; % Wh/year 
BiogasBoiler=sum(v_boiler)*24*LHV_CH4*rho_CH4; % Wh/year 
BiogasSSU=sum(v_SSU)*24*LHV_CH4*rho_CH4; % Wh/year 

  
% Plots 

  
%%% 
figure(3) 
plot(t,Q_CHP/1000) 
hold on 
plot(t,Q_boiler/1000) 
hold on 
plot(t,Q_HEX2/1000) 
legend('Heat from CHP','Boiler','Total heat demand') 
ylabel('kW') 
xlabel('Day') 
title('External heat demand')  
grid on 
ylim([0 20]) 
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figure(4)  
plot(t,P_CHP/1000) 
grid on 
hold on 
plot(t,P_stirr/1000) 
hold on 
plot(t,P_SSU/1000) 
hold on 
legend('CHP electricity yield','Stirrer','SSU') 
ylabel('kW') 
xlabel('Day') 
title('Electricity summary')  

  
figure (5) 
plot(t,E_SSU/1000) 
grid on 
ylabel('kW') 
xlabel('Day') 
title('Vehicle gas') 
ylim([0 50]) 

  

  
figure (6) 
plot(t,Qadd/1000) 
grid on 
title ('Heat from upgrading') 
ylim([0 5]) 
ylabel('kW') 
xlabel('Day') 
else 
    %% 
    % Mixing device 
P_stirr_spec=475/V_digester; % Specific power consumption (W/m3 digester) 
P_stirr=V_digester*P_stirr_spec; % Electricity to stirrer 

  
 Q_CHP=V_CH4_tot*LHV_CH4*rho_CH4*eta_CHP_heat; % Heat from CHP 
 P_CHP=V_CH4_tot*LHV_CH4*rho_CH4*eta_CHP_el; % Heat from CHP 
 Q_excess=Q_CHP-Q_HEX2;  % Heat for export 
 P_excess=P_CHP-P_stirr; % Electricity for export 

  
 % Plots 
 figure(3)  
 plot(t,T*Q_CHP/1000) 
 grid on 
 xlabel('Day') 
 ylabel('kW') 
 title('Heat') 
 hold on 
 plot(t,Q_excess/1000) 
 hold on 
 plot(t,Q_HEX2/1000) 
 legend('Heat from CHP','Excess heat','Heat that is utilized') 
 ylim([0 40]) 

  
 figure(4) 
  plot(t,T*P_CHP/1000) 
 grid on 
 xlabel('Day') 
 ylabel('kW') 
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 title('Electricity') 
 hold on 
 plot(t,T*P_excess/1000) 
 hold on 
 plot(t,P_stirr*T/1000) 
 legend('CHP electricity yield','Electricity for export','Stirrer') 
  ylim([0 20]) 

  
end 

  
BalanceFlow_VehicleGas 
 
function [eps] = BalanceFlow_VehicleGas(eps1,Tday,Qtr,Q_HEX2,v) 
% General information and digester/building design 
rho_substrate=1000; % Density of substrate 
m_manure_percow=53; % Manure production of one cow (kg/day) 
n_cow=200;% Number of cows 
mdot_manure=n_cow*m_manure_percow/24; % Manure flow (m3/h) 
ResTime=45; % Residence time 
V_digester=ResTime*24*mdot_manure/rho_substrate; % Volume of digester 

assuming a 45 day process time (m3) 
Vdotmanure=mdot_manure/rho_substrate; 

  
% Biogas properties 
VS=0.8; % Volatile organic solids 
TS=0.09; % 9% dry matter 
MethanePotential=200; % Potential in m3/ton substrate 
C_CH4= 0.65; % 65 % concentration of methane 

  
%Temperatures 

  
Vdot_biogas=Vdotmanure*rho_substrate*TS*VS*MethanePotential/C_CH4/1000/3600

; % Biogas flow rate in Nm3/s 

  
%% Mixing device 
P_stirr_spec=475/V_digester; % Specific power consumption (W/m3 digester) 
P_stirr=V_digester*P_stirr_spec; 

  
%% Upgrading 
%constants for the cp 
a_CH4 = 34.31e-3; 
b_CH4= 5.469e-5; 
c_CH4 = 0.3661e-8; 
d_CH4 = -11.00e-12; 

  
a_CO2 = 36.11e-3; 
b_CO2 = 4.233e-5; 
c_CO2 = -2.8787e-8; 
d_CO2 = 7.464e-12; 

  
x_out=0.97; % Outgoing methane content 
rho_CH4 =0.659; 

  
    LHV_CH4 = 50*rho_CH4; %MJ/kg*kg/m3 =MJ/m3 

     
    kappa_CH4 = 1.307;   kappa_CO2 = 1.304; % Kappa for gas 
    eta_mech = 0.8;  eta_is = 0.75;  % Efficiencies 
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    COP2 = 3.5; 
    p_atm = 1.01325e5; 
    p1 = 1.013e5; 
    p2 = 8.5e5; 
    p3 = p2;  
    p4 = 250e5; 
    T1 = 273.15+20; 
    kappa_1 = C_CH4*kappa_CH4 + (1-C_CH4)*kappa_CO2; 
    T2_is = T1 * (p2/p1)^((kappa_1-1)/kappa_1); 
    T2 = T1+(T2_is-T1)/eta_is; 
    T1_int = T1-273.15; 
    T2_int = T2- 273.15;  
    T3 = 273.15 + 40;  
    T3_int = T3-273.15;  
    R= 8.31447; 

  
    kappa_2 = x_out*kappa_CH4 + (1-x_out)*kappa_CO2; 
    T4_is = T3 * (p4/p3)^((kappa_2-1)/kappa_2); 
    T4 = T3+(T4_is-T3)/eta_is; 
    T4_int = T4-273.15; 

  
    cp_gas_1 = @(T) C_CH4*(a_CH4 + b_CH4*T + c_CH4*T.^2 + d_CH4*T.^3) + ... 
    (1-C_CH4)*(a_CO2 + b_CO2*T + c_CO2*T.^2 + d_CO2*T.^3); 
% compressor work 
    E_comp_1 = 

(1/eta_mech)*v(3)/C_CH4*p1/(R*T1)*integral(cp_gas_1,T1_int,T2_int)*1000; 

    
% Cooling work 
    E_kyl_LP = -

(1/COP2)*v(3)/C_CH4*p1/(R*T1)*integral(cp_gas_1,T2_int,T3_int)*1000; 
    Q_cooling_LP = E_kyl_LP*COP2; 

  
% Pumping work 
    delta_p = p2-p_atm; 
    eta_pump=0.6; 
    KH_T3 = 0.034*exp(2400*(1/T3-1/298.15));  
    V_H2O = p1*v(3)/C_CH4/(R*T1)*(1-(C_CH4/x_out))/(p1*KH_T3*(1-x_out));   
    E_pump = 1/eta_pump*V_H2O*delta_p;  

  
% high pressure compressor 
    cp_gas_2 = @(T) x_out*(a_CH4 + b_CH4*T + c_CH4*T.^2 + d_CH4*T.^3) + ... 
     (1-x_out)*(a_CO2 + b_CO2*T + c_CO2*T.^2 + d_CO2*T.^3); 

     
    E_comp_2= 

(1/eta_mech)*v(3)/C_CH4*p1/(R*T1)*(C_CH4/x_out)*integral(cp_gas_2,T3_int,T4

_int)*1000; 

  
     % HP cooling 
Q_cooling_HP= -v(3)/C_CH4*p1/(R*T1)*integral(cp_gas_2,T4_int,T1_int)*1000; 
    E_kyl_HP=Q_cooling_HP/COP2; 

     
% Total work needed 
    E_tot_upgr = E_comp_1+E_pump+E_comp_2; 
    %E_kyl_LP; 
    %E_kyl_LP; 
    Q_SSU=Q_cooling_LP+Q_cooling_HP; 

  
    eta_CHP=0.3; 
    eta_heat=0.55; 
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%% Summarizing 

  
 Vdot_methane=Vdot_biogas*C_CH4;   
% eps1=QB(VB)+QCHP(VCHP)+QSSU(VSSU)-QHEX2 

  
% CHP yield 
Q_CHP=v(2)*LHV_CH4*1e6*eta_heat; 

  
% eps2 
P_CHP=v(2)*LHV_CH4*1e6*eta_CHP; % Electricity yield from CHP 

  
P_SSU=E_tot_upgr; % Electricity for upgrading 
% Boiler demand 
eta_boiler=0.85; % Efficiency of the boiler 
if v(1)>=0 
Q_B=v(1)*LHV_CH4*1e6*eta_boiler; 

  
eps(1)=Q_B+Q_CHP-Q_HEX2; 
eps(2)=P_CHP-P_stirr-P_SSU; 
eps(3)=Vdot_methane-v(1)-v(2)-v(3); 
else 
    v(1)=0; 

  

     
    eps(1)=0; 
    eps(2)=P_CHP-P_stirr-P_SSU; 
    eps(3)=Vdot_methane-v(2)-v(3); 
end 
end 

 

Pytsvarme 

function [Qadd,V_H2O] = Pytsvarme(v) 
%% Upgrading 
C_CH4= 0.65; % 65 % concentration of methane 
%constants for the cp 
a_CH4 = 34.31e-3; 
b_CH4= 5.469e-5; 
c_CH4 = 0.3661e-8; 
d_CH4 = -11.00e-12; 

  
a_CO2 = 36.11e-3; 
b_CO2 = 4.233e-5; 
c_CO2 = -2.8787e-8; 
d_CO2 = 7.464e-12; 

  
x_out=0.97; % Outgoing methane content 
rho_CH4 =0.659; 

  
    LHV_CH4 = 50*rho_CH4; %MJ/kg*kg/m3 =MJ/m3 

     
    kappa_CH4 = 1.307;   kappa_CO2 = 1.304; % Kappa for gas 
    eta_mech = 0.8;  eta_is = 0.75;  % Efficiencies 

     
    COP2 = 3.5; 
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    p_atm = 1.01325e5; 
    p1 = 1.013e5; 
    p2 = 8.5e5; 
    p3 = p2;  
    p4 = 250e5; 
    T1 = 273.15+20; 
    kappa_1 = C_CH4*kappa_CH4 + (1-C_CH4)*kappa_CO2; 
    T2_is = T1 * (p2/p1)^((kappa_1-1)/kappa_1); 
    T2 = T1+(T2_is-T1)/eta_is; 
    T1_int = T1-273.15; 
    T2_int = T2- 273.15;  
    T3 = 273.15 + 40; %vad ska det vara här? 
    T3_int = T3-273.15;  
    R= 8.31447; 

  
    kappa_2 = x_out*kappa_CH4 + (1-x_out)*kappa_CO2; 
    T4_is = T3 * (p4/p3)^((kappa_2-1)/kappa_2); 
    T4 = T3+(T4_is-T3)/eta_is; 
    T4_int = T4-273.15; 

  
    cp_gas_1 = @(T) C_CH4*(a_CH4 + b_CH4*T + c_CH4*T.^2 + d_CH4*T.^3) + ... 
    (1-C_CH4)*(a_CO2 + b_CO2*T + c_CO2*T.^2 + d_CO2*T.^3); 
% compressor work 
    E_comp_1 = 

(1/eta_mech)*v/C_CH4*p1/(R*T1)*integral(cp_gas_1,T1_int,T2_int)*1000; 

    
% LP Cooling work 
    E_kyl = -

(1/COP2)*v/C_CH4*p1/(R*T1)*integral(cp_gas_1,T2_int,T3_int)*1000; 
    Q_cooling_LP = E_kyl*COP2; 

  
% Pumping work 
    delta_p = p2-p_atm; 
    eta_pump=0.6; 
    KH_T3 = 0.034*exp(2400*(1/T3-1/298.15));  
    V_H2O = p1*v/C_CH4/(R*T1)*(1-(C_CH4/x_out))/(p1*KH_T3*(1-x_out));  

%Bauer et al 
    E_pump = 1/eta_pump*V_H2O*delta_p;  

  
% high pressure compressor 
    cp_gas_2 = @(T) x_out*(a_CH4 + b_CH4*T + c_CH4*T.^2 + d_CH4*T.^3) + ... 
     (1-x_out)*(a_CO2 + b_CO2*T + c_CO2*T.^2 + d_CO2*T.^3); 

     
    E_comp_2= 

(1/eta_mech)*v/C_CH4*p1/(R*T1)*(C_CH4/x_out)*integral(cp_gas_2,T3_int,T4_in

t)*1000; 

   
    % HP cooling 
Q_cooling_HP= -v/C_CH4*p1/(R*T1)*integral(cp_gas_2,T4_int,T1_int)*1000; 

     
% Total work needed 
    E_tot_upgr = E_comp_1+E_pump+E_comp_2; 

     

     
    Qadd=Q_cooling_LP+Q_cooling_HP; 

     

     

     
End 
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Transmission losses as a function of added heat and building insulation 
thickness 
 
clear all, close all, clc 

  
%% Demand side 
% Digester with building 

  
% General information and digester/building design 
rho_substrate=1000; % density of the substrate (kg/m3) 
m_manure_percow=53; % Manure production of one cow (kg/day) 
n_cow=200;% Number of cows 
mdot_manure=n_cow*m_manure_percow/24; % Manure flow (kg/h) 
ResTime=45; % Residence time (45 days) 
V_digester=ResTime*24*mdot_manure/rho_substrate; % Volume of digester 

assuming a 45 day process time (m3) 
Vdot_manure=mdot_manure/rho_substrate; % Volumne flow of manure (m3/h) 
mdot_manure_sec = mdot_manure/3600; % Mass flow of manure (kg/s) 

  
TS=0.09; % 9% dry matter 
Cp_substrate=(1-TS)*4180+TS*1050; % Specific heat of manure (J/kgK) 

  
% Biogas production 
rho_CH4 =0.659; % Density of methane (kg/m3) 
CH4_yield=200;  %m3_CH4/ton VS 
VS=0.8; % Volatile organic solids 
x_CH4 = 0.65; 
Vdot_biogas = Vdot_manure*rho_substrate*TS*VS*CH4_yield/1000/x_CH4/3600; % 

m3/h*kg/m3*m3 CH4 /ton substrate*ton/kg*m3 biogas/m3 methane*h/s=m3 

biogas/s 
V_CH4_tot = Vdot_biogas*x_CH4; %m3 CH4/s 
LHV_CH4=50*10^6; % LHV of methane J/kg 

  
% Digester dimensions/standard digester 
n_cow_std=50;% Number of cows that the digester is designed for (50) 
n_digester=ceil(n_cow/n_cow_std); % Number of digesters 
V_digester_std=V_digester/n_digester; 
d_digester=(4*V_digester_std/pi)^(1/3); % Diameter of the digester 
h_digester=d_digester; % Height of digester. For optimal dimensions, the 

height and diameter are the same 

  
Ad_wall=d_digester*pi*h_digester*n_digester;    % Area of the cylindrical 

wall of the digesters 
Ad_roof=d_digester^2/4*pi*n_digester;           % Area of the roof of the 

digesters, assume they are circular 
Ad_floor=Ad_roof;                               % Area of the digester 

floor 

  
% Building dimensions 
SD=2; % Safety distance (m) 
h_building=h_digester+SD; %Height of the building 
w_building=((d_digester+SD)*n_digester/2+SD);% Width of the building 
d_building=((d_digester+SD)*n_digester/2+SD); % Depth of the building 

  
Ab_wall=2*h_building*w_building+2*h_building*d_building; % Wall area of the 

building 
Ab_roof=w_building*d_building; % Roof area of the building 
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Ab_floor=w_building*d_building-Ad_floor; % floor area of the building 

  
% Heat transfer coefficients 
% Insulation, assuming only polyurethane and the ground as insulation 
k_insulation=0.024; % Thermal conductivity of polyurethane (W/m*K) 
k_ground=2; % Based on Jarmander Sjöberg 
k_cover=0.037; % Mineral wool 
l_ground=1.7; % 
l_gravel=0.5;  
ho_digester=5;  
hi_building=5;  
ho_building=10; % higher value here based on the forced convection (at 

5m/s) 

  
% Design temperatures 
 T_SMHI = xlsread('SMHI_DATA','SMHI_DATA'); % Fetching the data from 

Ogestad weather station 
 T_SMHI=T_SMHI(:,2); % Outdoor air temperture over one year, 3 measurements 

each day 
 T_building=8; %Minimum allowed building temperature, (design, over the dew 

point) 
 T_digester=37; % Digester temperature 
 Tavg=sum(T_SMHI)/length(T_SMHI); % Average air temperature in Gamleby 
 T_dot5=min(T_SMHI); % Minimum air temperature in Gamleby 

  
 Tday=zeros(1,365); 
 for i=1:365 
    Tday(i)=T_SMHI(3*i-1); % Due to SMHI file measures every 8th hour =3 

times per day 
 end 
 Tsub_in=Tavg+4; % Substrate in temperature (4 higher than outdoor air 

temp) 
 T_out=Tday; 
 % Heat gain in HEX1 

  
 eps1=0.5; % Effectiveness of the heat exchanger digestate/substrate 
 Q_HEX_max=Cp_substrate*rho_substrate*Vdot_manure/3600*(T_digester-

Tsub_in); 
 Q_HEX1=Q_HEX_max*eps1; % Calculating the heat that is added by the 

outgoing substrate 
 T_dig_out=T_digester-eps1*(T_digester-Tsub_in); 
 T_interm=eps1*(T_digester-Tsub_in)+Tsub_in; % Outgoing temperature of 

HEX1, intermediate temperature 

  
 % Thermal energy flows 
 Q_preheat=mdot_manure_sec*Cp_substrate*(T_digester-Tsub_in); % Heat 

required for preheat of substrate 
 Q_preheat_needed=mdot_manure_sec*Cp_substrate*(T_digester-T_interm); 

  
 Q_biogas=LHV_CH4*V_CH4_tot*rho_CH4; 

  
 % Ventilation and infiltration losses 
 rho_air=1.2;% kg/m3 
 Cp_air=1000; % 1000 J/kg/K 

  
VentilationBoverket=0.1; % 0.1 l/s/m2 floor area 
 ACH_infiltration=0.111; 

  
 V_building=h_building*w_building*d_building; 
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 Vdot_ventilation=VentilationBoverket*(Ad_floor+Ab_floor)/1000; 
 Vdot_infiltration=ACH_infiltration*V_building/3600; 

  
 Q_ventilation=Vdot_ventilation*rho_air*Cp_air*(T_building-T_out); 
 Q_infiltration=Vdot_infiltration*rho_air*Cp_air*(T_building-T_out); 

  
%% 
%%% Cover and digester insulation thickness %%% 
Qpyts=linspace(0,6000,10); 
lb=[0 50 100 150 200]/1000; 
Transmission=zeros(1,length(Qpyts)); 
for JJ=1:length(lb) 
     l_building=lb(JJ); % Length of building insulation 

     
for II=1:length(Qpyts) 
    Q_SSU=Qpyts(II); 
 l_digester=0.07; 
 l_cover=0.1; 

  
 %%% Building %%% 
 building=1; % Building case or cover case 

 
 if building==1 % Building concept 

      
     Qadd=Q_SSU; 
% U-values 
 Ub_wall=(1/ho_building+l_building/k_insulation+1/hi_building)^-1; % U-

value for the building wall and roof 
 Ub_roof=(1/ho_building+l_building/k_insulation+1/hi_building)^-1; 
 

Ub_floor=(l_building/k_insulation+l_gravel/k_ground+l_ground/k_ground+1/hi_

building)^-1; % Uvalue for the building floor 

  
 Ud_wall=(l_cover/k_cover+l_digester/k_insulation+1/hi_building)^-1; 
 Ud_roof=(2/hi_building+l_cover/k_cover)^-1; 
 Ud_floor=(l_digester/k_insulation+l_ground/k_ground)^-1; 

  
 UA_tot=Ud_wall*Ad_wall+Ud_roof*Ad_roof+Ud_floor*Ad_floor; 

  
 Q_trans=zeros(1,length(T_out)); 
 T_building_real=zeros(1,length(T_out)); 

  
 for i=1:length(T_out) 
    TbFunc= @(Tb) Ud_wall*Ad_wall*(T_digester-

Tb)+Ud_roof*Ad_roof*(T_digester-Tb)-Ub_wall*Ab_wall*(Tb-T_out(i))-

Ub_roof*Ab_roof*(Tb-T_out(i))-Ub_floor*Ab_floor*(Tb-(Tavg+3))+Qadd-

Vdot_infiltration*rho_air*Cp_air*(Tb-T_out(i))-

Vdot_ventilation*rho_air*Cp_air*(Tb-T_out(i)); % Calculating T building 
    T_b=fsolve(TbFunc,0); 
    Q_trans(i)=Ud_wall*Ad_wall*(T_digester-

T_b)+Ud_roof*Ad_roof*(T_digester-T_b)+Ud_floor*Ad_floor*(T_digester-

(Tavg+3));   
    T_building_real(i)=T_b;           
 end  

  
 elseif building==0 % Cover concept 
   % U-values   
 Ud_wall=(l_cover/k_cover+l_digester/k_insulation+1/hi_building)^-1; 
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 Ud_roof=(l_cover/k_cover+2/hi_building)^-1; 
 Ud_floor=(l_digester/k_insulation+l_ground/k_ground)^-1; 

  
 UA_tot=Ud_wall*Ad_wall+Ud_roof*Ad_roof+Ud_floor*Ad_floor; 

   
 Q_trans=Ud_wall*Ad_wall*(T_digester-T_out)+Ud_roof*Ad_roof*(T_digester-

T_out)+Ud_floor*Ad_floor*(T_digester-(Tavg+3));      

          
 end 
 Transmission(II)=sum(Q_trans)*24/1000000; 

  
end 
plot(Transmission,Qpyts*8760/10^6) 
grid on 
xlabel('Annual transmission losses (MWh/year)') 
ylabel('Added heat (MWh/year)') 
hold on 
end 
legend('Building insulation: 0mm','Building insulation: 50mm','Building 

insulation: 100mm','Building insulation: 150mm','Building insulation: 

200mm') 

 

Transmission losses as a function of the digester and cover insulation 

thickness 

clear all, close all, clc 
%% Demand side 
% Digester with building 

  
% General information and digester/building design 
rho_substrate=1000; % Density of the substrate (kg/m3) 
m_manure_percow=53; % Manure production of one cow (kg/day) 
n_cow=200;% Number of cows 
mdot_manure=n_cow*m_manure_percow/24; % Manure flow (kg/h) 
ResTime=45; % Residence time (45 days) 
V_digester=ResTime*24*mdot_manure/rho_substrate; % Volume of digester 

assuming a 45 day process time (m3) 
Vdot_manure=mdot_manure/rho_substrate; % Volumne flow of manure (m3/h) 
mdot_manure_sec = mdot_manure/3600; % Mass flow of manure (kg/s) 

  
TS=0.09; % 9% dry matter 
Cp_substrate=(1-TS)*4180+TS*1050; % Specific heat of manure (J/kgK) 

  
% Biogas production 
rho_CH4 =0.659; % Density of methane (kg/m3) 
CH4_yield=200;  %m3_CH4/ton VS 
VS=0.8; % Volatile organic solids 
x_CH4 = 0.65; 
V1_tot = Vdot_manure*rho_substrate*TS*VS*CH4_yield/1000/x_CH4/3600; %  
V_CH4_tot = V1_tot*x_CH4; %m3 CH4/s 
LHV_CH4=50*10^6; % LHV of methane J/kg 

  
% Digester dimensions/standard digester 
n_cow_std=50;% Number of cows that the digester is designed for (50) 
n_digester=ceil(n_cow/n_cow_std); % Number of digesters 
V_digester_std=V_digester/n_digester; 
d_digester=(4*V_digester_std/pi)^(1/3); % Diameter of the digester 



15 

 

h_digester=d_digester; % Height of digester. For optimal dimensions, the 

height and diameter are the same 

  
Ad_wall=d_digester*pi*h_digester*n_digester; % Area of the cylindrical wall 

of the digesters 
Ad_roof=d_digester^2/4*pi*n_digester; % Area of the roof of the digesters, 

assume they are circular 
Ad_floor=Ad_roof; % Area of the digester floor 

  
% Building dimensions 
SD=2; % Safety distance (m) 
h_building=h_digester+SD; %Height of the building 
w_building=((d_digester+SD)*n_digester/2+SD);% Width of the building 
d_building=((d_digester+SD)*n_digester/2+SD); % Depth of the building 

  
Ab_wall=2*h_building*w_building+2*h_building*d_building; % Wall area of the 

building 
Ab_roof=w_building*d_building; % Roof area of the building 
Ab_floor=w_building*d_building-Ad_floor; % floor area of the building 

  
% Heat transfer coefficients 
% Insulation, assuming only polyurethane and the ground as insulation 
k_insulation=0.024; % Thermal conductivity of polyurethane (W/m*K) 
k_ground=2; % Based on Jarmander Sjöberg 
l_ground=1.7; % 
l_gravel=0.5;  
ho_digester=5; % This value is the right magnitude, based on the HTF book 
hi_building=5;  
ho_building=10; % higher value here based on the forced convection (at 

5m/s) 

  
% Design temperatures 
 T_SMHI = xlsread('SMHI_DATA','SMHI_DATA'); % Fetching the data from 

Ogestad weather station 
 T_SMHI=T_SMHI(:,2); % Outdoor air temperature over one year, 3 

measurements each day 
 T_building=8; %Minimum allowed building temperature, (design, over the dew 

point) 
 T_digester=37; % Digester temperature 
 Tavg=sum(T_SMHI)/length(T_SMHI); % Average air temperature in Gamleby 
 T_dot5=min(T_SMHI); % Minimum air temperature in Gamleby 

  
 Tday=zeros(1,365); 
 for i=1:365 
    Tday(i)=T_SMHI(3*i-1); % Due to SMHI file measures every 8th hour =3 

times per day 
 end 
 Tsub_in=Tavg+4; % Substrate in temperature (4 higher than outdoor air 

temp) 
 T_out=Tday; 
 % Heat gain in HEX1 
 eps1=0.5; % Effectiveness of the heat exchanger digestate/substrate 
 Q_HEX_max=Cp_substrate*rho_substrate*Vdot_manure/3600*(T_digester-

Tsub_in); 
 Q_HEX1=Q_HEX_max*eps1; % Calculating the heat that is added by the 

outgoing substrate 
 T_dig_out=T_digester-eps1*(T_digester-Tsub_in); 
 T_interm=eps1*(T_digester-Tsub_in)+Tsub_in; % Outgoing temperature of 

HEX1, intermediate temperature 
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 % Thermal energy flows 
 Q_preheat=mdot_manure_sec*Cp_substrate*(T_digester-Tsub_in); % Heat 

required for preheat of substrate 
 Q_preheat_needed=mdot_manure_sec*Cp_substrate*(T_digester-T_interm); 
 %Q_transmission 
 Q_biogas=LHV_CH4*V_CH4_tot*rho_CH4; %  

  
  l_digester=linspace(0.05,0.5,100); 
  l_tehuva=[0 25 50 75 100 150]/1000; 

   
 % Insulation thickness cover 
 k_cover=0.037; 

  
 AnnualTransLoss=zeros(1,length(l_digester)); 
 Q_trans=zeros(1,length(l_digester)); 
 digester_corr=zeros(1,length(l_digester)); 
 MaxHeatLoss=0.3; 
 Q_transmission_max=Q_biogas*8760*MaxHeatLoss-Q_preheat_needed*8760; 

  
 for i=1:length(l_cover) 
 Ud_wall=(l_cover(i)/k_cover+l_digester./k_insulation+1/ho_building).^-1; 
 Ud_roof=(l_cover(i)/k_cover+1/hi_building+1/ho_building).^-1; 
 Ud_floor=(l_digester./k_insulation+l_ground/k_ground).^-1; 

  
 for j=1:length(l_digester) 

  
 for J=1:length(T_out) 
 Q_trans(J)=Ud_wall(j)*Ad_wall*(T_digester-

T_out(J))+Ud_roof*Ad_roof*(T_digester-

T_out(J))+Ud_floor(j)*Ad_floor*(T_digester-(Tavg+3)); 

  
 end 
 AnnualTransLoss(j)=sum(Q_trans)*24 
 Q_transmission_real(i,j)=sum(Q_trans)*24; 
 Qtransmission_max(i,j)=Q_transmission_max; 

 
 end 

  
 I=length(find(AnnualTransLoss>(MaxHeatLoss))); 
 if I==0 
     I=length(l_digester); 
 end 

  
 digester_corr(i)=l_digester(I); 
 plot(AnnualTransLoss/10^6,l_digester*1000) 
 hold on 
 grid on 

  
 end 

  
 legend('Cover: 0mm','Cover: 25 mm','Cover: 50 mm','Cover: 75 mm','Cover: 

100 mm','Cover: 150 mm') 
 xlabel('Annual transmission losses (MWh/year)') 
 ylabel ('Digester insulation thickness (mm) ') 

 

Stirrer dynamics – main file 
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% This code calculates the energy consumption of the stirrer 
% Needs the function file "Velocity" 

  
clear all ,close all, clc 

  
tspan = [0:0.01:20];  % Simulation time span 
V0 = [0.0001;0.0001]; % Initial conditions for the movement 
%Parameters 
d_digester=5.3; % Diameter of one digester (m) 
h_digester=5.3; % Height of one digester (m) 
A_digester=d_digester^2/4*pi; % Cross sectional area of one digester (m2) 
n_digester=4; % Number of digesters (-) 
V_digester_tot=n_digester*A_digester*h_digester; % Total digester volume 

(m3) 
g=9.81; % Gravitational acceleration (m/s2) 
rho_substrate=1000; % Density of substrate (kg/m3) 
A_sphere=A_digester/2; % The stirrer is assumed to cover 50 % of the Cross 

sectional area of the digester (m2) 
d_stirrer=(4*A_sphere/pi)^0.5; % Diameter of the stirrer (m) 
V_sphere=4*pi/3*(d_stirrer/2)^3; % Volume of the stirrer (m3) 
n=0.3; % Flow index, non newtonian fluid (-) 
k=0.7; % Consistency index (Pas^n) 

  
vbulk=0.15; 
vstirr=vbulk*A_digester/A_sphere; % Calculating the required stirrer 

velocity (m/s) 

  
for K=1:length(vstirr) 

  
Tmax=d_digester/vstirr; % maximum time for going downwards  
deltam=10; % Starting guessing value for the change in mass 
T=Tmax*2; 

  
while T>Tmax  
deltam=deltam*1.01; % Change in mass iteration, it increases until tim 

  
[t,y] = ode45(@(t,y) Velocity(t,y,deltam) ,tspan, V0); 

  
s=y(:,1); % Stirrer position 
v=y(:,2); % Stirrer velocity 
I=length(find(s<=(d_digester))); %Finding corresponding to the time when 

the stirrer reaches bottom 
T=t(I); %Tracking the time 
vmean=s(I)/t(I) 
end 

  
Mass=deltam*2*n_digester; % kg, times two to account for the way up. This 

requires equal negative weight change 
Frequency=1/(2*T); % Frequency of the cycle (1/s) 
EnergyForStirring(K)=Mass*Frequency*h_digester*g; 
Totalmass(K)=Mass; 
end 
StirringTime=6; % Number of hours the stirrer is operating per day (h/day) 

  
figure 
yyaxis left 
plot(t,s) 
xlabel('Time (s)','FontSize',16) 
ylabel('Distance (m)','FontSize',16) 
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grid on 
yyaxis right 
plot(t,v) 
grid on 
ylabel('Stirrer velocity (m/s)','FontSize',16) 
title('Stirrer Dynamics','FontSize',20) 

 

Stirrer dynamics – “Velocity” 

function dydt = Velocity(t,y,deltam) 

  
d_digester=5.3; % Digester diameter 
A_digester=d_digester^2/4*pi; % Cross sectional area of digester 
g=9.81; 
rho_substrate=1000; 
rho_sphere=1000; % Standard density of the sphere 
A_sphere=A_digester/2; % Cross sectional area of the sphere 
d_stirrer=(4*A_sphere/pi)^0.5; % Diameter of the sphere/stirrer 
V_sphere=4*pi/3*(d_stirrer/2)^3; % Volume of sphere 
n=0.3; % Flow index 
k=0.7; % Consistency index 
Re=rho_substrate*y(2).^(2-n)*d_stirrer^n/k; % Reynolds number 
Cd=24./Re.*(1+0.1466*Re.^0.378)+0.44./(1+0.2635./Re); % Drag coefficient 

  
Flift=rho_substrate*V_sphere*g; % Lift force 

  
if deltam>=0 % Force balance if moving downwards 
m_max=rho_sphere*V_sphere+deltam; % Maximum mass 
dydt = [y(2); g-Flift/m_max-0.5*rho_substrate*A_sphere*Cd*y(2)^2/m_max]; % 

Force balance 
else % Force balance if moving upwards 
m_min=rho_sphere*V_sphere+deltam;% Minimum mass 
dydt = [y(2); Flift/m_min-g-0.5*rho_substrate*A_sphere*Cd*y(2)^2/m_min];       
 

end 
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APPENDIX B LIST OF MATERIALS 

In this Appendix, a list of materials and the assumed prices for them are presented. 

Manufacturers and wholesalers usually do not present prices online unless a company or 

craftsman has a registered account. KTH has a company at the wholesale company Ahlsell and 

this contact is utilized.  

Table. Materials and equipment in the building and digester 

Material/Component Price Source 

Polyurethane foam 2,400 
3/SEK m   Plastics Insight, 2019 

Steel plate (0.7 mm  ) 115 
2/SEK m   Stena Stål, 2019 

Rock wool 500 
3/SEK m  Bauhaus, 2019 

Gravel 300 
3/SEK m  NCC, 2016 

Drain pump 21,200 /SEK st   Ahlsell, 2019 

Stainless steel pipe (Diameter 70 mm  ) 70 /SEK m   Ahlsell, 2019 

Heat exchanger for heat recovery (substrate 
- substrate)  

1,700 /SEK kW   Ahlsell, 2019 

 

Table. Materials and equipment in the mixer. 

Material/Component Price Source 

Steel plates (5 mm  ) 600 
2/SEK m   Stena Stål, 2019 

PVC pipe (Diameter 320 mm
) 

3,100 / 6SEK meter   Ahlsell, 2019 

Pressure boosting pump 1.1 
kW   

16,400 /SEK st   Ahlsell, 2019 

Water tank, 1,500 L   7,400 /SEK st  Ahlsell, 2019 

 

Table. Gas treatment/utilization system material and equipment for the Case 1 

Material/Component Price Source 

Hydrogen sulphide removal 0.05 3/ biogasSEK m   Broberg, 2013 

CHP unit, 17.5 ekW   44,200 /SEK st   KohlerPower, 2018 
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Table. Heating system equipment 

Material/Component Price Source 

Water/substrate heat exchanger (11 
kW  ) 

1,700 /SEK kW   Ahlsell, 2019 

Water-water heat exchanger (11 kW  ) 700 /SEK kW  Ahlsell, 2019 

Water-air heat exchanger (25 kW  ) 3,000 /SEK kW  Ahlsell, 2019 

Circulation pump  5,400 /SEK st   Ahlsell, 2019 

Controlled valve 7,000 /SEK st  Ahlsell, 2019 

 

Table. Gas treatment/utilization system material and equipment for Case 2 

Material/Component Price Source 

Hydrogen sulphide removal 0.05 3/ biogasSEK m   Broberg, 2013 

CHP unit, 5 ekW   29,000 /SEK st   KohlerPower, 2018 

Gas boiler, (10 thkW  ) 350 / thSEK kW   CentralHeating - Quotes, 
2019 

Small scale upgrading unit 750,000 /SEK st   Blampain et al, 2016 

Gas dryer 78,400 /SEK st  Blampain et al, 2016 

High pressure compressor 65,000 /SEK st  Blom, 2016 

Vehicle gas storage tanks 175,000 /SEK st  Blom, 2016 
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