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Abstract 

Membrane technology can help alleviate problems of matching supply and demand associated with upgrading on 
a small-scale level through its flexibility in operation. This paper provides a techno-economic assessment of the 
use of membrane technology via a quantitative and partial qualitative analysis at farm-based level. The purpose 
of the analysis is to investigate how the economic and environmental utility of the membranes can be 
maximised, along with outlining the possible reasons to its lack of diffusion. It combines an applied system 
research method by way of linear programming with interviews and the use of the innovation-decision process 
theory. A framework was set out to deliver hard and soft data that could also provide contextual in-depth 
analysis and discussion. It was found that membranes could provide good compatibility with farm based 
upgrading systems with desirable outcomes for both an economic and environmental viewpoint. More 
specifically, upgrading to 80 percent (which is below natural gas standards of 96 percent), was found to be more 
favourable than to upgrade to 96 percent. However, in addition to much further research and deliberation needed 
before 80 percent biogas can be used commercially in tractors, the study also outlined priority that needs to be 
given to the local market demand as well as for the need to introduce closer, more personal engagement with the 
farmers and make trialing and observing membrane technology better facilitated and funded so as to increase its 
adoption.    
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Summary 

Biogas upgrading to natural gas standards and its uses of application in the transport industry can offer many 
solutions to effectively help meet the renewable energy targets set out by the EU’s ‘Europe 2020’ strategy, 
Sweden’s National target of having a fossil fuel vehicle fleet by 2030, and the growing needs for society to be 
more and more sustainable heading into the future.  

It is thought that farms already producing biogas in its ‘raw’ form (65 percent methane purity) for use as heat 
and electricity can choose to adopt a biogas upgrading unit in order to upgrade the biogas from 65 to 96 percent 
methane purity to allow for additional use and treatment of the biogas at local level, resulting in more profit for 
the farmer and environmental benefit for society. The problem can be in deciding on which technology is most 
compatible for the farm in terms of the matching the demand within the vicinity.  

This paper provides a thorough assessment of the use of membrane technology via a quantitative and partial 
qualitative analysis at a farm-based level. Two fictional farms of differing locations in Sweden, assumed to be 
already producing raw biogas were used as basis for studying the most optimal ways in which a farmer may be 
able to distribute the upgraded biogas to meet the local demands.  

Through analysis of a combination of literature and statistical data on the locations, and relevant performance 
and market values, a system analysis was compiled with resulting values and figures showing the membranes 
economic and environmental advantages.  Interviews and the utilisation of the innovation-decision process 
theory also formed to complement the quantitative data obtained in the system analysis that worked well to 
provide more a more holistic analysis and discussion.  

It was found that membranes performed well under the default scenario, as well as most of the additional 
scenarios which were done to analyse the sensitivity to the conditions  More specifically, the notion of upgrading 
to 80 percent, which is below natural gas standards of 96 percent, was found to be more favourable. However, in 
addition to much further research and deliberation needed on the front of 80 percent being permitted for the use 
in tractors, the study also outlined the reliance and priority given to the local market demand as well as for the 
need to introduce closer, more personal engagement with the farmers and make trialing and observing membrane 
technology better facilitated and funded so as to increase its adoption.   
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1. Introduction 
The use of agricultural material such as manure, slurry and other animal and organic waste for biogas 
production has, in view of the high greenhouse gas emission savings potentials, significant environmental 
advantages in terms of heat and power production and its use as biofuel. Biogas installations can, as a result of 
their decentralised nature and the regional investment structure, contribute significantly to sustainable rural 
areas and offer farmers new income opportunities.”  
– Directive 2009/28 EC on the Promotion of the Use of Energy from Renewable Sources of the European 
Parliament and of the Council 
(AEBIOM: European Biomass Association, 2009) 
 
The issue of sustainable development is ever-growing and one that is rather complex and seeking solutions to 
many complicated problems at hand. As is the current environmental and subsequent political climate with fossil 
fuels continuing to deplete, and energy consumption continuing to increase, alternative renewable methods for 
deriving energy are thereby receiving increasing attention, so much so that it is being stated that the renewable, 
sustainable energy generation will be the fastest growing energy sector over the next two decades. (Wellesley, 
2014)  
 
The CO2-trade will further increase the need for CO2-neutral technologies, and have governments and industries 
increasingly keeping an eye out for technological breakthroughs and innovations that will allow more efficient 
and cost-effective means of producing alternative vehicle fuels and energy, as well as cost effective waste 
treatment with lower greenhouse gas (GHG) emissions (IEA Bioenergy, 2005). The European Union’s growth 
strategy for smart, sustainable and inclusive growth ‘Europe 2020’ has set about achieving climate and energy 
via the 20/20/20 goals. This includes a goal of a reduction of GHG emissions by 20% compared to 1990 levels, 
increasing the share of renewables in final energy consumption by 20%, and increasing energy efficiency by 
20% (European Union, 2013). In the same year (2020), 10% of transportation fuels should be biofuels (Uusitalo 
et al., 2014).  
The security of energy supply is also another global challenge, due to the fact that many conventional oil and gas 
reserves are concentrated in politically unstable countries. An example of this is the current political dispute 
between Europe, Russia and Ukraine. As a result there have been calls for the EU to cut their reliance on Russian 
oil and gas (Emmot & Strupczewski, 2014), which could well see fuel prices rise within the EU. The geopolitical 
situation therefore increases the need and importance for energy solutions and breakthroughs in the EU.  
 
Encompassing all these factors and requirements of an alternative fuel, biogas and its derivatives can prove to be 
a big part of the solution, as it can have many environmental benefits for its use in generating heat and electricity 
locally on-site or being sold for external use. The biogas or ‘raw’ biogas can be upgraded to biomethane (vehicle 
gas), which is of natural gas quality and can be used as a vehicle fuel, in industry applications or injected into the 
national gas grid. The digestate which forms as a product of the initial raw biogas production is also very 
beneficial to farmers for use as an organic fertiliser. The biogas pathways are illustrated in the figure below.  

 
Fig. 1. Simplified diagram showing the cycle of biogas production and possible uses 

(Elizabeth & Warren, 2012) 
 
 
It is the aspect of upgrading the biogas from around 65% methane to 96% methane for enhanced usability on 
both small scale and large/industry scale level is receiving much attention especially in countries such as 
Sweden, Germany and Switzerland. (Sustainable Energy Authority of Ireland, n.d.)  
As is expressed in the above opening statement, biogas has outstanding potential as an alternative energy 
resource, especially considering the many forms of substrate which can be utilised for its production with the use 
of waste products such as manure, agricultural waste and other organic residues. 
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Through the upgrading and extensive utilisation of biogas as an energy source, biogas upgrading can help to 
address and alleviate these problems and help form a holistic solution to issues concerning sustainable 
development. There are obvious obstacles and challenges associated with biogas and the upgrading of biogas to 
vehicle fuel however, which can inhibit its attractiveness as an alternative resource fuel. The various processes 
and pathways involved in the production from the raw material to the biogas fuel (biomethane) require much 
attention, yet it is the actual upgrading of the biogas that is regarded as the most important cost factor (IEA 
Bioenergy, 2005). As such, further work needs to be done in order to try to develop different techniques and 
strategies to lower these costs so that it can be diffused into industry at a quicker rate in compliance with the 
Europe 2020 targets and long-term EU Sustainable Development Strategies (SDS).  
 
In regards to small scale upgrading, farmers are often sceptical and hesitant in their adoption of biogas upgrading 
technologies due to many factors such as the risk of economic downturn, operative failures, lack of knowledge 
regarding the system, lack of economic incentives or institutional framework and support, and lack of external 
interest and local market demand. By investigating different scenarios and utilisation strategies for farmers and 
gazing upon the issues from a system perspective, the brunt of these issues hopes to be addressed and work 
towards successful implementation and promotion of biogas upgrading on a farm-scale. What can often be the 
case with regards to biomethane (upgraded biogas, ~96%) production with farmers is that they sometimes can 
produce a surplus of biomethane, which goes unused, so it is hopeful that this research paper can address this 
concern along with other concerns that may come to fruition during the research. In essence, if farmers are to 
consider biogas upgrading, one of the more important decisions to consider may be that of which specific 
technology for upgrading biogas to adopt. 
A relatively new development in upgrading technology is upgrading through the technique of membrane 
separation. It has seen some use on a commercial scale to provide the necessary flexibility for farmers in terms 
of intermittent operation, various methane rates, and various product streams allowing for use of the gas both as 
a fuel and in CHP (Combined Heat and Power unit) (Liljemark & McCann, 2014). This provides huge 
advantages to farmers as need for vehicle fuel, as well as electricity and heat can alter sporadically in close 
accordance with the seasonal changes, in addition to ongoing changes to policy and legislation. The demand for 
energy for use in the tractors on-site at the farms and for electricity and heat has also been shown to match 
closely with the levels of biogas production that can be achieved with membranes (Liljemark & McCann, 2014). 
Membrane technology can allow one to match the demand and production in an easier and more economical way 
than other upgrading techniques. It is a big advantage when it comes to resource efficiency i.e. sustainability, in 
particular in regards to the economy and environment. The challenge remains however to develop a production 
and utilisation strategy that can be used for a typical farm with attention not only given to the optimal technical 
requirements, but also to the needs and requirements of farmers as well other relevant stakeholders involved in 
order to better understand and form a holistic recommendation for sustainable development to be adhered to.  
The research conducted is of both a quantitative and qualitative nature, but majority quantitative. The project 
will look to investigate the possibility of implementation of this technology in 2 different regions of Sweden 
(Luleå, and Helsingborg + Bjuv) each possessing different values for demand, fuel costs, population density, as 
well as dissimilar weather conditions. These areas are chosen to test if the membrane technology is feasible in 
different types of regional scenarios and thus, it is hopeful that a more usable and accurate recommendation for 
its operation and utilisation can be equated.   
 
The quantitative analysis is largely based on the construction of an optimisation model template for the two 
different cases in question using a combination of statistical data, reports and other literature and sources of 
information, while the qualitative study in the form of interviews aims at looking at the possible gateways into 
enhancing the use of biogas upgrading on a farm-based small scale level, in particular membrane technology. 
This is done interviewing relevant parties involved, and which have been involved in adopting such innovative 
technologies in the past. By touching upon a solid theory as foundation for analysis, it is hopeful that by 
combining this qualitative research as well more information can be shared and further applicable ideas and 
recommendations be devised with greater linkage to the aspects of sustainable development. The ultimate aim is 
to look at the problem from all such angles mentioned within the scope and engage in holistic discussion formed 
on the back of relevant theory and concise methodology.  
The reasons for selecting these methods are much to do with the belief that their amalgamation are an ideal fit to 
answer the research questions and simultaneously take into account the theoretical framework for the research. 
The choice of these methods should manage to provide a combination of solid ‘hard’ data which can be made 
sensitive to different variables and conditions to match the particular case or scenario, and also ‘soft’ data which 
plans to compliment the quantitative part and enable the paper to synergistically flow with direction and 
discussion of the issues and aid in answering the research questions.  
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1.1. Purpose of study  
The purpose of this study is to provide farmers and industry professionals within the area of biogas upgrading 
with a set of results and recommendations for implementing biogas upgrading technology that gives high priority 
to sustainable development via holistic thinking, and highlights the use of membrane technology specifically.  
 
In more specific terms, it is to outline the potential optimum method/s for distributing the streams produced from 
the upgrading process, and when linked together with further qualitative research and understanding the past 
experiences of farmers and other relevant parties in the industry, an optimum scenario or scenerios for 
distribution of the biogas and adoption of the technology is hoped to be derived. This purpose is to be fulfilled by 
answering the following research questions written below.  
 

1.2. Research Questions 
1. How is the gas best utilized to produce the highest profit, and how do changes in some variables in the 

model affect the overall economics? 
 

2. How is the gas best utilized to produce the least GHG emissions, and how do changes in some variables 
in the model affect the environmental impact during operation  
 

3. What are the key socio-economic and institutional challenges/obstacles for faster and increased 
adoption of this technology on a farm based small-scale environment?  

 
The first hypothesis is that the results will firstly show membranes to be environmentally sound, and 
economically advantageous in a variety of different scenarios to be tested aiding in the economic and 
environmental pillars defined in the report as key to sustainable development.  
 
The second is that the results gathered from the interviews are expected to outline more of the limitations in the 
system boundary and aid in the boundary critique, and show the institutional frameworks to be lagging behind a 
bit in regards to its ready acceptance of membrane technology for use on farms, especially in regards to tractor 
use for example.  
 
It is important to make mention even at this early stage that the biogas process, that is, the process of anaerobic 
digestion that produces a methane content of around 65% (depending on a number of conditions) is not the focal 
point for the project, and as such is omitted from the model, at least initially, as there are too many parameters 
and variables that can affect the overall results and discussion. 
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2. Background & Literature Review  
The following literature review is divided up into parts and sub-parts to help give more clarity to the reader and 
guide the research more smoothly. Section 2.1 provides a brief background on the topic. It serves to give an 
overview of the issues regarding ‘raw’ biogas and biogas upgrading and its subsequent use on a small scale, as 
well as summarizing and evaluating other works in the field. Sections 2.2 and 2.3 cover the most common 
technologies for upgrading biogas, as well as a further in-depth description of membrane technology along with 
the justification for its use as a foundation for further research and data adaptation. Section 2.4 discusses the 
specifics of farm-based biogas upgrading in Sweden and why membrane technology may be seen as the perfect 
technical solution. Section 2.5 presents further the notion of sustainable development and the 3 pillars which 
encompass this concept and help to form some of the key indicators for analysis within this body of work. 
Systems theory and its build up to systems analysis feeding into the chosen method of linear programming and 
optimisation that will form the brunt of the quantitative analysis. Finally, Innovation-Decision Process Theory is 
depicted in order to illustrate the means by which the interviews should be analysed and allow for further 
subsequent discussion in addition to providing a means of answering research objective 3. The theoretical 
framework in its entirety also shall exemplify the reasons for combining a system analysis type method, along 
with interviews with relevant stakeholders. 

All inclusive, the intention of the review is to provide context for the research and work that is conducted, in 
addition to developing an illustration into understanding the theory and methods that form the foundations for 
the type of research and how the results will be equated, whilst simultaneously being a platform for discussion 
and critique. 

2.1. What is Biogas? 
Biogas is formed when organic material is decomposed by microorganisms in an oxygen-free environment in a 
process known as anaerobic digestion, which is explained in greater detail under the next sub-heading. 
(Energigas Sverige, 2011) 

Biogas is a renewable energy source that can be of different quality depending on the intended application. It can 
be used in raw form for applications such as heating and electricity generation. It can also be upgraded for use as 
a transportation fuel. It is primarily composed of methane, which is also the same gas that constitutes natural gas. 
When upgraded for use as a vehicle fuel or injection into the gas grid, biogas is often not termed ‘biogas’, but 
instead referred to as ‘biomethane’, in order to make a distinction between the two. This distinction of terms will 
also be adhered to throughout this paper. (FORTIS BC, 2014)  

The composition of biogas and methane yield depends on the feedstock type, the digestion system implemented, 
and the hydraulic retention time (HRT) as well as other conditions such as temperature and pressure. (Weiland, 
2010). The typical range of composition of the ‘raw’ biogas from anaerobic digestion is shown in Table 1.  

Table 1. Typical Composition of Raw Biogas 
Matter % 
Methane, CH4 50-75 
Carbon Dioxide, CO2 25-45 
Water Vapour, H20 1 – 2 
Carbon Monoxide, CO 0 – 0.3 
Nitrogen, N2 1 – 5 
Hydrogen, H2 0 – 3 
Hydrogen sulfide, H2S 0.1 – 0.5 
Oxygen, O2 traces 
Source: (AEBIOM: European Biomass Association, 2009) 

The unit to measure biogas is normally normal cubic metre (Nm3) (Held, Mathiasson, & Nylander, 2008), and 
that will be the main unit of choice to measure biogas quantities in this paper. The conditions correspond to that 
of normal conditions at 0°C, 1atm.  
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2.1.1. The Biogas Process (Anaerobic Digestion) 

The process of anaerobic digestion to produce raw biogas is too complex to include in this paper centered on 
biogas upgrading. This being said, a brief description of the process for unfamiliar readers is outlined, in order to 
provide further background and knowledge, and to make evident the many different variables that have been 
omitted that if taken into consideration, can affect the results such as the methane yield, and subsequent 
evaluation of whether upgrading is advantageous or not. In the end, while it is an assumption, the study considers 
two different scenarios that represent common conditions for biogas producing farms.  

Biogas’ contribution to sustainability is without question. The biogas process takes care of society’s waste 
products and returns energy in the form of biogas and nutrients (digestate). This enables organic wastes to 
essentially become a resource (Held et al., 2008). The process is called anaerobic digestion and it is a process by 
which organic material is decomposed by microorganisms in an oxygen-free environment to form biogas. This 
process occurs naturally in the bottom sediments of lakes and ponds, in swamps, peat bogs and intestines of 
ruminants (IEA Bioenergy, 2005) and is mimicked in a biogas plant by feeding organic material into an airtight 
container or digestion chamber (reactor) with the final products being biogas (typically with values around 50-
75% methane and 25-45% carbon dioxide) and digestate (nutrient-rich organic residue) (AEBIOM: European 
Biomass Association, 2009). The digestate that is produced can be used as a fertilizer for agriculture, thus it is of 
great interest to farmers particularly and is an added bonus to adopting biogas technology in more ways than one. 
The biogas also includes small amounts of hydrogen sulphide, ammonia and nitrogen and is often saturated with 
water vapour.  

The process is essentially a decomposition of complex organic compounds, namely carbohydrates, fats and 
proteins to the final products of methane and carbon dioxide. It can be divided into three main steps. hydrolysis, 
fermentation and methanogenesis. (Held et al., 2008) 

All organic material except wood can be used in digestion processes for biogas production, which can help solve 
various waste problems and create an environmentally friendly life-cycle. The ancient Persians are said to have 
employed the principle of collecting gas over a pile of cattle or pig manure. There have been an abundance of 
technological advancements since this time; however it is very much centred on the same principle. The wet 
digestion process is operated continuously and is the main choice of digestion process in the agricultural sector. 
A vertical continuously stirred tank fermenter (CSTR) is the most commonly employed reactor configuration 
and is applied in nearly 90% of modern biogas plants in Germany. (AEBIOM: European Biomass Association, 
2009) 

In regards to temperature, most operate at mesophilic temperatures with the optimum temperatures ranging 
between 38 and 42°C. These temperatures will be assumed to be used, however as the process of producing 
biogas in its raw form is outside the scope of this paper, it will not have any bearing on results. Thermophilic 
temperatures, that is, temperatures above 50°C require far too much energy input to maintain the reactor and are 
much less energy efficient (Weiland, 2010), so mesophilic is recommended. Hydraulic retention time of the 
waste in the digester is usually between 15-50 days depending on the substrate/s used (IEA Bioenergy, 2005).  
Many different feedstocks are used today to produce biogas ranging from manure, energy crops, food waste, 
municipal solid waste and sewage sludge. As this paper concerns small-scale biogas upgrading, and is made to 
primarily investigate the feasibility of farms to inherent this upgrading technology, it is assumed that the 
feedstock would be made up primarily of cattle or pig manure, which is also one of the most common form of 
feedstock used in Sweden (IEA Bioenergy, 2005). It is possible to co-digest the manure with another substrate 
such as food waste or energy crops to increase the methane yield, but this will not be delved into in any great 
detail in this report. Weiland’s article on biogas production in 2010 states that nowadays most of the agricultural 
biogas plants digest manure from pigs, cows, and chickens with the addition of co-substrates to increase the 
content of organic material for achieving a higher gas yield (Weiland, 2010). While energy crops are said to 
deliver a greater methane yield than is derived by manure, the use of manure to produce biogas has numerous 
benefits from a sustainability perspective. The AEBIOM 2009 report exemplifies these main benefits as:  

 Avoiding CH4 emissions during the storage of the manure 
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 Reducing CO2 emissions by replacing fossil fuels 
 Offering an additional energy carrier that does not compete with other uses 
 Valuable substrate (digestate) as final product after the biogas production which can be used as fertilizer  

(AEBIOM: European Biomass Association, 2009) 

A summary of Task 37 from the International Energy Authority (IEA), which was a work program made to 
address the challenges related to the economic and environmental sustainability of biogas production and 
utilization, also signifies the benefits of adding more alternative substrates such as corn, barley, rye or grass to 
manure. The IEA states that it brings increased gas production and creates additional income through tipping 
fees (IEA Bioenergy, 2005), however to re-iterate, the digestion process is outside of the system boundary for 
this study which will not include different forms of substrate and the roles they play on the upgrading efficiency.  

2.2. Biogas Upgrading 
Biogas can also be upgraded to natural gas standards and used as a vehicle fuel. Biogas upgrading put simply, is 
a process by which carbon dioxide is removed from the raw biogas, in order to achieve a greater purity of 
methane (approx. 96%). The main reasoning behind removing carbon dioxide and other impurities is that the 
energy content of the biogas is in direct proportion to the methane concentration, thus by removing the CO2, the 
calorific value for the gas is increased and it is then able to power vehicles over longer periods, and has almost 
identical properties to natural gas. Other contaminants that can be damaging to the engine are also removed. 
(Petersson & Wellinger, 2009)  

2.2.1. Current Status in Sweden 

Sweden could be seen as being pioneers for the use of biogas as vehicle fuel backed by the introduction of a 
range of incentives such as tax benefits, free parking, and the exemption of congestion charges for biomethane 
fuelled vehicles (Balkenhoff & Jamieson, 2010).  There continues to be a growing trend in upgrading of the raw 
biogas for its use as a vehicle fuel with over 55% being upgraded to vehicle fuel quality in Sweden at present 
time (Persson & Baxter, 2014). Statistics from the webpage Gasbilen.se (Energigas Sverige, 2014b) show 
dramatic increases in the amount of vehicle gas sold, particularly when looking from 2009-2013, during which 
the sales in terms of unit of energy, more than doubled. In 2013, more than 146 Nm3 was sold, of which 90 Nm3 
was biogas. The vehicle gas replaced around 97,000 cars previously run on fossil fuel means and over 270,000 
tonnes of carbon emissions derived from fossil fuels through replacing gasoline and diesel equivalents. Air 
quality also continues to improve as a result of these developments. The number of filling stations also has 
steadily increased, which should be expected from the increasing trend in demand of biogas and natural gas 
(Energigas Sverige, 2014). 

At present day, there are more than 220 biogas upgrading units in Europe. Most upgrading units are situated in 
Germany and Sweden with 55 in Sweden (Bauer et al 2013). There is ever-growing awareness of the advantages 
of biogas, such that in 2008, the demand for biogas as a vehicle fuel was actually shown to be greater than the 
supply in some regions, namely the Stockholm area (Held et al., 2008). New technologies are constantly being 
developed with more and more research going into the purification and transport of biogas systems, in addition 
to the increasing amount of filling stations for biogas in Sweden (Held, et al., 2008). Extra attention is being 
placed on small-scale farm-based biogas plants for upgrading to vehicle fuel in Sweden. In 2004, the first on-
farm upgrading plant to purify biogas was built by the agricultural school at Ökna in Nynäs (Held, et al., 2008).  

In Sweden, there is a tax exemption which favours the utilisation of the biogas as a vehicle fuel, while in UK and 
Germany there are feed-in tariffs for electricity which have led to biogas’ use for more electricity purposes 
(Persson & Baxter, 2014). The price of electricity is also much lower in Sweden as is, and so in Sweden biogas 
provides more benefits if used for transportation rather than for electricity and heat.  More than 50% of the 
biogas upgraded in Sweden is used as vehicle gas, which is increasing every year to meet the increasing demand 
from the increasing number of gas vehicles. The Swedish national target to have a totally fossil fuel independent 
vehicle fleet by 2030 further exemplifies the current focus on biogas upgrading (Rydberg et al., 2010).  
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Sweden does not have any feed-in tariffs, instead opting for other support systems, which as implied above, 
focus on increasing the usage of biomethane as automotive fuel.  These current support systems are: 

- No carbon dioxide or energy tax on biogas 
- 40% reduction of the fringe benefit taxation for the use of company natural gas vehicles until 2016 
- Investment grants for marketing of new technologies for biogas from 2013-2016. Maximum of 45% or 

25 MSEK of the investment cost can be handed out.  
- A joint certificate scheme between Norway and Sweden. The producer receives one certificate for every 

MWh of electricity produced from renewable resources, while end-users are obliged to buy certificates 
in relation to their total use. The average price of a certificate in 2012 was around 17 – 22 EUR/MWh.  

- 0.2 SEK/kWh given for manure based biogas production to reduce the methane emissions from 
manure*  

*This is yet to put into action yet, however incentive is close to launching 

(Persson & Baxter, 2014) 

These support systems give further acceptance to the increasing focus on biogas upgrading. It can be deduced 
that this should encourage farmers to employ biogas upgrading technologies; however the question still remains 
as to how feasible upgrading can be on farm scale level?  

The contribution biogas has made to sustainable development not just in Sweden and the EU, but throughout the 
globe, in particular with developing countries is substantial. However as with many innovations, there are still 
many ongoing challenges. The ways in which the biogas can be utilised with the utmost utility and to the greatest 
potential has researchers and industry professionals constantly seeking further developments.  

A very recent study done in Finland on the various biogas production chains and greenhouse gas (GHG) 
reduction potential in transportation interestingly illustrated some of the inconsistencies to biogas use in the 
transport sector, and gave claims for the need to assess such indicators for sustainable development such as GHG 
reduction by means of large, system comparisons. The study concluded that the wider use of biogas as a 
transportation fuel resulted in substantial GHG emission reductions, and that while biogas production and its use 
for electricity and heating purposes also led to substantial GHG reductions, the reductions were not as substantial 
as when used in transportation in most of the cases studied, mainly due to the fact that biomethane was primarily 
substituting rather intense fossil fuels such as petrol and diesel that notably have high GHG emissions during 
extraction, production and use. The paper also stated that there will be increasing competition for the use biogas 
between electricity and heat production and the use as transportation fuel, thus formulating a policy for the 
optimal use of biogas is somewhat difficult. (Uusitalo et al., 2014) 

Distribution costs are something that is left out of some reports. It is, however, one of the main factors in higher 
biogas prices. It represents about 38% of the biogas price on average in Sweden, whereas for gasoline, it is 
approximately 11% (Rydberg et al., 2010).  

2.2.2. Upgrading technologies: State of Art 

Figure 2, taken from the very recent SGC report on biogas upgrading technologies (Report 270, 2013), shows the 
breakdown through the years from 2001 to 2012 on the techniques employed for biogas upgrading. Only plants 
that were in current operation at the time of the report (late 2013) were included.  
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Fig. 2. Upgrading technologies used in biogas plants between 2001-2012 

(Bauer et al., 2013) 
 
Up until 2008, water scrubbing and pressure swing absorption (PSA) technology dominated the market; however 
chemical/amine scrubbers as well as membrane separation units are now increasing their market share (Bauer, et 
al., 2013). Out of all the various upgrading technologies employed in Sweden the most common is still water 
scrubbers amounting to nearly 70%, with 15% of plants using PSA and 15% using amine scrubbers (Persson & 
Baxter, 2014) 

Table 2 summarises the most common biogas upgrading technologies in brief. 

According to a study done by the Swedish Gas Association in May 2008 titled ‘Biogas from manure and waste 
products – Swedish Case Studies’, 25 out of 34 upgrading plants in Sweden were using the water scrubbing 
method, which produce large amounts of waste water, required high capital investment, high energy 
consumption and had a very low CO2 capture efficiency. Other very common techniques in chemical scrubbing 
and PSA were employed by other plants in order to address the CO2 capture efficiency problem, however had 
other issues such as high energy use and substantial emission of pollutants (Deng & Hägg, 2010). 
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Table 2. Most common technologies for biogas upgrading 
Technique Process Technology Energy Requirements CH4 Loss 

Water Scrubbing - Physical absorption 
- Enables removal of H2S 
- Op. pressure: 6-12 bar 
- Max CH4 yield: 94% 
- Max CH4 purity: 98% 
- Preferred flow rate: 500-

2,000 Nm3/h 
 

- 0.2 to 0.46 
kWh/Nm3 

- 2% CH4 loss 

Pressure Swing 
Adsorption 

- Adsorption 
- Pre-treatment required 
- Op. pressure: 4-10 bar 
- Max CH4 yield: 91% 
- Max CH4 purity: 98% 
- Preferred flow rate: 2,000 

Nm3/h or less 
 

- 0.21 to 0.46 
kWh/Nm3 

- 2% CH4 loss 

Chemical/Amine 
Scrubbing 

- Physical absorption 
- High temp and energy 

demand 
- Op pressure: 1 bar 
- Max CH4 yield: 90% 
- Max CH4 purity: 99% 
- Preferred flow rate: 500-

1000 Nm3/h 

- *0.27 to 0.56 
kWh/Nm3 

 
*heat demand associated. 
0.55 kWh/Nm3 is typical 
heat demand value. 
(Bauer et al., 2013)  

- 0.04% CH4 loss 

Membrane Separation - Based on selectivity and 
permeation 

- Pre-treatment depends on 
membrane material 

- Op. pressure: 1 bar 
- Max CH4 yield: 99% 
- Max CH4 purity: 99.5% 
- Preferred flow rate: Less 

than 300 Nm3/h 

- 0.19 to 0.43 
kWh/Nm3 

- 0.01 – 0.20% CH4 
loss 

(Bauer et al., 2013; Niesner, Jecha, & Stehl, 2013) 

 
Table 3. Indicative costs for different upgrading technologies 
Technique Investment Cost, € Operational Cost, € Cost price upgraded 

biogas, €/Nm
3
 biogas 

Water Scrubbing 265,000 110,000 0.13 
Pressure Swing 
Absorption 

680,000 187,250 0.25 

Chemical/Amine 
Scrubbing 

353,000 134,500 0.17 

Membrane Separation 233,000 81,750 0.12 
(Kvist, 2012) 

As can be seen from table 2 and table 3, when compared to the other technologies for biogas upgrading, 
membrane separation has many advantages, perhaps most notably is its comparatively low all round costs and its 
flexibility in operation highlighted by the SGC Report no. 285 that deals with biogas upgrading with carbon 
membranes for farms, and is one of the main references used in this literature review and background. This 
overall summary of costs is also shared in other literature such as in Niesner. J et al., 2013 with regards to energy 
demand and economy whereby membranes were shown to be amongst the cheapest and most energy efficient 
(Niesner et al., 2013). The energy requirements for membrane separation are among the lowest; however the 
methane loss as has been stated is a key parameter for environmental impact, especially with ongoing 
requirements for sustainability of fuels. It differs for membrane separation in that it can be relatively high, as 
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well as made and designed to be fairly low, making it interesting for further research. The addition of further 
stages to the design of a membrane unit can negate this issue, whereby methane can be recirculated within the 
system resulting in a substantial decrease in methane loss. With this, also comes higher power consumption as 
well that also needs to be taken into consideration. The specific investment costs also gradually decrease with a 
greater raw biogas throughput as well (Bauer et al., 2013).  

 

2.3. Membrane Technology 
As was stated in the previous section, membrane technology is based on selective permeability and separation of 
methane from other molecules found in biogas, most notably carbon dioxide. Membranes work by retaining most 
of the methane, while most of the carbon dioxide permeates through the membranes unit. The focus of this 
project is not on deciding on a particular manufacturer of membranes or which types of material to utilise as 
such. This very much had to be omitted from the research as it can get very complex and alter many important 
aspects such as environmental and economic performance. A general design of a biogas upgrading unit based on 
membranes is given in Figure 3 below taken from SGC report 270. 

 
Fig. 3. Typical design of a biogas upgrading unit with membranes  

(Bauer et al., 2013) 

 
It is determined that most upgrading units with membranes use a design similar to the one shown in figure 3, 
commonly with a recirculation of gas back into the feed. The use of a single stage design has its pros and cons, 
for example the methane loss is usually relatively high, and so it is important to use membranes with high 
selectivity to minimise the methane loss. The methane in the non-upgraded stream should also be used as 
efficiently as possible for example in a boiler or CHP. 
 
Table 4 gives indication as to how the membrane separation technology is comparatively cheaper to produce and 
run than other upgrading technologies mentioned. What is also valuable to understand is the fact that the greater 
the capacity of the raw biogas (Nm3/h), the lower the investment cost in EUR/Nm3 for instance, which is 
particularly evident when the capacity goes above 400 to 500 Nm3/h (Bauer et al., 2013), however investment 
costs of the unit are not taken into consideration in the research specifically. This information regarding 
investment cost revealed in the SGC report 270 is a result of discussion with several companies which sell 
membrane units, and refers to the investment cost specifically and not any ongoing running costs.  
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Table 4. Key factors which affect the performance and economy of membrane technology 
Factor Mainly Affects 

Selectivity of 
membranes 

- Higher selectivity = Lower methane slip 
 
 

Number of stages  - Energy consumption: the addition of internal circulation stage 
will give higher energy consumption, due to compression 
needed. (mainly determined by energy consumption of 
compressor) 
 Therefore, energy consumption also dependent on 

methane slip, required CO2 removal (methane purity of 
upgraded biogas), the installed membrane area 

 
Production 
capacity  

- Greater the amount of raw biogas = Lower Investment cost 
(Up until approx.. 1000Nm3/hr) 
 

Methane slip - Energy consumption (lower methane slip = less energy 
consumption) 
 

Methane purity 
(going in) upgraded 
stream 
 

- Energy consumption (greater purity = higher energy 
consumption) 

Membrane area - Energy consumption 
- Pressure needed to upgrade (higher membrane area = lower 

pressure) 
 

Applied pressure - Energy consumption 
Source: (Bauer et al., 2013) 
 
The energy consumption together with the CH4 loss are clearly the most affected and important factors when it 
comes to the environmental aspect of the upgrading of course, as the objective is to limit the amount of power 
used by the unit and methane lost to the atmosphere. The economics is greatly affected in turn, and so these 
factors are particularly important when looking upon recent works and is the subject of heavy focus with it being 
influenced by many different factors.   
 
Main factors affecting the economy of the membranes  
 

1. Properties of the membrane material 
2. Composition of the gas 

3. Demand for product gas 

4. Requirement for methane recovery 

5. Operational pressure for separation 
 
(Liljemark et al., 2013; Makaruk, Miltner, & Harasek, 2010a) 
 
For the purpose of this report both factors 1 and 5 are assumed constant based on most common parameters used 
in real-world applications. Factors 2, 3 and 4 are also somewhat constant however may be altered in the 
sensitivity analysis of the optimisation model.  
 
Not all these factors can be studied within the scope of this report, and must simply be taken based on past use 
and applicability to this project. This is mainly referring to those factors which describe the design of the 
membrane units themselves such as selectivity, membrane area and the membrane material.  
 
What is important to grasp from the membrane technology is that put simply, if a high concentration of methane 
is required, then a larger membrane area and (usually) a higher pressure are needed, possibly leading to higher 
operational costs, but with an expected higher profit margin due to a higher value of the produced gas. On the 
other hand, if a larger methane slip is allowed, less biogas needs to be re-circulated to the compressor and 
therefore energy consumption will be decreased, but whether this is better for environmental aspect or not 
remains to be judged.  
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In SGC’s Report 285, which deals specifically with the use of carbon membranes for biogas upgrading, it is 
reported that carbon membranes show higher selectivity than the conventional polymeric membranes. They can 
also withstand higher temperatures (Liljemark et al., 2013).  Interestingly, this is somewhat disputed in other 
sources where it is said polymeric materials show more favourable selectivity for methane/carbon dioxide 
separation combined with reasonable robustness to trace components contained in typical raw biogas, which is 
an important factor (Vienna University of Technology, 2012). The membrane material is not particularly 
important in this paper, however it is touched upon at times and new information regarding this does surface and 
helps to form better recommendations. 
 
In deciding on a technology to use, Vienna University of Technology makes a valid statement in their recent 
review of biogas to biomethane technology exclaiming that it does not make sense to choose an upgrading 
technology with a methane recovery as high as possible because you always have to deal with the off-gas. Their 
view is that the integration of the upgrading plant into the facility such as a farm is much more important 
(Vienna University of Technology, 2012). This makes for good justification of the choice to analyse membranes 
for upgrading, as they can be made to not have such a high methane recovery, and produce an off-gas which can 
be further utilised for farms in different ways. Makaruk et al.2010 also held a similar view in that the upgrading 
does not have to be optimised to give maximum product recovery, and should rather be adjusted for optimal 
permeate use and heat integration with a biogas plant (Makaruk, Miltner, & Harasek, 2010).   
 
The detailed boundary conditions for the membrane upgrading system are given later in Figure 8 under Section 3 
Methodology, as well as by the list of assumption and limitations in Tables 15 and 16.  

The number of stages connected with the membrane unit are not determined by the desired biomethane quality, 
but by the desired methane recovery and compression energy demand. These days, multi-compressor 
arrangements have been realised and proved to be economically advantageous with ability to provide high 
methane recovery and low energy demand (Vienna University of Technology, 2012). 

When compared to conventional upgrading systems, membranes have the capability of performing three 
separation steps in one (CO2 removal, H2S removal and Dehydration) (Fakult & Scholz, 2013), however the 
SGC claim that H2S removal still must take place, as the membrane will not sufficiently complete this task, but 
with further research it is maybe not far off.   

Overall, single stage has a lower recovery (approx.. 86-87%) and higher methane loss, whereas two/multi stage 
has a higher recovery (95-99%) with much lower methane loss (Fakult & Scholz, 2013) (Lems, Langerak, & 
Dirkse, n.d.) 

Membranes with higher selectivity and permeance - From a study done in Germany on ‘Membrane Based 
Biogas Upgrading Processes’, the overall performance of the membranes was shown to increase with with 
higher selectivity and permeance, however profit only increased by less than 2%. When two or more stages are 
used the recovery is good enough and in line with Swedish standards, and so there is really no great need to 
optimise selectivity and the membrane material. This was not the reason for leaving this parameter out of the 
scope; however it also serves as good justification (Fakult & Scholz, 2013).    

 

2.4. Farm-based Biogas Upgrading 

2.4.1. Farm to fuel: Benefits of upgrading on small scale for farm 

Currently, most biogas plants operate by combusting the gas on-farm in CHPs. However this is rather inefficient 
as the produced heat cannot be utilised. Hence, the electrical power efficiency is rather low. Just in this instant, 
upgrading on farm scale can seem to be an attractive alternative to its extensive utilisation in CHPs (Fakult & 
Scholz, 2013). Some of the main advantages associated with small-scale biogas upgrading units are that the units 
can be used to recover small biogas capacities that may be presently flared, or rather leaking away. Small 
biomethane capacities can offer potential for farms in Sweden (Fjeldvaer, et al., 2011). For farmers in particular, 
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the upgrading of biogas can work to provide greater economic benefits and greater energy efficiency, and help 
promote sustainable technology. This can be done first and foremost by consuming the energy on-site to power 
operations, heat facilities, or fuel farm vehicles such as tractors, or alternatively through generating vehicle fuel 
for distribution and producing electricity and heat to be sold to the grid (Viking Strategies, 2012). Small-scale 
upgrading is usually only deemed economically viable if the gas is used locally and not commercially, as the 
amount of gas is limited and there is no economy in building pipelines giving further precedence to looking into 
the different options a farmer may have to utilise the biogas upgraded.  

The distribution cost of biogas depends on the location of the biogas plant. In Sweden the biomethane is usually 
distributed by pipelines or by trucks after it has been compressed or liquefied. It can also be distributed in the 
natural gas grids; however this only exists in some parts of Sweden. (Benjaminsson & Nilsson, 2009) Of course, 
if much of the biogas is used locally on the farm for instance, distribution is not of any concern 

The substrate on farms is often manure, which when utilised for biogas production gives very high GHG 
reductions. In general, using biogas produced from manure reduces emissions by 148% compared to if fossil 
fuels are used. This is due to the avoided emissions of methane that would otherwise occur if the manure would 
not undergo anaerobic digestion at the farm. (Rydberg et al., 2010) 

2.4.1.1. Dual Fuel Tractors 

There has been ongoing interest in dual fuel tractors in recent times such as the ongoing research and 
developments that are currently being done by Finnish company, Valtra. As of 2012, the dual-fuel tractor 
developed by Valtra (T133 Dual Fuel) has been found to be of particular interest according to tests done on its 
performance. The methane gas is responsible for between 60-85% of the produced power of the engine. It is 
shown to have almost the same characteristics and operational functionalities as a normal 100% diesel fuel 
tractor. Its main advantage besides the obvious environmental benefits in the way of greenhouse gas emission 
reductions, is that if the tractor uses up all the gas, it can switch to diesel fuel automatically, and with price 
increases in fossil fuels prospected to continue to rise, these tractors may well be a gateway that helps biogas 
upgrading via membrane technology achieve its set out goals and initiatives. While for the moment the 
companies designing these dual-fuel tractors are recommending the biomethane to have a purity of at least 95%, 
theoretically, it is possible to run the tractor on 80% methane purity in the biogas. Compared with diesel fuel, 
biogas combustion produces 95% less nitrous oxide and 25% less CO2; however the main problem concerning 
engineers is providing enough storage capacity to carry the gas, as biogas is difficult to compress and would 
require much more tank space than for diesel (Mackenzie, 2013). Another aspect on the problems associated 
with tractors operated on biogas is that the demand peaks are during spring (sowing) and autumn (harvest). 

The idea of the dual-fuel tractor essentially opens up numerous knowledge gaps and benefits to be highlighted 
from the possible scenarios which can be implemented by the farmers. Further semi-structured interviews, as 
well as informal discussions with professionals involved in farm and small scale upgrading, and membrane 
technology can perhaps provide further clarity as to the reasons behind the lack of support to upgrade to 80%..  

Most of these tests performed on the tractors were conducted under the development project by Biogas Syd titled 
‘Biogasdrivna dual fuel-traktorer i lantbruk, entreprenad och kommuner – en förstudie’. The feedback from the 
results showed high ratings for usability and reliability with users reporting tractor performance identical to 
conventional diesel tractors. Filling of the gas occurred every 4-5 hours on average. Problems such as switching 
to the diesel fuel at the beginning of winter were documented, as the diesel fuel was of summer grade, however 
after switching the diesel fuel, the tractor ran as per normal (Liljemark et al., 2013).  

It is stated previously that upgraded biogas with a quality as low as 80% can be utilised on site with dual-fuel 
tractors, however while the costs are said to be reduced, the offset is reduced engine and driving performance, 
and most notably less energy entrained in the fuel tanks meaning shorter operating time per refuelling. It is said 
that upgrading costs would be affectively halved with 80% instead of 96% methane content. This is an 
interesting concept which could benefit farmers greatly and have even more impact on the sustainable 
development of this technology and the system of biogas upgrading in general (Liljemark et al., 2013). 
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There seems to remain numerous challenges associated with this concept such as the installation of gas tanks on 
tractors, the lack of regulatory framework for tractors with methane-diesel (dual fuel), and the fact that there still 
exists a rather small market currently with little experience in practical operation (Liljemark et al., 2013).  

2.4.2. Why membrane technology? 

As was stated previously, membranes can remove CO2, H2S and H2O all in one step. The unit can even be 
operated unattended, making it ideal for use on farms (Fakult & Scholz, 2013). The process also scales down in 
principle, and has been reported several times that from an economic standpoint, the membrane gas separation is 
advantageous, provided the gas volume flow is relatively low and inlet CO2 content is particularly high 
(Makaruk et al., 2010b). This is also supported in Deng and Häggs’s article whereby they re-iterate that 
membrane technology is advantageous in small (less than 6000 Nm3/h) separations, especially if the purity 
requirement is not extremely stringent. According to this definition, an on-farm biogas upgrading system can be 
considered a small scale process, and therefore is technically preferable for membranes in theory. Processes with 
2-stage configurations being the most commonly used multi-stage processes (Deng & Hägg, 2010).  

Perhaps the greatest advantage of membrane upgrading technology is its ability to provide flexibility for the user, 
which makes it most interesting for small scale and farm-based operations, and further research to be adhered to. 
It can be designed for different methane content in the product gas, can be operated with different inlet pressure 
and can give possibility of intermittent operation whereby the gas stream can be split between upgrading and 
CHP. This ability for intermittent operation is most appealing for a farm concept as it enables the farmer to 
produce fuel when needed and in between use biogas for cogeneration, and in a CHP, whereby CHP motors can 
run on non-upgraded biogas between 50-60% CH4. It is also possible to run a tractor on site on around 96% 
methane content or even lower purity; however this is also subject to individual tractor manufacturer 
requirements and recommendations (Liljemark et al., 2013). 

2.5. Theoretical Framework 
A theoretical framework is described by the University of Southern California as “the structure that can hold or 
support a theory of a research study” (Labaree, n.d.). Thus, the following aims to introduce and describe the 
relevant theories to the reader, which illustrate why the research problems in question exist.    

In a study done in Austria for the International Energy Authority (IEA), the authors concluded that “Overall, 
diffusion of innovation research from various disciplines’ perspectives, joined with energy system analysis, 
seems to be a promising avenue for the assessment of the future role of modern biomass for energy systems.” 
(IEA Bioenergy, 2003), thereby giving concise justification and backing for the combined use of these theories 
and methods in approaching the study questions at hand.    

2.5.1. Sustainable Development 

The concept of sustainable development can be seen as rather complex in that while it obviously has particular 
focus areas and subjects, it can relate to almost every domain throughout the globe. What gives it this complexity 
is the fact that what sustainable development means for someone say in Sweden, or someone from a particular 
educational background, upbringing, cultural background etc. is not necessarily what it means for another 
individual from a different standpoint. This being said, there does exist a formal definition or meaning of what 
sustainable development is. It is the most frequently cited definition of the concept to date and was created by 
the Bruntland Commission in 1987 after releasing the book Our Common Future (or the Bruntland Report as it 
was also known). It stated:  

“Sustainable Development is development which meets the needs of the present without compromising the ability 
of future generations to meet their own needs.” 
(World Commission on Environment and Development, 1987) 

Energy, especially nowadays, is seen as central to the adherence of sustainable development, in terms of its role 
towards social and economic well-being, as does the role of alternative energy in relation to the environment and 
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long term future, sustainability if you will, of the earth. This line of work, in the case of membrane technology 
and biogas upgrading on a small scale, relates strongly to sustainable development, as it is provides an 
alternative, renewable means of energy production. It is an innovation that seeks to match the needs of the 
present dynamic as best possible, whilst thinking about the future generations’ energy availability, resources and 
socio-economic situation of farmers and society alike.  

It is important, however to first make the definition of sustainable development clearer and more definitive to 
assist and guide the reader on how it should be viewed whilst reading and analysing the work in this thesis. As 
such, the notion of the 3 pillars or dimensions of sustainable development are introduced, as well as the 
indicators most sought after by the EU, in terms of assessing the energy domain of sustainable development.   

2.5.1.1. The 3 Pillars 

There are three common dimensions that form the brunt of what sustainable development represents and the 
methods and ways in which we assess it. They can also be referred to as the 3 pillars, or the ‘triple bottom line’. 
These 3 dimensions/pillars are the:  

 Economy 
 Environment 
 Society 

 

Fig. 4. The 3 dimensions that combine together to make up sustainable development 

In very general terms, it is said when all three dimensions are treated with equal importance, sustainable 
development is reached. This is made visual by Figure 4 with sustainable development occurring in the middle 
where all 3 dimensions overlap. The book ‘Energy Indicators for sustainable development: Guidelines and 
Methodologies’ published by the International Atomic Energy Agency provides good insight into how the 3 
dimensions mentioned are critical in regards to researching on energy fuels such as biogas for instance. It is 
stated that “When choosing energy fuels and associated technologies for the production, delivery and use of 
energy services, it is essential to take into account the economic, social and environmental consequences.” 
(International Atomic Energy Agency, 2005) 

 

2.5.1.2. Sustainable Development and Energy Indicators  

The so called ‘energy indicators’ are put in place to address the important issues within the three major 
dimensions of sustainable development. These indicators are set out under this heading and are essential for 
communicating the sustainable development issues at hand to policymakers and encouraging institutional 
dialogue. It is thought that by combining these chosen indicators together, it will help to give a holistic 
assessment of the whole system of biogas upgrading on a farm-based level with the possible implementation of a 
new innovation such as membrane technology (International Atomic Energy Agency, 2005). 
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All this information regarding the concept of sustainable development encompassing, what is also important to 
keep in mind is that when undertaking research and assessment of the sustainability of energy products and 
services as such, somewhere along the chain from resource extraction to its end use, pollutants are produced, 
emitted and disposed of, often leading to a detrimental impact on the environment. Even if during operation the 
technology has a reasonably low carbon footprint and environmental impact, its production and manufacture has 
more than likely produced various emissions and waste products (International Atomic Energy Agency, 2005). A 
Life Cycle Analysis (LCA) of a membrane biogas facility could be done; however this is not the purpose of this 
particular study.   

The EU SDS has outlined seven key challenges, which are also addressed by the ‘Europe 2020’ strategy. Of 
these challenges for sustainable development in the EU, four of the SDI themes help to justify the means of the 
project, and also help to decide on the specific indicators for how sustainable development will be measured in 
regards to the three dimensions. The SDI themes of relevance from the report ‘Sustainable development and the 
European Union’ (European Union, 2013) are socioeconomic development, climate change and clean energy, 
sustainable transport, and sustainable consumption and production. A common indicator for measurement of all 
these themes is GHG emissions, which greatly justifies the assessment of GHG emissions (during operation and 
distribution) as one of the main indicators for sustainable development, specifically with regards to the 
environmental dimension.  

The economic dimension may be considered closely linked to socioeconomic development in the EU report, 
whereby focus has been put on an increase in energy efficiency and R&D expenditure, validating the current 
research on innovation such as membrane technology. The main measurement, however for the economic 
dimension in this project is profit (during operation and distribution), which is, just from various reports and 
literature studies, deemed to be a major hurdle in the increasing implementation of the biogas upgrading on small 
scale level. As such, this will look into the various costs associated with upgrading, which as mentioned 
previously in the introduction, is said to be the most important cost factor (IEA Bioenergy, 2005).  

The social dimension is shaped by the diffusion of innovation and more specifically the innovation decision-
process theory, which looks to investigate the process by which an innovation is taken on board from idea to 
implementation. There is no such specific indicator for this; however what results from the interviews done with 
experts in the relevant field of biogas, focusing more so from a farmer’s perspective, could help to shed light in 
answering not only research question number 3, but also help to form a holistic perspective by demonstrating 
and thereby confirming the not so simplistic nature of the issue. The theory is built upon further in section 2.5.3.  

The specific indicators for use in the system analysis are outlined further under section 3 of Methodology.  

2.5.2. Systems Analysis: Applied Systems Research 

A system is a collection of elements that connected together form an ordered whole (Liljenström, 2013a). 
Most commonly a system is referred to a “complex whole of related parts”, whereby when one sees a system; 
one usually sees the whole first, and then its elemental parts. What makes something a system is dependent on 
how each person thinks about a system.    
 

2.5.2.1. Systems Theory & Systems Thinking  

Systems Theory 
 
Systems theory is the basis for modelling complex systems, which are broken down into three basic components: 
units, processes, and structures, which then once identified, can produce a mathematical model for simulations. 
General systems theory should not be confused with ‘applied system research’, which deals with systems 
engineering, operations research and linear programming and which is evidently more applicable in this paper. 
 
Systems Thinking 
 



17 
 

It is important to distinguish the difference between thinking about systems and systems thinking. Thinking 
about systems occurs on a daily basis, and is something that each person does sub-consciously, and is primarily 
informal. Systems thinking is a more formal, abstract and structured cognitive endeavour. It balances the focus 
between the whole and its parts and most importantly, takes multiple perspectives into account (Cabrera, Colosi, 
& Lobdell, 2008a), which is obviously an important aspect in coming up with solutions for sustainable 
development and such systemic issues that are often related with biogas and biogas upgrading technology.  
Systems thinking implies that emphasis be placed on the whole, the structure and the relationships between the 
parts of a complex problem area. I.e. The Whole is greater than the Sum of the Parts (Liljenström, 2013a). 
 
Systems thinking is commonly employed as it identifies that there is a need to change how researchers and other 
professionals think about a problem. This change doesn’t mean that the problem will be solved, however, it does 
reframe how one may think about what is viewed as the problem in the first place, and what the solutions may 
look like (Cabrera, Colosi, & Lobdell, 2008b).  
It is a little different to ‘critical thinking’ in that systems thinking is rather interdisciplinary in nature, and can be 
seen to be the bridge between the physical, natural and social sciences. Distinctions, however, must be made to 
set boundaries on the program’s scope, to establish criteria for assessment and finally, must take varied 
perspectives into account to enable evaluators to better understand the richness of both a programs content and 
system of which it is a part (Cabrera et al., 2008b). 
 
Systems thinking is prevalent throughout the entire research and in putting the pieces of the framework together 
in an interdisciplinary nature as stated by Cabrera et al., 2008. However, in essence, much of what makes up the 
systems analysis that is employed in this paper is based on linear programming being the method of choice. 
Overall can be deduced that applied systems research is effectively what is transpiring by way of linear 
programming.    
 
 

2.5.2.2. Operations Research and Systems Analysis 

Operations Research and Systems Analysis are very much related. However, there remains an acute distinction 
between the two. Lilienfeld (1978) claims that ‘in its practical applications operations research is focused and 
disciplined in its approaches by the specific requirement of an industrial process or a marketing problem. Under 
such circumstances it is highly specific, narrow, and technical. When the operations researcher turns his gaze to 
wider fields and becomes a “systems analyst,” he begins to make social, political, economic and bureaucratic 
claims’ (Olsson & Sjöstedt, 2004). It can be seen just from this statement that this thesis, while concentrating on 
specific goals, and having a rather technical perspective, also attempts to gaze into the wider fields and become 
more system oriented, and thus a framework for systems analysis is set up, which is visible in Figure 5 below. 
 

 
Fig. 5. Stages of a Systems Analysis  

Systems 
Measurement 

• Define objectives 
• Identify and inventory variables 
• Obtain baseline data on variables 

Data 
Analysis 

• Make statistical analysis of relationships among variables 
• Determine significant interactions 

System 
Modelling 

• Construct mathematical model describing interactions among variables 

System 
Simulation 

• Run the model on a computer with values entered for different variables 

System 
optimisation 

• Evaluate best ways to acheive objectives 
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(Liljenström, 2013b) 

Systems analysis is regarded as the science dealing with analysis of complex, large scale systems and the 
interactions within those systems, closely relating to operations research. Mathematical methodology is usually 
applied (Olsson & Sjöstedt, 2004). In this thesis, linear programming is the method of choice, in order to play a 
part in solving the problem at hand, and try to optimise the system in relation to the inputs and outputs and 
overall goal of the system itself. It is important to consider that the outcome of systems analyses seldom provides 
simple blueprints for immediate action; instead it is often more strongly related to decision support (Olsson & 
Sjöstedt, 2004). The justification for the use of systems analysis and systems based ideologies and thinking 
within this project is perhaps best exemplified by respected professor and chairman of the Swedish Committee 
for Systems Analysis and IIASA, Uno Svedin, who states in Olssons book ‘Systems Approaches and Their 
Application’ that ‘It can be expected that high-tech oriented nations like Sweden will continue to draw from 
systems knowledge in order to keep their industrial competitiveness.’ (Olsson & Sjöstedt, 2004) 
 

2.5.2.3. Linear Programming 

Linear programming is the method employed in this study to help deduce an optimal solution/s for the utilisation 
of the upgraded biogas. It has been ranked as one of the most important scientific tools for the means of 
optimisation and problem solving. Linear programming uses a mathematical model to describe the problem of 
concern. The word programming can be misleading, as it does not refer to computer programming, but rather, is 
essentially a synonym for planning. As such, linear programming can thought of as a method for the planning of 
activities to obtain an optimal result (Hillier & Lieberman, 2005). In this case, a result which satisfies the 
characteristics defined for sustainable development to be best adhered to, in particular economic and 
environmental with regards to linear programming use.   

Some important linear programming terminologies that are used within this study are:  

 Decision variables – set of quantities that need determining if problem is to be solved. The percentages of 
flow placed in the different streams of 10%, 65%, 80% and 96% are the decision variables in this case.  

 Parameters - are the input constants. These remain the same throughout the optimisation, but can change 
in the sensitivity analysis.  

 Objective function – the function being maximised or minimised. E.g. For economics, it is the Profit 
(maximised). For the environment, it is GHG emissions (minimised).  

 Constraints - restrictions placed on the model. E.g. the total amount of shared flow must be equal to 1 
(=100%). 

The ‘Problem Solver’ (Excel Solver) add-in in Excel can be a very powerful tool as it is able to quickly derive an 
optimal solution using the simplex method, for rather complex problems with many different variables and 
constraints. Excel Solver is used in this study, as it is able to facilitate numerous amounts of data in a highly 
efficient manner.  

2.5.2.4. Scope and Limitations: The System Boundary 

The system boundary is a fundamental part of any systems analysis, which is usually particularly difficult to 
define as the extension of a system, that is, its limits or borders, could almost be considered the crucial issue that 
must be initially dealt with in applying a systems approach in science (Olsson & Sjöstedt, 2004). It is sometimes 
referred to as a problem, the boundary problem per say, as there will always be parameters left outside of the 
system in order for the system to be defined and to produce a result and be manageable, however by going 
through with this task there are often many parameters which are still of importance to the analysis and overall 
results that are left outside the system boundary. By accepting this as an unavoidable fact and recognising the 
important limitation as it is, the notion of boundary critique may be employed in accordance with systems 
thinking to identify the systems weaknesses and identify what other interrelating factors should be taken into 
account, and so to also aim to try and refrain from treating certain stakeholders viewpoints as more important 
than the other, and get a sense of the system as a whole which is what systems theory essentially advocates.  
 
The idea of boundary critique is a central concept of critical systems thinking, and while it has not been chosen 
to be of direct use in this research, mostly due to time constraints, and to not diverge too much from the main 



19 
 

aim of the project, it is felt that it is worth mentioning as it is a rather formal, and clear way in which to illustrate 
some of the limitations that come with this project and the use of systems analysis. Boundary critique is 
employed to give greater holism as it looks to further break the subjectivity of the research in question which is 
very much dependant on the boundary that is set. The sustainable development of biogas upgrading with 
membranes for use on farms,  much like many complex issues requires interdisciplinarity, and as both have 
many interconnecting parts and principles, decisions taken on issues that have the ability to promote sustainable 
development subsequently need to be given the same respect and approach as the outcome suggests. 
Ulrich has stated that the quest for systemic thinking cannot alter the fact that all our claims remain “partial”, in 
the double sense of being selective with respect to relevant facts and norms and of benefiting some parties more 
than others. This is what boundary critique sets out to achieve. It aims at closing the gap between the inevitable 
partiality and impartiality (Ulrich, 2005). It could also be deemed more efficient, as well as democratic and 
rational if decisions concerning the boundaries of the system to study were made under the explicit consideration 
of stakeholders’ views (Olsson & Sjöstedt, 2004), which is the main essence of what boundary critique sets out 
to do. This also exacerbates the very framework for systems analysis.    

 
Fig. 6. The 'eternal triangle' displaying the interdependence of boundary judgements, observations, and evaluations  

(Ulrich, 2005) 

The basis for which boundary critique is done is visually shown in the figure of the ‘eternal triangle.’ It shows 
the interdependence of boundary judgements, observations, and evaluations. To summarise the figure, it can be 
seen that the facts we observe, and the way we evaluate them, depend on how we bound the system of concern. 
Different value judgements can change the boundary judgements, which thereby can make the facts appear 
differently. The knowledge of new facts can also make us change boundary judgements, which in turn makes 
previous evaluations look different (Olsson & Sjöstedt, 2004).  
 
If for example, the boundary for biogas upgrading with membrane technology is expanded to include the 
environmental consequences of the construction of the upgrading plant, and/or the economics and environmental 
impacts of producing energy crops to be used as substrate for raw biogas production, new facts will enter the 
system. On the flip side, new facts can change the original boundary judgements. Perhaps even the time horizon 
of study might change, if it was to be found that biogas as a vehicle fuel is estimated to skyrocket in price at a 
particular month or year, or if legislation such as the EU SDS’s was brought forward by a few years. Changing 
the boundary judgements also influences the value judgements for example the purposes and stakeholders with 
whom are most relevantly concerned and aimed at. This can stimulate re-thinking and change of the values, and 
in turn, also make the facts look different as stated previously. What is most important to understand is that the 
boundary judgements strongly influence the way a situation is ‘seen’ (Olsson & Sjöstedt, 2004). 
 
In constructing a model, a complete picture of reality can never fully be reached as assumptions are made and 
contributing factors must be left out of the scope of study. Haraldsson points out that this can also be the strength 
in modelling since much of the “noise” from reality is stripped away (Haraldsson, 2004). 

Haraldsson also states that while one might miss certain factors believed to have importance for the system; the 
model is always related to the question at hand. Without a relation to the asked questions there will be no limits 
to the model. There is said to always be a trade-off between the accuracy and readability of the model. 
(Haraldsson, 2004) 
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The boundary of a system, as has been somewhat already highlighted, is no doubt important in many studies. In 
regards to the systems analysis in this project, the book ‘Systems Approaches and Their Application: Examples 
from Sweden,’ by Olsson & Sjöstedt states that the decision to draw the boundaries of a system in a specific way 
is also unavoidably influenced by the researcher’s intuition, preferences and values. For example, I the 
researcher value a certain criteria closely influenced by sustainable development. It is said that the researcher 
must consider amongst other factors, the time and resources available to perform the study. A particularly 
“wide” boundary will be more demanding of time and resources than if a “narrow” boundary is specified. 
(Olsson & Sjöstedt, 2004)   

2.5.3. Innovation-Decision Process Theory 

The theory of the diffusion of innovations is, like many other theories, quite a large domain, and contains many 
sub-theories. Everett Rogers’ book titled ‘Diffusion of Innovations’ helps to form the background of this theory, 
in particular with focus on the ‘Innovation Decision-Process Theory.’ 

Under the main heading ‘Theoretical Framework’, it has been quoted and acknowledged the great inter-linkage 
and effect that combining energy systems analysis with diffusion of innovation can have on a research study. 
The theory of Innovation Decision-Process Theory comes under the main theory of Diffusion of Innovations, 
which is a fairly simple theory to understand, in terms of what its main focus areas are. It can be broken down 
into four main steps, diffusion, as stated by Rogers’ is ‘the process to which (1) an innovation (2) is 
communicated through certain channels (3) over time (4) among the members of a social system.’ (Rogers, 
1995a) Thereby the four main elements are the innovation, communication channels, time, and the social system. 
‘Diffusion of Innovations’ exists as a means to assist in understanding the reasons why a new idea (an 
innovation), even with obvious advantages, can quite often take a lengthy amount of time to enter into society 
(diffuse) from the time they become available to the time they are widely adopted.  

There are several types of diffusion research. In keeping with the time allocated and facilitation of this project, 
and also considering the qualitative research as although important, a somewhat complimentary aspect to the 
overall study, a relevant sub-theory in ‘The Innovation Decision-Process’ is looked at. As the main focus and 
aim for this part of the project looks to focus on the individual people and societal members, and the various 
characteristics of these members who are associated with upgrading technology at farms and in Sweden, the 
focus is placed on this particular theory which mainly deals with these aspects. A model of the five stages in the 
Innovation-Decision Process is given below.  

 

 

Fig. 7. A Model of the Five Stages in the Innovation-Decision Process  
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[Taken from: (Rogers, 1995b)] 

To understand each of these stages, a quick summary of each stage is provided below.   

I) Knowledge: when an individual (or other decision-making process unit) is exposed to an 
innovations existence and gains an understanding of how it functions. (Rogers, 1995b) 

This stage is mainly mental in nature dealing with cognitive activities. Mass media channels are seen as a big 
means for which this stage is adhered to according to Rogers.  

Rogers’ also makes the point with regards to knowledge that ‘individuals consciously or unconsciously avoid 
messages that are in conflict with their existing predispositions’. (Rogers, 1995b) This effectively means that 
just because someone is told something or happens to come across an idea or new invention does not necessarily 
mean they absorb the information, if any at all. The innovation will usually have to be perceived as relevant 
before knowledge can be gained, although one may not be aware that it is relevant, and so therein lies a problem. 
This is referred to as selective exposure and selective perception. Interestingly, much like the notion of the 
boundary critique explained above, Rogers’ is also of the opinion that an individual may develop a need once 
innovation is put forth to them. This is where change agents have a big role to play in pointing out these needs. 
E.g. In this study, a farmer could drive past 2 or 3 biogas upgrading plants, but never “see” the innovation, 
whether it be membrane technology or another.  

II) Persuasion: the individual forms a favourable or unfavourable attitude towards the innovation. 
(Rogers, 1995b) 

This stage deals with a person’s feeling towards an innovation with focus on interpersonal channels.  

It is a very important stage in the decision process, as it deals very much with the innovation itself upon close 
inspection of its perceived attributes as highlighted in Figure 7 being that of relative advantage, compatibility, 
complexity, trialability, and observability. At the persuasion stage as well as decision stage, an individual seeks  
to reduce their uncertainty on an innovation and its consequences (Rogers, 1995b), according to Rogers.  

III) Decision: adoption or rejection of an innovation.  

This stage is the point whereby an individual (or other decision-making unit) may make the conscious decision 
to take on and adopt the technology or reject. The pros and cons are also weighed up.  

This stage can often include a trial period, through which change agents can often be found to sponsor 
demonstrations and trials of new ideas within a system, in order to attempt to speed up the diffusion process 
(Rogers, 1995b).  

IV) Implementation: ‘the individual (or other decision-making unit) utilizes the innovation; however 
degree of uncertainty remains about the expected consequences.’ (Rogers, 1995b) 

Up until this stage, the behavior towards the innovation has been predominantly mental, but implementation ses 
the idea put into practice. Active information seeking usually takes place at the implementation stage in order to 
answer questions arising from the individual such as “Where can I obtain the innovation?” “How do I use it?” 
and “What operational problems am I likely to encounter, and how can I solve them?” The change agent should 
also be able to provide support with technical issues, especially at the onset. (Rogers, 1995b) 

V) Confirmation: ‘the individual (or other decision-making unit) seeks reinforcement for the 
innovation-decision already made, and may reverse this decision if exposed to conflicting messages 
about the innovation.’ (Rogers, 1995b) 

This stage can be seen as an evaluative type period within the innovation-decision process. One may believe they 
are doing a good thing, however without adequate support or with few people implementing the technology, 
exchanging short-term experiences can be difficult.  
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The book ‘Diffusion of Innovations’ by Rogers (1995) is quoted saying that ‘..in order to explore the nature of a 
process, one needs a dynamic perspective to explain the causes and sequences of a series of events over time. 
Data-gathering methods for process research are less-structured and might entail using in-depth 
interviews.’(Rogers, 1995b) 

By utilising this theory and analysing the 5 main stages within it through the analysis of semi-structured in-depth 
interviews with farmers and change agents alike, it is hopeful that research objective 3 can be answered and as 
repeatedly stated; complement the quantitative method and help to form as holistic an analysis as possible. 
Greater understanding of the socio-economic factors, as well as the decision-process related to farm-based 
innovations in Sweden is important to incorporate when making such decisions. The accuracy of Rogers’ process 
theory may also come into question and be further dissected as a result of discussion with relevant stakeholders.  



23 
 

3. Methodology 

3.1. Systems Analysis (Quantitative) 
The approach taken for the quantitative systems analysis is that of studying four different scenarios. Two for the 
economics and two concentrating on the environmental dimension. One analysing upgrading to 80% methane 
purity, and the other 96% methane purity. So, in essence; 

1) Economy, 80% 
2) Economy, 96% 
3) Environment, 80% 
4) Environment, 96% 

In undertaking applied systems research, as is mentioned previously, one must adjudicate the boundary of the 
system. Below is an example of a system dealing with biogas upgrading incorporating all aspects, from raw 
materials feedstock, to additional substrates via energy crops, to anaerobic digestion, to by-products from the 
anaerobic digestion and then to the upgrading to vehicle fuel.  

Figure 8 depicts the boundary of the system with focus on the upgrading unit in line with the title of the project. 
Various limitations and assumptions naturally must be done in order to produce meaningful results and 
conclusion. The assumptions used for the study are described in further detail within Section 3.1 and listed in 
Table 15.   

 
Fig. 8. A typical biogas system.  

Adapted from: (Nova Analytical Systems, 2013) 

(Thick black border outline represents primary system boundary, which is the upgrading unit. 
Outside boundary outline represents secondary system boundary, which takes into account the distribution of the 

upgraded biogas)  

3.1.1. Systems Measurement 

3.1.1.1. Define objectives 

The objectives of the systems analysis are defined with respect to the research questions, which should reflect 
the overall objective that is to, at the fundamental level, assist in achieving sustainable development in Sweden 
and Europe via improved use of biogas upgrading systems.  
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The distribution share, that is, the share of the total production time (in %) for the particular combination of gas 
quality and distance to the consumer is also the objective in both objective 1 and 2. These values are the decision 
variables set out by the linear programming method and model.   

The objective function for the system, and the subsequent dimension of sustainable development to which they 
directly relate are listed below in further detail, and also depicted in the Figure below.  

Objective function 1) Maximise profit (Economic) 

Objective function 2) Minimise GHG emissions (Environmental) 

Objective function 3) Identify socio-economic and technical obstacles (Social 

 

Fig. 9. Figure illustrates the desire for the methods used to reach as high as possible profit and low as possible GHG 
emissions, as well as try to identify the optimal method for quick adoption of the membrane technology under study 

3.1.1.2. Identify and inventory variables 

Table 5. Table of constants used in the optimisation 
Constant Value & Unit Description Reference 
Energy content, 
CH4 

9.81 kWh/Nm3 The amount of potential energy 
available from Methane 

(Eriksson, 2010) 

Energy density, 
Diesel 

46.2 MJ/kg The amount of potential energy 
available from Diesel 

(Gallman G., 2011a) 

    
Generator 
efficiency 
(Electricity),     

 
38.7% 

 
The portion of energy contained 
in the fuel converted to electrical 
energy 

 
(General Electric 
Company, 2014) 

Generator 
efficiency (Heat), 
      

 
48.5% 

The portion of energy contained 
in the fuel converted to thermal 
energy 

 
(General Electric 
Company, 2014) 

  

Optimal  

Objective function 1 
Profit  

(Highest) 

Objective function 2 
GHG Emissions 

(Lowest) 

Objective function 3 
Adoption of 
Technology 
(Quickest) 



25 
 

Table 6. Parameters for study of membrane upgrading and distribution 
Parameter Unit Description 
Input gas quality CH4% % of methane in input stream 
Output gas quality (permeate) CH4% % of methane in permeate 
“                       “    (retentate) CH4% % of methane in retentate 
Production capacity Nm3/h Amount of upgraded biogas to produce 
Farm heat consumption kWh/h Amount of heat consumed by the farm 
Farm electricity consumption kWh/h Amount of electricity consumed by the farm 
Car fuel consumption kWh/h Amount of fuel consumed by car 
Tractor fuel consumption kWh/h Amount of fuel consumed by tractor 
Density of farms Farms/km2 Number of farms within certain area 
Density of tractors Tractors/km2 Number of tractors within certain area 
Density of vehicles Vehicles/km2 Number of vehicles within certain area 
 

The above values within Table 5 and 6 remain constant for both the economic and environmental study, except 
for change to location, or if otherwise stated.  

Table 7. Variables for economic study 
Variable Unit Description 
Transport cost, Heat SEK/km.kWh Cost of heat for transport use per km 
Transport cost, Electricity SEK/km.kWh Cost of electricity for transport use per km 
Transport cost, Fuel  SEK/km.kWh Cost of fuel for transport use per km 
Electricity cost SEK/kWh Cost of electricity 
Heat cost SEK/kWh Cost of heat in SEK/kWh 
Operating cost SEK/kWh Cost of operating the membrane upgrading unit 
Investment costs SEK/y Cost of building membrane unit 
Fuel price SEK/kWh Price of fuel (pure methane) 
 

Table 8. Variables for environmental study 
Variable Unit Description 
GHG emissions, Trans 
Heat 

gCO2-eq/km.kWh GHG emissions from transporting heat 

GHG emissions, Trans 
El 

gCO2-eq/km.kWh GHG emissions from transporting electricity 

GHG emissions, Trans 
Fuel  

gCO2-eq/km.kWh GHG emissions from transporting the vehicle fuel  

Fossil fuel repl, 
(Diesel) 

gCO2-eq/kWh Diesel GHG emissions that would otherwise be used in tractors 
and cars 

GHG emissions, 
Electricity 

gCO2-eq/kWh El GHG emissions from electricity production 

GHG emissions, Heat 
production 

gCO2-eq/kWh Heat GHG emissions form heat production 

CH4-slip gCO2-eq/kWh biogas 
produced 

GHG emissions associated with the loss of methane to the 
atmosphere that occurs during operation 

Energy use gCO2-eq/kWh biogas 
produced 

GHG emissions associated with energy consumption during 
operation 

Transport energy use kWh Diesel/Nm3.km The amount of energy used for transportation 
 

The above values from Tables 7 and 8 can change depending on the location of the biogas plant and unit, as well 
as production capacity. This is delved into further in section 3.1.4 on system optimisation.  

3.1.1.3. Obtain baseline data on variables 

As the study will assess both a ‘densely’ populated area in Sweden and a ‘scarcely’ populated area, the baseline 
data is first based on the ‘scarcely’ populated area of Luleå municipality, and then ‘densely’ populated area of 
Helsingborg & Bjuv municipality. These are the normal ‘default’ conditions for the model, and as mentioned 
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above, some variables will change in order to help identify the variables that the model is more sensitive to in 
reference to the research objectives. 
 
Table 9. Baseline data collected from Luleå, and Helsingborg + Bjuv (Normal ‘default’ conditions) 
Variable Value Reference 
Input gas quality 65% (Liljemark et al., 2013) 
Output gas quality (permeate) 80 or 96% (Liljemark et al., 2013)  
 10% (Liljemark et al., 2013)  
Production capacity 27 Nm3/hr (Liljemark et al., 2013) 
Energy content (methane) 9.81 kWh/Nm3 (Eriksson, 2010) 
Farm heat consumption 10.10 kWh/h* (Svensson, 2010)** 
Farm electricity consumption 24,203 kWh/h* (Svensson, 2010)** 
Car fuel consumption 1.092 kWh/h (SCB: Statistiska centralbyrån, 2011) 
Tractor fuel consumption 4.46 kWh/h (Lindgren, 2007) 
Density of farms 0.1055 farms/km2 (Luleå) 

2.27 farms/km2 (Bjuv + Helsingborg) 
 
(Sveriges officiella statistik, 2014) 

Density of tractors 0.848 tractors/km2 (Luleå) 
3.0735 tractors/km2 (Bjuv + 
Helsingborg)  

 
 
(SCB: Statiska Centralbyrån, 2014) 

Density of vehicles 18 vehicles/km2 (Luleå) 
143.58 vehicles/km2 (Bjuv + 
Helsingborg) 

 
 
(SCB: Statiska Centralbyrån, 2014) 

 

*Units of kWh/h are used for farm heat and electricity consumption may seem strange units to use, since the demand varies a 
lot over the day and year. However, this is still an average and the unit is used in order facilitate calculations made.   

**Farm heat and electricity use are for a farm with approximately 240 dairy cows and 2 farm houses (Svensson, 2010). 
According to (Liljemark & McCann, 2014) a production capacity of 9.5 Nm3/hr corresponds to 80 cows and 46 Nm3/hr 
corresponds to 400 cows. Based on their data a production capacity of 27 Nm3/hr would correspond to 240 cows.  

Table 10. Baseline data for economic optimisation 
Variable Value Reference 
Transport cost, Heat n/a  
Transport cost, Electricity 0  
Transport cost, Fuel  0.00053 SEK/km.kWh (Benjaminsson & Nilsson, 2009)* 
Electricity cost 0.467 SEK/kWh (Nordpool spot, 2013) 
Heat cost 0.825 SEK/kWh (Swedish District Heating Sector, 

2013) 
Operating cost 0.065 – 0.078SEK/kWh (Liljemark et al., 2013) 
Investment costs 2,714,000 SEK (for prod. capacity 27 

Nm3/hr) 
(Liljemark et al., 2013) 

Fuel price 0.989 SEK/kWh (Luleå) 
1.319 SEK/kWh (Helsingborg) 

(Energigas Sverige, 2014b) 

 

The transport cost of fuel assumes that a truck is used for distribution of compressed biogas.  

The transport cost for heat is and electricity n/a and 0 respectively, as it is assumed for the purpose of this study 
that heat cannot be transported, whereas the transportation of electricity is already set up to be consumed within 
the zone areas.   
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Table 11. Baseline data for environmental optimisation 
Variable Value Reference 
GHG emissions, Trans Heat n/a  
GHG emissions, Trans El 0  
GHG emissions, Trans Fuel  0.0396 gCO2-eq/km.kWh (Benjaminsson & Nilsson, 2009)* 
Fossil fuel repl, (Diesel) 242.86 gCO2-eq/kWh 

Diesel 
(Gallman G., 2011b)** 

GHG emissions, Electricity production 23.03 gCO2-eq/kWh El (Brander, Sood, Wylie, Haughton, & 
Lovel, 2011) 

GHG emissions, Heat production 0  
CH4-slip 13.99 or 15.54 gCO2-

eq/kWh biogas produced 
(Liljemark et al., 2013)*** 

Energy use (operation) 0.915 or 1.03 gCO2-
eq/kWh biogas produced 

(Liljemark et al., 2013)*** 

Transport energy use 0.0016 kWh 
Diesel/Nm3.km 

(Benjaminsson & Nilsson, 2009) 

 

*Uses transport energy use value for this calculation is taken from Benjaminsson & Nilsson (2009). Calculations 
shown in Appendix.  

**Uses energy density value obtained from Gallman G., 2011. Calculations shown in Appendix.  

***Both CH4-slip and energy use are taken from the SGC report 285. The CH4-slip is taken as a percentage, and 
energy use taken in kW. Further calculations and values were required to transfer values into appropriate units 
for assessment of GHG emissions. These additional calculations are shown in Appendix.  

As per Table 10, the GHG emissions associated with transportation of heat and electricity are n/a and 0 
respectively, as it is assumed for the purpose of this study that heat cannot be transported, whereas the 
transportation of electricity is assumed to be lossless using the electric grid.   

3.1.2. Data Analysis 

The data analysis is the largest part of the systems analysis by way of linear programming. This section seeks to 
describe the “rules” as such, by which the system operates. Various equations are determined that explain the 
relationships among the variables. Each dimension (economic and environmental) begins with the definition of 
the objective function, and then proceeds to show the equations which lead to obtaining values for analysis. 
Various parameters and variables (determined in the section above) are then displayed as a means of describing 
its relationship with other variables. There are also constraints that are placed upon the model. This follows the 
linear programming method and that of a systems analysis.   

3.1.2.1. Relationships among variables 

Economic Dimension 

The economic dimension takes into account the profit made whilst the plant is already in operation, and also 
takes into account the investment cost for the unit, but as per the assumptions below in table 15, associated costs 
commonly found when an upgrading system is present, such as cost of running the anaerobic digestion, unit are 
not taken into account as they are outside the system boundary. 

As is made mention in the limitations, the cost for producing the raw gas is not considered, so it will express the 
revenues from this stage of the entire anaerobic system.   

Objective function, f (x): Profit for the farmer 

 ( )                                              
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Advantage: Income 

Drawback/s: Operating Cost and Investment Cost 

Income 

             (
   

 
)   ∑ ∑       

                    
                  

               
  (2) 

The equation above for the total income is given in units of Swedish kronor per hour (SEK/h). This value 
incorporates all zone areas (distances), and gas qualities measured where Mfd is the mass flow rate of methane 
given in terms of distance and gas quality, Edensity CH4 is the energy density of methane, and VCH4 is the value of 
the biomethane given in terms of the specific distance and gas quality combination.  

Demand for gas 

It can safely be assumed that in order for the biogas to have a value there must be a demand for the gas. If the 
demand is greater than the produced quantity then all gas can be sold. However, if the produced quantity is more 
than the demand it is only possible to sell the maximum amount that is demanded, therefore there will be surplus. 
This can be seen as a limitation to the study, as it assumed the remaining gas goes unused, although in reality an 
alternative use may and should be found.  

There exists a factor (F), however, which takes these rules into account. F = 1 when there is a demand for all that 
is produced, and F < 1 when there is only a demand for a fraction of what is produced.  

The maximum demand is calculated by taking into account the density of the cars and tractors, as well as the 
zone area depicted in Figure 8 below.  

 

Fig. 10. Representation of the thought process for distribution of the biogas beginning from centre (point 0 i.e. distance 0) 
and showing distance between each zone area 

In regards to Figure 8, the central point represents the farm location and subsequent location of the membrane 
upgrading facility. This is described in the method and excel solver as distance 0, whereby no transportation or 
outward distribution occurs. Distance 1 is a 2.5 km radius, and represents zone area 1. The zone area is 
calculated using the widely known equation for area of a circle;      , which is then taken into account for 
first distribution, i.e. distance 1. This is done for all distances up until 5. The zone area corresponds to the 
distance from the central point and subsequent area, minus the previous zone area.  
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Distance definitions 
Distance 0: signifies no transportation takes place 
Distance 1: signifies 2.5 km radius covered  
Distance 2: signifies 5 km radius covered  
Distance 3: signifies 7.5 km radius covered 
Distance 4: signifies 10 km radius covered  
Distance 5: signifies 12.5 km radius covered  
 

So, for example;  

          (   )       (          )       (          ) 

                                                                                 (    )    (  )         km2  

For biomethane (96% gas quality) the equation is as follows: 

           (   )   (               )                    (                    )  

                          

Where Dvehicles is the density of the vehicles per km2; Fccar is the fuel consumption for a car in kWh/h; ShareBio-

vehicles is the share of the total amount of vehicles using biogas as fuel; Dtractors is the density of the tractors per 
km2; FcTractor is the fuel consumption for a tractor in kWh/h; FcShareBio-Tractors is the share of fuel consumption for 
biogas in dual-fuel tractors; and Az is the zone area for distribution of compressed biogas (CBG) in km2.  

For biomethane (80% gas quality) only the tractors are taken into account as it assumed 80% methane purity can 
only benefit tractors for this study, and not any other vehicles, therefore the equation is:  

           (   )  (                    )                          

The maximum demand for distance 0, that is, without any distribution and transport costs at all is simply:  

           (   )                       (                              )  

           (   )                                              

           (   )                                

Where HcFarm is the heat consumption on a farm; and EcFarm is the electricity consumption on a farm in kWh/h.   
 
The max demand for 96% at distance 0 does not use the density and area as it only covers the farm.  
 
The max demand for 80% only takes into account the consumption by tractors used on-site locally.   
 
The max demand for 65% at distance 0 just concerns the heat and electricity consumption on the farm.  
 
 
Mass flow rate 

 

The relevant values used in the above equation for Total Income are calculated, beginning with the mass flow 
rate of methane that there is a demand for. This is given by the equation below, 
 
          
 
Where,                        

         
 
The above equation for   , the mass flow rate of methane, shows the relationship between the variables in order 
to calculate mass flow rate.   
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Share of the flow 

 
*NOTE: % of flow share is illustrated in terms of distance covered  
 

Table 12. Table showing the equation for share of the gas, Fs 

Gasqlty Equation for Fs (at a given distance from the farm)  
10                                                               
65                                      
80                                                               
96                                                                
 
 
The tables above show the calculations done to establish how the flow is distributed at a given scenario. The 
scenario being the transportation distance. It is important to note that the quantity of gas in the retentate and 
permeate is calculated with the use of a mass balance. The concept behind mass balances is owed to the Law of 
Conservation of Mass. A mass balance is a simple application of the conservation of mass to the analysis of 
physical systems, whereby the law states that matter cannot disappear or be created spontaneously 
(Enggcyclopedia, 2014). The table below shows the values obtained from mass balance for the flow share in the 
permeate and retentate.  
 
Share of total production time for 0, 10, 65 and 80% or 96% are the variables to be optimized later in the system 
optimization part of the system analysis.  
 
Table 13. Flow share table 

Quality of CH4, 
Retentate 

Other flow (permeate) = 10% CH4 purity (Liljemark et al., 2013), therefore quantity of 
retentate is 

80% 79% 
96% 64% 

  
The quality of the other flow is 10%. This is known from the SGC report by Liljemark et al., (2013) on carbon 
membranes and is also known from informal discussions with membrane manufacturers and engineers.  
 
Net value of product gas 

 

     (   )  
    

 (
   
   

)

         (
   
   

)
 

 

Where VCH4 is the value of biomethane in SEK/Nm3; and EContent is the potential energy contained in particular 
quality of gas in kWh/Nm3 
 

Table 14. The value of the gas product at different methane purities, SEK/kWh 
Purity, % Equation for VGas 
10 n/a 
65                     
80        
96       
   
Where VEl is the market value for electricity in SEK/kWh; VHeat is the market value for heat in SEK/kWh;     is 
the efficiency of the generator in creating electricity;       is the efficiency of the generator in creating heat; and 
CFuel is the cost of fuel.  
 
                               
 
Where EContent, CH4 is the potential energy contained in methane in kWh/Nm3; and Gasqlty is the quality of gas 
(purity of methane in the gas) 
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Table 14 shows the economic value of the gas at each specific methane purity level. 10% is given no economic 
value, as it is far too low to be used, although it could possibly be recycled back into the upgrading system; 
however this is not delved into in this study. For 65% purity, as this can be fed into a CHP unit for production of 
heat and electricity, the value corresponds to that of the market value of both electricity and heat, but also 
efficiency of the generator, which is given in Table 5. The value of 96% biomethane obviously corresponds to 
the cost of fuel in the region and 80% is given the same such value.  
 
All values then subtract the value given for 65% as it is assumed that this is the reference value, in that it means 
no upgrading, and as the study is trying to find the advantages of upgrading, this step needs to be done.  
 
Investment Cost 

The yearly cost of the investment in the upgrading unit,     (     ), is given by: 
 
    (     )   (       

   

  
), 

 
Where     the cost of the upgrading unit, IR is the interest rate and DY the life span of the upgrading unit in 
years. The purchase of any goods will incur two types of costs: interest and depreciation. The interest arise as 
money used to buy the goods, such as an upgrading unit, will either have to be borrowed at a certain rate or 
could have been lent out at a certain rate. The depreciation arises as no material will last forever and therefore 
will have to be replaced occasionally. In order to keep the upgrading going the upgrading unit has to be replaced 
when it is no longer functional. The cost of purchasing a new unit is distributed over the lifespan of the 
upgrading unit.  
 
For data on investment cost, depreciation under various conditions as well assumptions for unit life span and 
interest rate; SGC 285 report by Liljemark et al., (2013) was used. The investment cost increases substantially 
with increased methane purity level and the lower cost of building/purchasing an 80 % unit is an important 
rationale for investigating that option. 
 

 

Operating Cost 

 

   (     )   ∑ ∑       
             (      

          
)                 

               
   

 
COP refers to the cost of upgrading during operation for specific distance and gas quality, while CDist refers to the 
cost of distributing the biomethane, electricity or the heat to the user, however it is assumed electricity can be 
transported fairly easily at next to no cost with existing infrastructure assumed to already be in place. Heat is the 
opposite and is assumed to be far too expensive to transport, and therefore heat energy is expected to only be 
used onsite.  
 
Distribution Cost 

 

        
              

 
Where, D is the distance to the consumer in km and CTrans is the cost of transporting the fuel in SEK/km.kWh.  
 

 

Environmental dimension 

 

The environmental dimension is concerned purely with the GHG emissions made during the operation of the 
plant, in line with the system boundary of the project.  
 
CO2-equivalents are used as the measure of the amount of the GHG emissions. Therefore, for the purpose of 
analysing the environmental dimension, all units for CH4-slip, Energy use and fossil fuel replaced will be 
converted into gCO2-equivalent.   
Note that CH4 possesses a global warming potential 25 times more powerful than CO2 (United Nations 
Framework Convention on Climate Change, 2014).  
 
For the environment the objective function is Net GHG emissions, so 
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                   ( )         (   )                   
 
 
Advantage: GHG emissions from fossil fuel replaced 
Drawback: Operating GHG emissions (CH4-slip & Energy use) 
 

CH4 slip 

 
             (   )    ∑ ∑       

                    (   )   
                  

               
   

 
Where GHGSlip(CH4) from methane loss is at a particular gas quality and distance.  
  
From the SGC report 285 (Liljemark et al., 2013), CH4 loss at 96% upgraded is 0.9% and CH4 loss for 80% 
upgraded quality is 1.2%.  This is regardless of the production capacity.  
 
To convert CH4 loss from a percentage into the appropriate units for environmental optimization and analysis, 
refer to Appendix 2.  
 
       (   )        (

       

          
)  

 
A CH4-slip will only occur when upgrading takes place within the system boundary. There is also said to be CH4 
loss in the adiabatic digestion, however this is not taken into account in the study.   
 
Energy use 

 

The energy use used for measurement is taken as purely electricity use, as it is stated, namely in the SGC reports 
by Liljemark et al. (2013) and Bauer et al. (2013) that the compressor is said to account for most of energy use 
during operation of the upgrading unit. This was also confirmed at a biogas conference in Gävle by Stefan 
Liljemark himself who mentioned this during his presentantion. Stefan was one of the main authors of the SGC 
report 285 on carbon membranes for optimised biogas utlisation on farms.  
 

                 ∑ ∑       
                         

                  
               

   
 
Where GHGEnergy is the total greenhouse gas emissions from energy usage (or electricity usage) in operating the 
unit.  
 
                        
 
Where FEl is the emission factor for electricity and EBiogas is the energy required to upgrade 1 kWh of biogas.  
 

          g/kWh (Brander et al., 2011) 
 

To calculate energy use, data from SGC report 285 is utilized. From quick calculations, it is derived that the 
system runs at around 64% of its full capacity, meaning that during a year it will handle 64% of the gas that it 
could if it was running at 100% capacity every single hour of every single day. This also matches previous mass 
balance calculations. The energy use in kWh/Nm3 is derived first, and then energy use in kWh Elect/kWh biogas 
produced. Equations for this are shown below. Further in-depth preliminary calculations can be found in the 
Appendix 2.   
 

           (
         

                   
)   

                   (
   

 
) 

                                (
   

 
)
  

 

 

           (
         

                   
)  

           (
         

                   
)

                   (
   

   
)

  

Operating emissions 
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For 96%:                ;  For 80%:                
 
For 96%:               ;  For 80%:                
 
Fossil fuel replaced 

 
             ∑ ∑       

                     
                  

               
   

 
Where GHGFF is the greenhouse gas emissions produced from fossil fuel 
 
           (      )           
 
Where GHGFF(Diesel) is the greenhouse gas emissions produced from diesel, and GHGDist is the greenhouse gas 
emissions produced from distribution.   
 
                     
 
Where GHGTrans is the greenhouse gas emissions produced from transportation (i.e. Diesel) in gCO2-eq/kWh.km 
and D is the distance to the consumer in km.   
 
The fossil fuel being replaced is defined as that of diesel for transport use, and for tractor use on the farm.  
 
By obtaining the cost of the energy use of transporting diesel in kWh diesel/(Nm3. km) (0.0016, from Grontmij) 
(Benjaminsson & Nilsson, 2009), and using the energy density of diesel and methane in a variety of equations, 
the energy usage for transporting the fuel is able to be derived in the desired units of gCO2-eq./(km.kWh).  
 
                       (      )  

 

3.1.2.2. Determine significant interactions 

The significant interactions are done simultaneously with the outlining of the relationships among variables via 
the equations and explanations. As per a systems analysis, a system boundary has been predetermined and as 
such, only values within the system boundary that have a distinct correlation with the objective functions and 
aim of the project were chosen to be recorded in the above section.  

In addition to Figure 8 outlining a visualization of the system boundary in terms of a typical biogas system from 
raw material to final product/s and by-products, a list of assumptions & limitations is made and found in the 
table below. The assumptions and limitations could be deemed as the most critical part of understanding the 
context of what is being studied.  

Table 15. List of Assumptions 

1. The purity of the ‘raw’ biogas is exactly 65% CH4 and never differs 
2. The feedstock used on the farm is cattle and/or pig manure (most common on farm in Sweden) 
3. Farm assumed to already be producing biogas in its raw form for heating and electricity purposes, and by 

product of fertiliser 
4. Assuming gas station is owned by farmer 
5. Assume 1% of the vehicles use biogas for normal conditions of optimization  
6. Biogas share in tractors assumed to be 100% (based on the possible future implementation of the dual-fuel 

tractor) 
7. Tractor fuel consumption is taken as 83% of its value taken from the report done by Lindgren (2007), as 

dual-fuel replacement tractor is made up of 83% biogas (Mackenzie, 2013).   
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Table 16. List of Limitations 

1. Anaerobic digestion: process not taken into account. HRT, temperature conditions etc. could change results 
2. Membrane unit: selectivity, no. of stages, applied pressure, membrane area, membrane material all not 

taken into account but most likely will have large effect on results if incorporated in the analysis as shown 
in Table 4.  

3. Production and manufacture of the technology and materials involved will have obvious effect on 
environmental dimension, as suggested in IEA (2005).  

4. Not taking into account any ‘middle-men’ which would affect the income of the farmer, thus the economic 
dimension 

5. Mathematical model not advanced enough to take into account Profit and GHG emissions simultaneously   
6. CH4 loss in adiabatic digestion not taken into account 
7. Biogas permeation stated as being a complex problem after a study done by Makaruk et al., 2010 on 

membrane biogas upgrading. Components said to have adverse affects on the separation of CO2 and CH4. 
(Makaruk et al., 2010)  

8. Compressing the biogas to be ready for distribution is not taken into account, but can have large impact on 
economics and also the environmental performance 

 

3.1.3. System Modelling & System Simulation  

3.1.3.1. Mathematical model describing interaction among variables (Linear Programming) 

& Model run on a computer with values entered for different variables  

The basis for modelling complex systems is systems theory. As stated in the section dealing with systems theory, 
once the models units, processes and structures have been identified, a mathematical model for simulation can be 
produced (Olsson & Sjöstedt, 2004). The mathematical model describing the interactions among the variables is 
done by using the principles of linear programming with the tool Excel. The equations and relevant values 
derived from literature, statistics and various calculations are then input into excel with results obtained.  

Note that the systems modelling and system simulation is done instantaneously with Excel, hence the coupling of 
the two steps together.  

3.1.4. System Optimisation 

3.1.4.1. Evaluate best ways to achieve objectives 

The system is then optimized on Excel using the ‘Solver’ tool. In line with all the relevant equations and 
relationships between them, and encompassing the assumptions and limitations above, the model is optimized 
via the linear programming method.  

The optimization is set up in 4 different excel worksheets.  

1) Economy at 80% upgrading quality 

2) Economy at 96% upgrading quality 

3) Environment at 80% upgrading quality 

4) Environment at 96% upgrading quality 

Before optimizing the objective function for the economy and environment, a set of decision variables, 
parameters and a constraint is set in excel. These are:  

 Decision variables: Fs (for 10%, 65%, 80% and 96% streams) – The share (% of flow) of the gas of a 
certain gas quality utilised at a particular distance from the farm (D). These will fluctuate to give 
desired distribution for optimal profit.  
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*Note that 80% upgrading and 96% upgrading are run separately, as it is not possible for the 
technology to produce both. It must be pre-determined.  
 

 Parameters: All input constants and baseline data obtained under section 3.1.1. is left constant for 
optimization unless otherwise stated when investigating different conditions. 
 

 Objective function: For economy – operating profit (to maximize); For environment – GHG emissions 
(to minimize) 
 

 Constraint – Total amount of share flow must be equal to 1 (=100%) 
 

The values for Fs and economic and environmental factors are then recorded in a separate worksheet as per the 
table below, which is an example of the template produced in excel.  

Table 17. Example of the template producing results for Economy 

   Default condition (Normal run) [Run 1] 

Condition Distance Gas quality Fs 

Economy, 80% 2 10% [%] 
 2 80% [%] 
 1 10% [%] 
 1 65% [%] 
 1 80% [%] 
 0 10% [%] 
 0 65% [%] 
 0 80% [%] 
  Operating Cost [SEK/h] 
  Investment Cost [SEK/h] 
  Income [SEK/h] 
  Profit, f (x) [SEK/h] 

 

Table 18. Example of the template producing results for Environment 

   Default condition (Normal run) [Run 1] 

Condition Distance Gas quality Fs 

Environment, 96% 2 10% [%] 
 2 96% [%] 
 1 10% [%] 
 1 65% [%] 
 1 96% [%] 
 0 10% [%] 
 0 65% [%] 
 0 96% [%] 
  Methane Slip [g CO2-eqv./kWh produced biogas] 
  Energy Use  [g CO2-eqv./kWh produced biogas] 
  Fossil Fuel Replaced [g CO2-eqv./kWh produced biogas] 
  GHG Emissions, f (x) [g CO2-eqv./kWh produced biogas] 

 

Tables 17 and 18 above only show normal conditions in the right-hand column. In order to encourage greater 
discussion and gain further perspective into the role membrane technology can have and its associated 
performance, as well as to assess how the objective functions can change with alternating parameters emulating 
different conditions´, more optimizations were run and subsequent results recorded and columns added.  

Additional optimizations were done for: 

 Run 2 - Rising fuel value (Increase CFuel) [by 50%] 
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 Run 3 - Declining fuel value (Decrease CFuel) [by 50%] 
 Run 4 - Emulating Winter months (Increase HcFarm [Double], Increase EcFarm [by 33%],  Decrease 

FcTractor [by 33%], Increase VEl [based on Nordpool figures], Increase VHeat[based on Nordpool figures])  
 Run 5 - Emulating Summer months (Decrease HcFarm [Double], Decrease EcFarm [by 33%], Increase 

FcTractor [by 33%], Decrease VEl [based on Nordpool figures], Decrease VHeat [based on Nordpool 
figures])  

 Run 6 - 10% increase in vehicles using biogas (Increase ShareBio-vehicles) 
 Run 7 - 25% increase in vehicles using biogas (Increase ShareBio-vehicles) 
 Run 8 - All vehicles (100%) run on biogas (Increase ShareBio-vehicles)  
 Run 9 - Increase (by 10x) the cost of transporting the fuel (Increase CTrans) 
 Run 10 - Increase (by 50x) the cost of transporting the fuel (Increase CTrans) 
 Run 11 - Assume heat energy uses fossil fuel (Let FHeat = GHGFF) 

In the absence of substantial time and as similar patterns are seen for both Luelå and Helsingborg + Bjuv, 2 more 
optimization runs were conducted just for Luleå.  

 Run 12 – 1% of tractors use biogas (not 100%) 
 Run 13 – Combine runs 8 & 12: All vehicles (100%) run on biogas (Increase ShareBio-vehicles) & 1% of 

tractors use biogas (not 100%) 

These additional runs are of interest as tractors are not actually run on biogas at all at this stage, therefore would 
be good to check the current situation at the moment. By assuming the cars will all be run on biogas, is possibly 
more realistic in a way as well, and as such interesting to gauge the economic and environmental situation from 
this.   

From the results and subsequent visualizations produced, and in order to come to a more accurate conclusion and 
aid in more discussion, further results requiring some more minor calculations can be seen to be of intrigue, and 
therefore are deduced. As the model suffers from the limitation of not producing a simultaneous result that 
incorporates GHG emissions and overall profit, it was thought to also check 2 things after completion of all runs: 

1. For an optimal GHG emission result, what is the cost for the farmer in terms of SEK/kg CO2-eq that would be 
required to upgrade to this result?   

2. If there is a condition/run with negative profit, what is the cost/subsidy required in SEK/kg CO2-eq to go from 
choosing to not upgrade based on negative profit margin to implementing upgrading via membranes.    

In essence, this could be seen as deriving a type of ‘environmental cost’ or cost for society that can help to show 
what kind of figures may be required to implement the technology and to make it fully profitable and 
environmentally sound.  

3.2. Interviews (Qualitative) 
The interviews conducted are of a semi-structured nature, that is, questions are formulated prior to interviewing 
the individual in question. The questions are put forward to the person, however most are not simple yes or no 
answers, and the discussion is permitted to take shape and diverge from the questioning leaving the interview 
open for as much information as can possibly be collected from the subject, and allowing for follow up questions 
and further discussion.  

It is hopeful the results obtained will help to illustrate and highlight the key problems and challenges of 
membrane technology and new innovations within the field in general. By focusing on these socio-economic and 
institutional factors amongst other such indicators for diffusion of this innovation into farms and small-scale 
communities, recommendations can be made to assist in quicker diffusion and greater implementation.  

Limitations include bias with certain people speaking from farmer’s viewpoint at times, as they work very 
closely with them. This was difficult to avoid as not many farmers in Sweden were made available for 
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questioning due to a variety of reasons, and also there are not that many are involved in biogas upgrading 
specifically, which was one of the criteria in order to be interviewed. In essence, it may also be a positive feature 
of the interviews that views and perceptions were discussed and collated from other professionals in the same 
industry market, but coming from slightly different stand points and interests.  

A list of the pre-determined questions asked can be found in the Appendix. All interviews were also recorded for 
reference purposes if needed.  
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4. Results 

4.1. Optimisation 
The results obtained from the optimization are produced as per tables 17 and 18 indicate and are shown here in 
terms of graphs for each run.  

It is done and shown separately for Lulea, and Helsingborg + Bjuv.   

The results for each run are illustrated below in the form of a table and column graphs that compare all 4 
optimisations by comparing economy 80% with economy 96% in the same graph, and then environment 80% 
and environment 96% in another. All of the separate run conditions are put up against each other for comparison 
with the normal conditions (Run 1), in order to highlight any points of interest or sensitivity to which the 
objective function has upon alteration of a certain set of parameters in the model.  

Normal conditions refers to the baseline data obtained and shown in Tables 9, 10 and 11 under Data Analysis, 
and is used as the foundation for the beginning of all optimizations.  

4.1.1. Economy: Normal conditions  

 Table 19. Results for economy when upgrading to 80% and 96% methane purity level 

Run 1 – Normal 

conditions 

Luleå Helsingborg + Bjuv 

 80% CH4-qlty 
upgrading 

96% CH4-qlty 
upgrading 

80% CH4-qlty 
upgrading 

96% CH4-qlty 
upgrading 

Operating Cost 
(SEK/yr) 

98,098 117,718 98,098 117,718 

Investment Cost 
(SEK/yr) 

105,821 286,339 105,821 286,339 

Income (SEK/yr) 559,410 527,390 1,040,023 999,953 

Profit (SEK/yr) 355,491 123,333 836,105 595,896 

 

On quick inspection, results obtained from normal ‘default’ conditions indicate a positive outcome with 
economic profit in all 4 optimisations. There is also higher economic profit in 80% upgrading than in upgrading 
to 96%.    

The relative shares of the flow (Fs) at normal conditions, showing the quantities of distribution of the biogas at 
specific gas quality and distance is shown in a series of pie charts in Appendix 3.    
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4.1.2. Environment: Normal Conditions 

Table 20. Results for environment when upgrading to 80% and 96% methane purity level 

Run 1 – Normal 

conditions 

Luleå Helsingborg + Bjuv 

 80% CH4-qlty 
upgrading 

96% CH4-qlty 
upgrading 

80% CH4-qlty 
upgrading 

96% CH4-qlty 
upgrading 

Methane slip GHG 
Emissions (tonnes 
CO2-eq/year) 

23.47 21.11 23.45 21.11 

Energy use GHG 
Emissions (tonnes 
CO2-eq/year) 

1.38 1.55 1.38 1.55 

Fossil fuel replaced 
GHG Emissions 
(tonnes CO2-
eq/year) 
 

341.11 332.94 341.09 333.21 

Net GHG 

Emissions 

(tonnes/year) 

-316.26 -310.28 -316.25 -310.55 

 

On quick inspection of the results obtained from normal conditions, the best performed scenarios of the 4 
optimizations is the 80% upgrading system, specifically for Helsingborg + Bjuv, which showed slightly more a 
GHG emission saving that Luleå.   

Like for the economic optimisation, the relative shares of the flow (Fs) at normal conditions, showing the 
quantities of distribution of the biogas at specific gas quality and distance is shown in a series of pie charts under 
Appendix 3.  

4.1.3. Additional conditions 

The following figures show the economic and environmental results for the different conditions assessed for 
each optimisation. The specific conditions are mentioned in Section 3.1.4 under System Optimisation. They are 
shown graphically via a column graph to highlight and compare the results obtained for each optimisation run.  
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Fig. 11. Column graph summarising the overall optimal profit achieved for all runs conducted for Luleå 

 

Fig. 12. Column graph summarising the overall optimal profit achieved for all runs conducted for Helsingborg + Bjuv 

The biggest profit is seen in the second run when the fuel cost is increased by 50%, which is expected as if the 
value of the gas is to rise by such an amount, it would thereby directly produce greater profit. The opposite is 
seen when the price of the fuel is halved, whereby upgrading becomes non-profitable for both 80% upgrading 
and 96% production. This is the case for both locations in Luleå and Helsingborg + Bjuv. For Luleå, the model 
also produced a negative profit margin when simulating for similar conditions a farm operation could experience 
during the winter season, as well as a negative profit if the cost of transporting the fuel was raised by 50x the 
normal amount, thus assuming the possible use of a normal type vehicle that would have to make many more 
trips, instead of a truck which could carry more CBG tanks and thus transportation cost would be lower.  
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Fig. 13. Column graph summarising the overall optimal Net GHG Emissions achieved for all runs conducted for Luleå 

 

 

Fig. 14. Column graph summarising the overall optimal Net GHG Emissions achieved for all runs conducted for Helsingborg 
+ Bjuv 

GHG emissions did not alter much from the normal conditions, which is expected as many of the different 
conditions under examination do not affect environmental factors within this model. This is one of the 
limitations, as stated in the limitations under Section 3 of Methodology – System Optimization, in that the model 
cannot handle both GHG emissions and Profit simultaneously. Upon looking at the data values however, which 
can be found Appendix 4, there are some minor changes to the values that occur throughout each run, which 
cannot really be made evident from just looking at the graphs (figures 13 and 14). Nevertheless, the lowest GHG 
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emissions were found to be derived for scenario at Luleå when upgrading to 96% biogas and when the biogas 
share of vehicles is increased by 25% and by 100%. The total net GHG emissions equaling -319.62 tonnes CO2-
eq/year.  

As expected, when the heat use is assumed to be using fossil fuel replaced from diesel, the net GHG emissions 
are much higher: More than double than normal conditions. This was was trumped by the final two runs however 
done in the Luleå example which sees biogas share in tractors decrease to 1%. This produced the most 
unfavorable result with net GHG emissions equaling -22.72 tonnes CO2-eq/year. 

‘Environmentally Optimal’ Costs 

As is described at the end of Section 3.1.4 of System Optimization, results are obtained to see how much it 
would cost in SEK/kg CO2-eq to have an optimal GHG emission result, and also how much would cost in 
SEK/kg CO2-eq to go from no upgrading to upgrade to 96% via membrane technology.  

2 examples for Luleå are used for these calculations as they are most interesting.  

1. GHG emissions were most favorable when the both biogas share in vehicles was increased to 25% and 100% 
of the population density for the municipality, however the profit was higher for 80% upgrading. Therefore Run 
7 is chosen. The cost in SEK/kg CO2-eq is derived by the following calculations made:  

     (
   

         
)  

                           

(                                         )     
  

 
      

   

 

      
         

 

  

= 64.36 SEK/kg CO2-eq 

So, in essence, the farmer requires around 64 kronor for every kg CO2-equivalent saved to opt for the more 
environmentally optimal case in this scenario.  

2. Run 10 whereby the cost of transporting the fuel in Luleå was increased by 50x derived a negative profit result 
for both upgrading to 80% and 96%, but more so for 96%. In order to go from choosing to not upgrade to being 
at least eligible for upgrading via membranes and getting out of a debt situation, a subsidy may be required. This 
was calculated via the equation below:  

     (
   

         
)  

             

                         
  

 
      

   

 

       
         

 

  

= 0.52 SEK/kg CO2-eq 

Therefore, it will cost around 0.52 SEK/kg CO2-eq to go from not upgrading to upgrading to 96% in this 
scenario. This value obtained brings the farmer back to a level whereby he/she will break even, and not incur any 
debt, and therefore at least begin to discuss possibility of upgrading to vehicle fuel in the following scenario.  

4.2. Interviews 
This section shows the results obtained from the semi-structured interviews conducted with the relevant 
representatives and experts dealing with farm-based biogas upgrading systems and innovations. The first 
paragraph provides a description of the interview subject’s background and current occupational title. The next 
paragraph aims to bring to light the thought process going from idea to implementation including obstacles faced 
along the journey. The informal interviews are those of which information has been obtained from informal 
discussions with experts within the area, however although they are not formal per se, the information is 
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warranted and worthy of attention. When formulating questions focus is placed on farm based small-scale 
production with past experiences with innovation (biogas upgrading or no biogas upgrading), obstacles and 
challenges commonly faced with innovations, and implementation. This being a qualitative part of the study, it 
remains somewhat problematic to generalize based on answers given, but it does aim to give deeper 
understanding of the complexity with regards to the implementation process.  

4.2.1. Subject A: Consultant (Anders Broberg) 

Anders Broberg works closely with the farmers as a consultant and a technician. He is responsible for upgrading 
the vehicle fuel and fuel station in Brålanda. He works with helping several farmers with the operation and 
maintenance of their production plants. Anders worked as an energy advisor to small-scale farming at the 
Agricultural Society West, which is where he came in contact with biogas when he then decided to immerse 
himself into the subject. 

4.2.1.1. Subject A: Background  

Anders is a mechanical engineer by trade. He began doing some exchange work with biogas 5 years ago. 
Nowadays he runs his own company as consultancy, and is responsible for an upgrading station at Biogas 
Brålanda where the technology implemented there is water scrubbing, as well as the fuel stations and piping 
system. He works closely with the farms at Biogas Brålanda.. He is also responsible for another 5 farms that 
produce biogas for electricity and heat purposes in other parts of Western Sweden. He has 5 years’ experience 
with biogas specifically. Anders is not an expert when it comes to the details of technologies, however when a 
new technology hits the market, he more or less knows the principle behind it and approximate cost. The main 
technologies he deals with are membranes, water scrubbers and biosling.  

4.2.1.2. Subject A: Current Dealings with Biogas Upgrading in general & Membrane 

Technologies for Farm 

Meetings are held every 3rd month with the 4 farmers involved in the upgrading. Once a year they schedule a 
meeting with all the farmers working with biogas. Networks are made available for both farming and consultants 
to update each other. In the area Anders is working right now (within a 10-15 km range), which is very local, 
there is an overproduction this summer, whereby demand is lower than production, and so it is not highly cost 
effective in this region at the moment, however if you extend this area to 15km, it could be cost effective. The 
big market in the local area here is producing biogas fuel for buses, however during the summer the bus schedule 
is not that frequent, therefore overproduction results. Over the course of a year, demand is greater though.  

Anders states that one of the main reasons for producing vehicle fuel is to create a stable market. Heat and 
electricity solely do not allow for this. Many farmers who have a biogas plant are ecological. To be capable of 
producing their own energy is important to them.  

*Anders states that membranes are inhibited slightly because they are not known. Water scrubbing is relatively 
known technology, and thus, farmers and stakeholders alike know that they can have people that can run it. He 
states that it would be interesting at first but must be convinced that it is better than already existing technology. 
Proof by principle is needed. Must see it work in reality and the plant operating.   

4.2.1.3. Subject A: Biogas upgrading technology: From Idea to Implementation 

Anders is not 100% sure where the farmers first get their information. Organisations such as Hushallningskapet 
have meetings with farmers to inform and develop business for them in early stage. 5 years ago, there were a lot 
of campaigns, however now the farmers more so develop knowledge on their own from already known projects. 
Anders also states that new technologies usually come to them by way of consultants like Anders, or other media 
channels. In order to discuss current technologies and developments, however you have to have a biogas plant or 
know that you are projecting one. 

The basic challenge for biogas upgrading is that you must produce enough biogas (fill the upgrading station) in 
order to have good economy. Most common questions received are: 
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- The market. Can someone buy the gas?  
- Production cost? And what is the Investment cost? 

At Biogas Brålanda: 

Technical problems exist with upgrading technique (Water Scrubber): H2S is a big problem to get rid of. 
Supplier did not have a solution for this.  

- Challenge to dry the gas: Minus degree temperatures in winter. Too much vapour in the gas after water 
scrubbing.  

- Biggest influence: Herrjunga-Fordongas, as they are already in business and producing.  
- Water scrubber chosen as it already known technology they are familiar with   

Support systems include Hushallningskapet (for information), as well as regional funds and national funds for 
subsidy. National funds require the use of a ‘new technology’ in order to receive funding. 

For the farmers, technology is not the issue though according to Anders. It is the market, which must be cost 
efficient.  

4.2.2. Subject B: Consultant/Advisor (Per Ove Persson) 

Per-Ove Persson is an advisor/consultant for farmers within the Agricultural Society (Hushallningskapet) and 
works with local heating studies and biogas. He also works with business and technology development in fuel 
and heat. Agricultural Societies in West Bengal is a regionally based independent expertise organization. In 
Västra Götaland there are three Hushållningssällskap - Skaraborg, West and Sjuhärad that develop and 
communicate knowledge for the benefit of rural entrepreneurs.  

4.2.2.1. Subject B: Background 

Per works for a non-profit organisation. He is involved in the conducting of meetings with clusters of farmers. 
Local energy companies as well, but mostly farmers. Very few business ideas usually come from these meetings, 
mainly due to the problem at the moment concerning the market for biogas upgrading. Per liaises with suppliers 
in terms of technologies. He provides a contact to the ‘leader’ of the cluster (group of farmers from small area 
whom live approx. 15-25 km apart.  The main technology Per deals with is the water scrubber.  

4.2.2.2. Subject B: Current Dealings with Biogas Upgrading in general & Upgrading 

Technologies for Farms  

Per has been involved with mainly two upgraded biogas units for farms. One in Malmberg, which uses a water 
scrubber, the other with Vårgårda Herrjunga which uses membrane technology from Netherlands. 25 farms are 
involved in the biogas upgrading with the membrane system. They did not know each other at the beginning. 
Waste from food industry is also used as substrate here along with manure.  

Per states that the biogas market is higher on the agenda for him that which technology. Has heard that 
membrane has advantage of less methane slip, but still too new to decide if it is more advantageous than WS. In 
regards to dual fuel tractors, Per us aware that they are still measuring the methane slips in the motor at the 
moment, and so it is too early to make an evaluation. He believes DMY (di-methyl ether, may be a better 
alternative, which Volvo is currently looking into now. Too much stop and start with biogas, so upgrading 
biogas to DME is the answer for Per.  

In terms of membrane technology, Per is of the view that because biogas is a side project for farmers, factors 
such as proof of concept are needed. Maintenance is a big issue for them. They want it to run with relative ease. 
Every hour, every break translates into money. Farmers have close networks and they listen to each other. The 
farmer is a food producer mainly. Biogas is not the subject. Per suggests more independent comparative studies 
and more engagement.  
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4.2.2.3. Subject B: Biogas upgrading technology: From Idea to Implementation 

In regards to the membrane technology implemented at Vårgarda Herrjung, Per states that 2 farmers took the 
lead, and started the biogas production in late autumn 2013 

He says that these 2 farmers were leaders and:  

- Had a desire to ‘do a good thing’ 
- Were both economically sound 
- Good at collecting information, easy to develop knowledge networks, and not afraid to get help from 

others.  
- They are constantly travelling to see proof of concept  

Within communication networks, Per states that there is not a lot of effort put into the different technologies. 
Discussing the technology comes after the decision is made to upgrade usually.  

According to Per, the most common challenges for biogas upgrading to be successful on a farm-scale level are: 

- Economics 
- Reputation & Proof of Concept, or as Per puts it ‘the human concept’, whereby farmers need to be able 

to trust the provider, as they are ultimately the ones making the decision, and also need to know of 
plants already in operation.   

Per states that deciding on the upgrading technique starts at information meetings, which tend to get smaller as 
each meeting goes past. You start to look at all the alternatives. The whole biogas upgrading process from idea to 
implementation is said to take from between 2 and 5 years, however deciding on the technology can be rather 
quick. When the farmer knows they will be financed and the application is confirmed, then a technology is 
decided. Herrljunga are the first in Sweden with this membrane technology decided after choosing to upgrade. 

Per also argues that it should be easier to receive funding to test the new technology. As of now, only 50% of 
funding is given, however you still need the other 50% from somewhere. This slows down the process of 
implementation in his view.  

The discontinuity involved in upgrading is not because of the technology but rather the market according to Per. 
The economic situation. In his area, he states that there is an overproduction of biogas, and every low price for 
biogas. Market is the driving force. He suggests that further incentives are needed for society such as making 
petrol more expensive or making subsidies. Germany is a good example, whereby they took a 20 year decision 
for renewable. 

4.2.3. Subject C: Project Co-ordinator for Gröna Näringar [Green Industries] 

(Peter Erikkson) 

Peter Erikkson is involved in European projects on biogas. He has the contacts to farmers and related persons in 
Västra Götaland (Fyrbodal). 

4.2.3.1. Subject C: Background 

Peter started full time working with biogas in 2005. Whilst employed at Hushallenskapet he was involved in 
starting to develop Biogas Brålanda. The idea to have a biogas plant at every farm and for the plant to connect to 
the grid. It has been working there for 4-5 years is ongoing producing about 1 million Nm3 methane gas every 
year. His responsibility there was the project leader, which he held for 5 years. In 2005, he started work with 
Innovatum where he remains today. His job is helping people with innovations and bringing the idea to 
companies. First thing they when an innovation comes to fruition is conduct a survey to see whose interested, 
and also check to see if the innovation is the first of its kind. It must be unique. Peter is solely a coordinator to 
help the farmer find the right people, and help with the financing and development of the innovation.  
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4.2.3.2. Subject C: Current Dealings with Biogas Upgrading in general & Upgrading 

Technologies for Farms  

Peter states that a big problem is that most upgrading plants are too big, and if you downsize them to fit to a 
farm, it is too expensive. Peter states that MT is going to be developed in the future for own farm scales, and will 
be one of the solutions for farm scale biogas upgrading. The most common reasons to upgrade on the farm itself 
is because of all the manure that is produced. If you upgrade on the farm, every cubic metre is going to use. Peter 
also says that by compressing the gas its much less weight and less space to take it to the market, whereas if you 
have to drive the manure  and offload it somewhere else and then give it back to the farm and repeat, its less 
sustainable. You also save on energy by not driving the manure back and forth.  

One of the most common problems for him is downsizing the technique.  

The most common questions refer to economics and profitability, as well as maintenance as well.  

Peter states that Innovatum is able to support innovations thorough regional and governmental funding which 
finance feasibility studies and projects. LRF also provide funding. Their communication insights are mostly 
shared according to Peter. Biogas Öst, Biogas Väst are good avenues for this in Sweden.   

One of the major problems with the water scrubber is that it uses a lot of water, which is costly and also not very 
sustainable; however Peter states that MT is coming, as the price will be cheaper to run. It’s just that is too 
difficult for the moment to get information on and discuss with other farmers.  

In terms of dual fuel tractors, peter also heard that it is difficult to store the gas upon harvesting, and with regards 
to the Russia Crisis, he is of the view that events such as these can perhaps be a little positive for biogas because 
biogas means producing your own energy, and if you can produce energy in your own area, you do not have to 
rely on Russia, however this is  very little significance as Sweden do not have heavy reliance on Russian gas 
stocks.  

Membranes just need to be more common on the market, in order to have more implementation. Peter thinks MT 
is the solution.  

4.2.3.3. Subject C: Biogas upgrading technology: From Idea to Implementation 

His past experiences with innovations is that there is always a problem from the idea you have and progressing 
to the next phase. The most important person with regards to the innovation is the person who has it. Need that 
connection though. Not just the idea according to Peter.  

Peter is of the view that the problem now with the implementation of MT is that there is insufficient money to 
develop small MT upgrading plants, but in the future when the price of membranes goes down and when the 
technology is further developed for downsizing, they can fit into a biogas farm.   

Peter receives information about biogas upgrading technologies via the internet, conferences and with people he 
knows such as people from SGC. The farmers in turn, receive a lot of the information from people and 
companies like Peters. Farmers also have Hushallingskapet and other farms who already have biogas plant. Peter 
also mentions Broberg consulting, referring to subject A’s business providing knowledge to farmers.  

It took approx. 6 years to implement the upgrading technique at Brålanda. The longest delays were due to having 
such a big cooperation with many companies. Deciding on who will own what in the chain. The municipality 
decided to build a grid. This was a very big step, Peter stresses. 20 farmers at Brålanda. Peter states that 
Herrljunga was much easier as they a built a big biogas plant in one area and did the upgrading and delivered the 
gas in pipes to filling stations. There was 1 owner for everything. No digging required for the grid. Their grid 
was upgrading to the filling station. This made it much simpler states Peter.  
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4.2.4. Subject D: Farmer (Tobias Kullingsjö) 

Tobias Kullingsjö is a farmer in the western region of Sweden. He is said to be the driving force behind 
Vårgårda Herrljunga Biogas. Tobias was recently awarded environmental farmer in Sweden by Arla.  

4.2.4.1. Subject D: Background 

Tobias is 36 years old. He works alongside his little brother. His farm consists of 250 cows in dairy production, 4 
employees, 6 persons in total on the farm, and is organic. First came into contact with biogas 7 years ago by 
hearing some information from another farmer. He began to start thinking how he could do the same in his area 
of Brålanda, so Tobias and 4 other farmers started brainstorming how to produce energy from slurry. He thought 
this is good for environment and also good for neighbours with fertiliser and less smell, as well as having the 
ability to produce his own energy.  

Tobias´ idea of sustainable development is that of sustainable farming. His aim is to have high production 
without consuming too much energy, but an important part first and foremost for Tobias is that the government 
must show that they want effective farming land.  

4.2.4.2. Subject D: Current Dealings with Biogas Upgrading in general & Upgrading 

Technologies for Farms  

The methane produced in his area is straight away ready to fill cars with. Upon upgrading, it is pressured in a 
pipeline 3.5km long that goes to a gas station. They have a 10 year contract with Fordongas. Approximately 
2,000,000 Nm3 of upgraded gas is produced each year. Tobias’ farm is 1 of 20 involved, and it produces around 
10% of the overall production.  

Most common problems according to Tobias for biogas upgrading on farms is the economy, whereby there is 
usually too much volume. Establishing partnership is also an obstacle.  

Most common questions from farmers with regards to biogas upgrading techniques according to Tobias are:  

- How much electricity is consumed? 
- Price of investment and operation? 
- Is it safe and simple to maintain? 

Tobias also says that on his farm and other dairy farms, there is really not much use for heat, as wood chips are 
so cheap. He has also read a bit about Dual fuel tractors, however at the moment a s they can only be driven for 
approx. 3 hrs at a time before having to fill up again, technique needs to be improved first for his type of farm.  

4.2.4.3. Subject D: Biogas upgrading technology: From Idea to Implementation 

Tobias states that he firstly came across membranes reading about it in a magazine. He then searched on the 
internet and gained his own knowledge.  

In obtaining information to build a biogas plant, this was done through consultant who put into contact with 
upgrading station. The consulting company introduced the farms to upgrading 7 years ago. Fordongas came very 
early in picture as well. The project leader was also big in providing information to rest of the farmers according 
to Tobias. Tobias was responsible and spokesperson more so for the farmers, whereby the project leader was an 
engineer.  

DMT (Dutch company with membrane technology) was a major player, as well the project leader. The process in 
deciding on a technique took around 6 months. Big reasons why membrane was chosen was:  

- Economy: membranes cheaper 
- MT doesn’t produce water 
- MT had less electricity consumption than WS.   
- WS also freezes during winter 
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Tobias went to England to check ‘Proof of Concept’ and see the MT in use. When they saw WS and talked to 
others, Tobias and the farmers saw many problems with the water use and in winter. MT was also less work to 
maintain for a farmer according to Tobias. After visiting 3 plants using WS, they figured there were too many 
technical problems.  

Person from Netherlands worked closely with them during the upstart and was able to quickly fix minor 
problems, such as that of the compressor at the beginning of use. This trust that was established was important 
when they made the decision as stated by Tobias.  

With regards to discontinuance, Tobias states that it was almost decided to get rid of the 

whole plant 2 months before building. The main problem was government was not happy 

with methane slip levels and wanted them to invest more, however government put in more 

money later and the project went on.  

4.2.5. Informal Interviews 

Some informal discussion and dialogue was held with 2 representatives from MemfoACT (a company that 
produces membranes). One being the CEO, and the other being a Sales Engineer.  

They both stated that membranes made of carbon had been discontinued. They now base their production on 
polymer membranes. 

The key challenges with carbon membranes were:  

- Aging properties – very sensitive to contaminants and adsorption processes. 
- Mechanical robustness – the carbon/carbon hollow fibre composite didn’t achieve sufficient strength to 

be commercially attractive. 
- Manufacturing – expensive to scale the manufacturing. (Gangas, 2014) 

It must be said that these observations refer to membranes solely for CO2/CH4 separation. However, it is 
important to note this as the SGC report 285 directly refers to the implementation of carbon membranes, 
therefore this information could be very useful to know before deciding on which membrane material to use and 
the validity of different reports.  
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5. Discussion 
Using membrane technology as a means of upgrading biogas from its raw form of 65% CH4 purity to natural gas 
standards is known to be a growing field. None ever more so than in Europe and in particular in the ever growing 
innovation-rich Sweden. Biogas, in all its forms has shown in various literature and studies to have its benefits 
from a sustainable development perspective in making use of waste product to derive energy, and its application 
on small scale levels is attracting growing interest from, however its compatibility with farms particularly with 
regards to membrane technology use for upgrading in different regions throughout Sweden is something that 
warrants ongoing discussion and critique.  

Purification of biogas through membranes is a relatively new innovation that, from the literature review, showed 
signs of being highly advantageous for use on a farm with its ability to upgrade to 80% CH4 purity for possible 
use in tractors in the future, or alternatively also possess the option to upgrade to 96%, also offering high 
flexibility and compatibility to suit the user. With a preferred flow rate of less than 300 Nm3/h of biogas, its 
potential for use on a farm basis was greatly illustrated, as a farm tends to produce much less than 300 Nm3/h 
making it ideally suited. Upgrading costs were also stated to be as much as halved with the use of 80% purity 
over 96%.  

Sustainable development is the central theme of this project, and in its interdisciplinarity, a mostly quantitative 
but also part qualitative theory and methodology are used. This combined applied system research which derived 
hard data for the economic and environmental dimensions of sustainable development, with semi-structured 
interviews and looking at the ways in which one could adopt this relatively new technology/innovation in 
membrane separation at a faster rate. Both methods complemented each other.   

It should be re-iterated that the results obtained are for existing biogas plants. It is assumed to already be 
profitable to build a biogas plant producing raw biogas at 65% for heat and electricity purposes on-site. The 
compression of the biogas after treatment is not taken into account as mentioned in the limitations, and serves as 
a major limitation at that, as it said to account for cost in monetary terms, as well as environmental. The focus is 
the upgrading unit and so, in the running of the model and in the context of data collection including interviews, 
the aim was to see if additional upgrading is of an advantage from both an economic and environmental point of 
view. In regards to the share of biogas for instance, normal optimization conditions done for run one signify that 
all tractors are assumed to be running on dual fuel, which can be seen as a limitation as well as an assumption to 
the study, as it is simply not possible at present day, due to the lack of institutional frameworks and technological 
nous set up for tractors to be run by way of dual fuel, however it is interesting nonetheless to see the potential 
that 80% upgrading can have if this technology for tractors were to come to fruition and be taken on board.  

In running the biogas upgrading system at normal or ‘default’ conditions in the excel solver tool, the profit was 
seen to be most favorable to the Helsingborg/Bjuv scenario, which can be expected as it is more densely 
populated than Luleå. At Helsingborg/Bjuv there is greater demand closer to the farm, and in reality farms will 
tend to be larger, and so would be expected to also have better economics of scale, as long as the gas can be sold. 

Interestingly, 96% upgrading was considerably less profitable than 80% upgrading in both cases. This can be put 
down to a number of factors, but as the results show, the investment cost has a major factor in the 96% being less 
favourable. Not only this, but at default conditions it is assumed the share of tractors to use biogas is 100%, 
while there is only a 1% share of vehicles for biogas and hence most fuel quality biogas would be used in 
tractors. Biogas with 80 percent methane is used only in tractors, while 96% is used in tractors plus cars and 
busses.  

It was also found looking at the raw data gathered that the average tractor fuel consumption is that of three times 
greater than vehicle fuel consumption. The difference of these figures and the impact it would have was not 
known in its entirety prior to the study carried out, but is also another major contributing factor to the better 
performance with upgrading to 80% rather than to 96%.   
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As results suggest, it could be very worthwhile for the farmer. The tractors are currently at trial stage with 
Finnish tractor company Valtra, which has some common history with Swedish car company Volvo, involved in 
one project, as confirmed by interviews conducted with stakeholders. Most knew or had heard of the concept of 
the dual fuel tractor, but also had heard of many problems such as too much ‘start-stop’ time occurring, so it 
could be still be a fair way off being diffused into the market. The distribution of flow also shows most of the 
upgrading being met at Luleå within the zone area with a radius of 5 km (distance 2) for both 80 and 96%, while 
there is a little bit more of a difference in Helsingborg between the two different purities. 80% sees 
transportation all the way up to a radius of 7.5 km (distance 3), while 96% sees demand within a 2.5 km radius 
(distance 1). This could be mainly due to the fact that there is a much larger demand for vehicles in this area, and 
not so much transportation needs to take place.  

So, when it comes to the economic dimension, the best is seen to be achieved with 80% for the reasons given, 
and for the fact that all the gas can be sold and it is cheaper overall to upgrade than 96%. The expectation of the 
results was that membranes would be shown to be energy efficient and economically advantageous. While there 
a number of limiting factors and assumptions made which can somewhat inhibit the results slightly, as with any 
model, particularly of a system of this complexity, from these results, membranes are good at reducing GHG 
emissions, and economically advantageous when it comes to biogas upgrading on a farm.  

Alternatively, this summation should not be taken on face value per se, as in conducting additional optimization 
runs simulated to mimic various other conditions common to a farm based environment, the results tend to differ, 
even showing less than favourable outcomes for the economy, especially for the scarcely populated area of 
Luleå.  

Interviews also further stressed the quite major assumption in the model in assuming all tractors run on biogas, 
whereby all subjects interviewed were well aware of the dual tractors existence, but also of its quite unfavorable 
performance ratings thus far. This all being said, in terms of forecasting recommendations and possible future 
outlook markets, this default optimization run can be seen as being one of great interest.  

In terms of the environmental perspective at normal conditions, there is seen to be a small difference between 80 
and 96%, whereby 80% was able to produce a marginally more favourable GHG emission saving than at 96%. 
The explanation for this result is that although the CH4 slip and the energy use produce more GHG emissions at 
80% upgrading, the fossil fuel replacement outweighs both of their impacts on the overall objective function, and 
thus the 80% is also more favorable when looking at it from an environmental perspective. This is the same for 
both Luleå, and Helsingborg & Bjuv.  

Upon analysis of all the additional runs with varying values for certain variables, different results enticing further 
discussion and questioning of the previous summations from the default scenario are brought to light. Luleå is 
perhaps of greater interest when it comes to in-depth analysis as it proved to be much more sensitive to 
conditional changes than did the densely populated Helsingborg and Bjuv. As could be expected, changes in the 
biogas fuel cost, that is, the market value price of biogas fuel in the region produced a large range of results. The 
farmer was seen to be losing profit when the price of fuel plummeted by about half of its original value in run 1, 
however when it was raised by an extra 50% (making it just over the standard price of fuel in the 
Helsingborg/Bjuv region), the profit increased dramatically.  

Changing the proportion of all road vehicles using biogas to 10, 25 or 100 percent did not produce any increase 
in the 80% scenario, which is understandable as it is not affected by vehicles (only tractors), and only a partial 
increase from normal for 96% was derived (around 1000-2000 SEK/year profit increase).  

Conditions emulating the summer and winter seasons produced results somewhat expected of each other with 
summer profit increasing for both 80 and 96 percent, due mainly to the increased fuel consumption of the tractor 
due to all the extra harvesting expected, and decrease in electricity and heat cost. The value and justification of 
supplementing this research with that of qualitative research by way of interviews can be exemplified here, as on 
the flip side to this result, results put together from interviews showed that in the summer, there is commonly an 
overproduction of upgraded biogas.  
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This was further explained to be an effect of the less frequent bus schedules due to summer vacations, and as the 
buses are some of the biggest market niches for biogas as a vehicle fuel in Sweden, the highly favorable result 
deemed to be illustrated for the summer season in the results would have to be re-thought. The winter season 
gave a negative profit margin, but only for 96% upgrading and not for 80%, however the profit is very low for 
this scenario by any means. If runs 1 to 5 sum up anything, it is the fact that there appears to be an advantage of 
upgrading biogas to fuel standards as it has a higher value than biogas used in a CHP. The bigger the difference 
in value, the greater the opportunity to profitably upgrade.  

The increase of the transportation costs of fuel were shown to transition the profitable normal conditioned run to 
a negative profit for both 80 and 96 percent. This run is rather interesting, as it effectively poses a scenario by 
which instead of having a truck deliver many bottles to consumers within a zone area, a small sized vehicle will 
perhaps be the only way of choice and thus have to make more trips, and hence the increase in cost. This cost 
could also incur the costs which are omitted from the initial research study focus being that of the inherent labour 
costs, which would accompany the transportation of CBG. Thus, this run (transporting of the fuel costs increase 
by 50 times) should not be taken lightly, as it can be quite realistic when taken into context outside of the model. 
It is made evident the cost of transporting the fuel is particularly important and must be kept to a minimum, in 
order to stay profitable.  

Replacing heat use with fossil fuel will have no bearing on economy, however is expected to strongly affect the 
environment. The last 2 runs, which were done exclusively for Luleå are interesting in the fact that they perhaps 
resemble closer to ‘real-life’ situations or conditions at present day with a change from 100% tractor share of 
biogas to 1%, and then the last one combining this run with an assumption that all vehicles now run on biogas. 

This is interesting, as in practical terms, this last scenario may eventuate before tractors go to dual fuel, but the 
knowledge in this area of future outlook is not under study, and so it is simply optimized and results obtained. 
When the tractor share alone is changed to 1% share, a negative profit is seen for 80 percent, and while the 96% 
is decreased from the norm, it still manages to produce a profit which is very good to know, as it is the only 
scenario, together with the final optimization in increasing biogas share in vehicles to 100% as well, that shows a 
more favorable profit for 96%. This contrasts the initial results obtained with the default conditions, and as such 
provides important knowledge regarding the sensitivity and heavy reliance the model has on the demand on 
tractors in particular, and shows a seemingly realistic present day case by which tractors only have 1% share (if 
any). The final run, as expected produced an even greater increase in profit for the 96% case.  

GHG emissions were shown to produce very similar results for most additional optimizations done, however as 
expected, when heat is assumed to transition to from renewable energy means to using fossil fuel for energy 
purposes, the savings are all but halved. The final two runs with tractor share being cut down to 1% also greatly 
impact the 80% GHG emission saving, and produce its most undesirable result of any of the runs.    

The prevailing message coming out from the interviews and also made known in the system analysis was that of 
the role demand has on making upgrading with membranes an attractive proposition or not. If there is greater 
demand, there is more profit, and as is stated quite explicitly in one interview, for farmers the problem does not 
lie with the technology, but rather the market. Runs 1 and 6 through to 8, show that for both Luleå and 
Helsingborg/Bjuv the economics changes ever so slightly, if at all. This is a limitation in the model worth 
mentioning, as from the model, it is understood that as long as there is any demand from tractors, the impact on 
the objective function is limited, since the demand from tractors is enough to be able to sell the produced biogas 
to consumers that are relatively close to the farm. The final two runs which gave results for conditions with a low 
market penetration for dual fuel tractors, taking away this limitation impact somewhat, exemplifies the point and 
shows the need for good market penetration in order to make upgrading profitable.  

In interviews covered, the main question that was said to be always asked by farmers was ‘is there a market for 
biogas as a vehicle fuel?’ The fact that it was also established from discussions that there is quite often a problem 
with overproduction at certain times of the year also demonstrates this point and compliments the quantitative 
results. The subject who is a farmer himself spoke about this common question he himself had, whereby there is 
often too much volume in relation to the demand from the surrounding population.  
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As the model suffered from not being able to simultaneously work with the environment and economy at the 
exact same point in time, an environmentally optimal cost for two distinct optimization runs was done and 
showed what the cost would be in terms of Swedish Kronor per kg CO2-equivalent to go from 80% upgrading to 
96%, and from choosing to not upgrade at all, to upgrading fully to 96%. This is also done in keeping with the 
systems thinking and interdisciplinary nature of the study wanting to combine all aspects of sustainable 
development and synergize as much as possible. The 2 runs came from the scenario at Luleå. The first one 
chosen for this being that of the condition by which the biogas share in vehicles was increased to 25% from the 
original 1% of the population density. It was concluded that the farmer would need a lot of money. Around 64 
kronor per kg CO2-equivalent to opt for a more environmentally optimal case rather than the more profitable 
one, as in that particular optimization whereby biogas share was increased in cars by 25%, the profit was higher 
in the 80% scenario; however the environmental indicator of GHG emissions was more favourable towards 96%. 
Therefore, by doing this analysis, a solution is able to be deduced to encourage a more environmentally 
sustainable option.  

The same similar calculation was done for the second run in question .This time for when the transportation cost 
increased fifty times more than the normal condition, possibly meaning the use of a car instead of a truck for 
transportation or the inclusion of labour costs. Not so much money was needed for this scenario, and as such, 
could be deemed more accessible. In the end it was deemed the farmer  be given a subsidy of 0.52 Swedish 
Kronor for every kg CO2-equivalent they saved going from not upgrading at all to the 96% option. It must be 
mentioned that in both the cases the financial assistance given to the farmer would see them break even. More 
would need to come in order to produce some sort of profit.     

It is evident that this discussion has already provided much insightfulness in answering the research questions 
and fulfilling the aims of the thesis project. The interviews have somewhat complemented the quantitative 
research and data collated, but there remains the use and interpretation of the interview findings via Rogers’ 
theory regarding the Innovation-Decision Process to try and understand and trace the steps back to how biogas 
upgrading and the technology unit specifically is typically implemented, and what may be hindering membranes 
as of present day. When looking at stage 1, which is that of knowledge, farmers are deemed to acquire parts of 
their knowledge from the relevant help organisations put in place such as Hushållningsskapet, however in the 
case of the farmer, he first came across the technology of membranes in a magazine. He did his own research 
and gained knowledge that way. This is important to grasp, and as in other interviews it was stated that the 
attendance of these re-occurring information meetings regarding biogas tend to dwindle in numbers as they go, 
and as put forward by the farmer, his knowledge obtained from other farms was critical. The key aspect here in 
the knowledge stage, and as stated by Rogers, is also the individuals own characteristic profile. Knowledge is 
definitely not something that is just taken on board immediately upon listening to a new idea or driving past a 
new innovation on the road. One must do their own research and be firstly believe in what they are doing before 
the knowledge is surfaced.  

The persuasion stage can be the most critical for an individual when deciding on such complex system as biogas 
upgrading. Here, it is deemed individuals are critical to being persuaded, and tend not to seek messages which 
reduce their uncertainty. When evaluating a technology, a farmer or change agent such as a consultant or advisor 
must weight up the pros and cons and make an assessment. What is important to realize is that from the 
interview results, rarely did it seem the use of general information meetings as a strong tactic for persuasion. The 
discussions seem to suggest that the farmers have an extreme and natural tendency, much like most, but perhaps 
more exaggerated in farmers, to trust each other, meaning other farmers, more than the outside influences and 
change agents. In assessing the technologies, the farmer as well as one of the change agents explains how one of 
the biggest hindering of membrane technology is that it is difficult to gather information on and weigh up the 
advantages and disadvantages.  

This being said, in the case of Vårgårda Herrljunga, 2 farmers were able to take the lead and communicated and 
travelled to see this proof of concept, travelling to the UK in an instance. They also travelled to establish the 
advantages and compatibility of water scrubbers and by finding and seeing for themselves amongst their own 
such colleagues in the same industry talk about the disadvantages of water scrubbers and also see the benefits of 
an innovation such as membranes, the persuasion occurred relatively fast.  
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It can be deduced that seldom is general information strong for persuasion especially with farmers, however 
what persuades them and convinces them could be that how well the innovation fits into their unique situation 
and pre conditions. The interviews also touched upon the fact that what is most important to the farmers along 
with the economics and proof of concept and electricity consumption is the maintenance. How safe and simple it 
is. In this one isolating case where membranes have been implemented, the farmer seemed to tick all the boxes in 
the persuasion stage being that of advantage over other known technology, compatibility, complexity, trialability 
and observability, which refer to the perceived attributes of the persuasion stage. Trialability and observability 
especially, meaning the possibility for having a trial period with the technology or taking a look at it first hand, 
were not easy to facilitate however, and farmers still require more personal engagement, as not every farmer is 
‘environmental farmer of the year’ and has such desire and determination so much as to travel. At end of day, 
one of the consultants point out that biogas is not their core business, and so persuasion can be tough. One of the 
biggest reason water scrubbing is so popular is because it is simply more known. This does not mean it is better 
of course. 

The decision stage is simply that of deciding to adopt or reject the innovation. Interviews shown that this may be 
one of the hindering points of membranes diffusion, as not much funds are said to be available for trialing the 
innovation as part of the decision to go along and adopt. A farmer may have great knowledge and be persuaded 
however; insufficient funds can prove to be an obstacle.  It is more so the change agent’s job here to speed this 
process up it seems. The inability to effectively demonstrate downsizing benefits to a farm is also of concern for 
membrane technology.  

With regards to implementation, it was interesting to hear some experiences whereby in the case for the 
membrane technology, the Dutch company (DMT) manufacturing the membrane unit came to Sweden and 
assisted with the upstarting, which I think is invaluable getting back to the point about trust as well with the 
farmer, the maintenance which they don’t have to worry about as much because the manufacturer is ensuring 
positive upstart.  

Interesting involvements were heard as well from one of the interview subjects whereby they explained the 
correlating experiences with the implementation of  Brålanda compared to Herrljunga. Brålanda experienced 
long delays, as there were many companies involved, deciding on who will own what part along the biogas 
chain. It was only until the municipality built a grid that the project proceeded along. In the case of Herrljunga 
however, there was one plant, one area, and one owner. There was also no digging for a grid. This proved a 
much smoother process and should be taken into account. Many companies and a big cooperation between 
partners can be a great thing, but it can also have its negative side and possess some risks of discontinuance and 
delay as experienced in this regard.  

At the moment, it seems that the confirmation stage may be too early to call with regards to membrane 
technology. More time needs to be given to assess the technology. In informal talks however, it seems that 
carbon membranes may pose a few concerns with regards to separation of methane from carbon dioxide. This 
comes after informal discussion with Norwegian manufacturers MemfoACT, who claim the use of polymer 
membranes to be much more advantageous and sustainable than carbon membranes for biogas upgrading. This is 
a small point, however may prove to be particularly important for future implementations.  
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Conclusion 
It should be reinstated that systems analysis rarely provides blueprints for immediate action, instead offering 
more of a hand towards a decision support system. Nevertheless, this in-depth quantitative as well as qualitative 
look at biogas upgrading on a farm-based level with the use of membrane technology has concluded by 
providing as much of a holistic answer as possible to the research questions at hand.  

1. The best utilization of biogas from an economic perspective at used normal conditions was to upgrade 
to 80%. However this is also a reflection of some of the limitations and assumptions in the study, 
whereby all tractors within the area were considered to be run on biogas, with only 1% share given to 
vehicles. The tractor fuel consumption was also approximately three times that of vehicles. These 
factors together, plus the fact that production capacity was not so high, however was typical for a farm, 
meant that all of the biogas could be used for tractors, and as it was cheaper to upgrade 80% than 96% 
due to investment and operating cost, this is the optimal conclusion. The model was fairly sensitive to 
the market value of fuel, distribution cost, and share of tractors using biogas.  
 

2. The highest reduction of GHG emissions at used normal conditions was also achieved by 80% 
upgrading. This is due to the fact that while there only is a small difference between 80 and 96 % from 
an environmental perspective the GHG emissions being replaced from fossil fuel (diesel) in the case of 
80% is higher and outweighs the greater savings the 96% upgrading has for methane slip and energy 
use via its multi-stage approach. The model GHG is not really sensitive to much other than when heat 
use uses fossil fuel instead of renewable energy, and when the tractor fuel share is decreased to 1% 
from 100%. 
 

3. The key socio economic and institutional challenges and obstacles for faster and increased adoption of 
this technology on a farm based small-scale environment seem to still be that of closer, personal 
engagement with the farmers. Greater funding made more easily and readily available, particularly for 
trialing of new technologies might increase adoption. An increase in market demand with greater 
incentives to use more sustainable technologies such as subsidies, higher price of petrol would also 
increase adoption. Further research is needed on dual fuel tractors, as well as the effects on 
performance of 80% fuel standard, which is not yet legally permitted to be of use. Further research into 
downsizing of the membranes even further to be made compatible with farm scale would also increase 
adoption.    

In addition, in scenarios for Luleå when the share in total cars run on biogas in the municipality was increased, a 
fairly high amount of money was seen to be needed, in order for the farmer to opt to go from 80% upgrading to 
an environmentally optimal scenario at 96% upgrading. Around 64 Swedish Kronor for every kg CO2-equivalent 
saved. Whereas, in the scenario whereby transportation costs were substantially increased by fifty times greater 
than default scenario, thereby suggesting the inclusion of inherent labour costs or use of a smaller vehicle having 
to make more trips to deliver the same amount of biogas than a truck for instance, the cost was rather low in 
comparison. A cost or subsidy requirement of around 0.52 Swedish Kronor for every kg CO2-equivalent saved, 
in order to break the negative profit margin, and in essence, go from not upgrading at all to fully upgrading to 
96%.  
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Appendix 1. Calculations for System Model 
 

1) Electricity emission factor calculation  
                (        ) (

       

         
)         (

        

         
)  

      

    
  

 
2) CH4 loss conversion to gCO2-eq/kWh of biogas produced 

 
         

       

                   
  

 
Step 1: Purity is 96%.  
Step2: There is 960g CH4/kg biogas produced. 
Step 3: A 0.9% CH4 loss will mean a loss of 8.64g CH4/kg biogas produced 
Step 4: The electricity usage per kg of biogas is 14.9 kWh. (Turns, 2000)  
Step 5: Therefore, 0.5799 gCH4/kWh biogas produced. 
Step 6: Multiply by 25 to get into CO2-equivalent.  
 
= 14.497 
 

3) Energy use during upgrading from kW to kWh el/kWh biogas produced.  

To calculate energy use, data from SGC report 285 is utilized. From quick calculations, it is derived that the 
system runs at around 64% of its full capacity, meaning that during a year it will handle 64% of the gas that it 
could if it was running at 100% capacity every single hour of every single day. 

Energy use;  for 80% = 8 kWh El/hr;  for 96% = 9 kWh El/hr  

(Liljemark et al., 2013) 

To get into kWh El/kWh biogas produced:  

For 80% =  

(                                   (   )          (   )  
  ;    

For 96% =   

(                                   (   )          (   )
 

80% = 0.040,  and 96% = 0.0447 

 

4) Transport energy use 

Units from reference converted from Nm3 biogas to kWh biogas.  

Original reference value: 0.0016 kWh Diesel/Nm3.km (from Benjaminsson & Nilsson, 2009) 

 

5) Fossil fuel replaced (Diesel), 242.86  

Uses energy density value for Diesel obtained from Gallman G, 2011.  

Energy Density, Diesel = 46.2 MJ/kg  (Gallman G., 2011a) 
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To go from kWh Diesel to gCO2-eq 

Step 1: Using molar mass of CO2 and C, there is 3.667 kg CO2/kg C in the fuel 

Step 2: % of C in the fuel is 85% (kg C in the fuel/kg fuel) 

Step 3: Must have density of diesel in kWh/kg 

 Density of Diesel (=46.2 MJ/kg) / 3.6   
 = 12.83 kWh/kg 

Step 4: Divide 1 over density of diesel in kWh/kg to obtain units in kg fuel/kWh Diesel 

 1 / 12.83 
 = 0.0779 kg fuel / kWh Diesel 

Step 5: Multiply values obtained in Step 1 by Step 2 by Step 4 to get units in kg CO2 / kWh Diesel 

= 3.667 x 0.85 x 0.0779 

= 0.243 kg CO2 / kWh Diesel 

Step 6: Times values by 1000 to convert kg to g 

Fossil Fuel Replaced (Diesel) = 242.86 g CO2-equivalent/kWh Diesel 
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Appendix 2. Interview questions 
1. Please talk a little about yourself and the farm/s you deal with. 

- Main duties/responsibilities? Years of experience etc.? 
 
- Who are the major players (e.g. Change agents, adopters, governmental institutions and networks) involved in 
adopting a new technology such as a biogas upgrading facility for farm scale use?  
 
- Are you active in pointing out the needs for farmers and keeping them up to date with latest upgrading 
technologies and market developments? 
 
 
2. Elaborate on the biogas upgrading systems in your region.  
 
- Is there high market demand for gas?  
 
- End use? How is it distributed? 
 
- Communication network amongst farmers, consultants and other actors? 
 
- Is biogas upgrading amongst farmers generally a known concept in the region and throughout Sweden would 
you say?  
 
3. Provide the most common challenges for biogas upgrading to be successful on farm-scale level. 
 
 
4. When & where do farmers normally obtain information to build a biogas upgrading plant? 
 
5. When was it decided to go to next step with the upgrading technique?  
 
 

- Instantly, later on?  
 
 
6. Who do yourselves/farmers normally turn to for advice on such things as biogas upgrading technologies and 
biogas use as a vehicle fuel (individuals or organisations)?  
 
7. How are they introduced to these individuals/organizations? 
 
 
8. Who has the biggest influence and to what degree?  
 
 
9. What support systems are in place for innovative behaviour?  

 
10. Do you actively share communication insights with all relevant parties around Sweden? 
 
 
11. What are most common questions received from farmers when it comes to adopting new technology or 
biogas upgrading in general? 
 
 
 
12. What are the main upgrading technologies you deal with?  
 

- Relative advantages and disadvantages: Economics, social prestige, convenience, or consumer 
satisfaction. 
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- What farmers know about upgrading technology? 
 

13. What are some of the past experiences with adoption of biogas upgrading technologies? 
 

- Good 
 
- Main barriers that need to be overcome from past experience 

 
14. What would you say are the current needs of the potential adopters of membrane technology?  
 

- Compatible with farmers own needs on-site as well as market demand? 
 

- Which technique would you say is most socially and technically compatible?  
 
15. How would you rate the complexity of membrane technology in comparison to most other common 
techniques?  
 

- Do farmers usually do their own servicing and maintenance? 
 
16. What is your current knowledge on dual-fuel tractors?  
 
 
17. Do farmers come into direct contact with biogas upgrading techniques?  
 
 

- More reliance on change agents to perform observations and report back? 
- Do farmers receive regular updates and education regarding potential benefits of upgrading biogas, in 

order to keep up with social norms and know-how? 
- Trade fairs, public awareness means etc.  

 
18. Is there much discontinuance after implementation of upgrading technology? 
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Appendix 3. Pie-Charts showing Fs 
 

 

Fig 15. (left) Share of the flow (Fs) for upgrading to 80% purity for each distance when maximising profit (Luleå) 

Fig 16. (right) Share of the flow (Fs) for upgrading to 96% purity for each distance when maximising profit (Luleå) 

 

Fig 17. (left) Share of the flow (Fs) for upgrading to 80% purity for each distance when maximising profit (Helsingborg + 
Bjuv) 

Fig 18. (right) Share of the flow (Fs) for upgrading to 96% purity for each distance when maximising profit (Helsingborg + 
Bjuv) 
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Fig 19. (left) Share of the flow (Fs) for upgrading to 80% purity for each distance when trying to minimise GHG emissions 
(Luleå) 

Fig 20. (right) Share of the flow (Fs) for upgrading to 96% purity for each distance when trying to minimise GHG emissions 
for (Luleå) 

 

 

Fig 21. Share of the flow (Fs) for upgrading to 80% purity for each distance when trying to minimise GHG emissions 
(Helsingborg + Bjuv) 

Fig 22. Share of the flow (Fs) for upgrading to 96% purity for each distance when trying to minimise GHG emissions 
(Helsingborg + Bjuv) 
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Appendix 4. Values derived for Additional conditions 
 

All the values shown here for economy are given in SEK per year.  

 

Fig 23. Copy of excel template produced showing the resulting economic data obtained for all optimisation runs for all 
conditions examined (Luleå) 

 

Fig 24. Copy of excel template produced showing the resulting economic data obtained for all optimisation runs for all 
conditions examined (Helsingborg + Bjuv) 

 

All the values shown here for environment are given in tonnes CO2-eq per year.   

 

Fig 25. Copy of excel template produced showing the resulting environmental data obtained for all optimisation runs for all 
conditions examined (Luleå) 

 

  

Luleå (Economic Dimension)

Run (normal) Fuel cost (up) Fuel cost (down) Winter Summer Biogas sh. 10% Biogas sh. 25% Biogas sh. 100% Fc (transport) ̂ 10xFc (transport) ̂ 50xHeat use is Fossil Fuel

80% 1 2 3 4 5 6 7 8 9 10 26

Operating cost 98 098 kr                98 098 kr                 -  kr                     98 098 kr             98 098 kr                98 098 kr                98 098 kr                98 098 kr                98 098 kr                98 098 kr             98 098 kr                       

Investment cost 105 821 kr             105 821 kr              105 821 kr          105 821 kr          105 821 kr             105 821 kr             105 821 kr             105 821 kr             105 821 kr             105 821 kr          105 821 kr                    

Income 559 410 kr             1 272 266 kr          -  kr                     226 746 kr          758 730 kr             559 410 kr             559 410 kr             559 410 kr             493 187 kr             198 859 kr          559 410 kr                    

Profit 355 491 kr             1 068 347 kr          105 821 kr-          22 827 kr             554 811 kr             355 491 kr             355 491 kr             355 491 kr             289 268 kr             5 060 kr-                355 491 kr                    

96%

Operating cost 117 718 kr 117 718 kr 0 kr 117 718 kr 117 718 kr 117 718 kr 117 718 kr 117 718 kr 117 718 kr 117 718 kr 117 718 kr

Investment cost 286 339 kr 286 339 kr 286 339 kr 286 339 kr 286 339 kr 286 339 kr 286 339 kr 286 339 kr 286 339 kr 286 339 kr 286 339 kr

Income 527 390 kr 1 232 303 kr 0 kr 195 831 kr 726 390 kr 528 196 kr 529 535 kr 529 535 kr 475 086 kr 242 357 kr 527 390 kr

Profit 123 333 kr 828 246 kr -286 339 kr -208 225 kr 322 334 kr 124 140 kr 125 479 kr 125 479 kr 71 029 kr -161 699 kr 123 333 kr

Helsingborg + Bjuv (Economic Dimension)

Run (normal) Fuel cost (up) Fuel cost (down) Winter Summer Biogas sh. 10% Biogas sh. 25% Biogas sh. 100% Fc (transport) ̂ 10xFc (transport) ̂ 50xHeat use is Fossil Fuel

80%

Operating cost 98 098 kr                98 098 kr                 -  kr                     98 098 kr             98 098 kr                98 098 kr                98 098 kr                98 098 kr                98 098 kr                98 098 kr             98 098 kr                       

Investment cost 105 821 kr             105 821 kr              105 821 kr          105 821 kr          105 821 kr             105 821 kr             105 821 kr             105 821 kr             105 821 kr             105 821 kr          105 821 kr                    

Income 1 040 024 kr         1 995 549 kr          -  kr                     712 217 kr          1 237 607 kr         1 040 024 kr         1 040 024 kr         1 040 024 kr         1 003 008 kr         821 492 kr          1 040 024 kr                

Profit 836 105 kr             1 791 630 kr          105 821 kr-          508 298 kr          1 033 688 kr         836 105 kr             836 105 kr             836 105 kr             799 089 kr             617 573 kr          836 105 kr                    

96%

Operating cost 117 718 kr             117 718 kr              -  kr                     117 718 kr          117 718 kr             117 718 kr             117 718 kr             117 718 kr             117 718 kr             117 718 kr          117 718 kr                    

Investment cost 286 339 kr             286 339 kr              286 338 kr          286 339 kr          286 339 kr             286 339 kr             286 339 kr             286 339 kr             286 339 kr             286 339 kr          286 339 kr                    

Income 999 953 kr             1 935 086 kr          60 543 kr             669 590 kr          1 197 442 kr         999 953 kr             999 953 kr             999 953 kr             966 956 kr             820 306 kr          999 953 kr                    

Profit 595 896 kr             1 531 030 kr          225 796 kr-          265 534 kr          793 386 kr             595 896 kr             595 896 kr             595 896 kr             562 900 kr             416 249 kr          595 896 kr                    

Luleå (Environmental Dimension)

Run (normal) Fuel cost (up) Fuel cost (down) Winter Summer Biogas sh. 10% Biogas sh. 25% Biogas sh. 100% Fc (transport) ̂ 10xFc (transport) ̂ 50xHeat use is Fossil Fuel

80% 1 2 3 4 5 6 7 8 9 10 26

Methane slip 23,47 23,47 23,47 23,47 23,47 23,47 23,47 23,47 23,47 23,47 23,47

Energy use (El) 1,38 1,38 1,38 1,38 1,38 1,38 1,38 1,38 1,38 1,38 1,38

Fossil fuel replaced 341,11 341,11 341,11 340,77 341,25 341,11 341,11 341,11 341,11 341,11 169,09

GHG Emissions -316,26 -316,26 -316,26 -315,92 -316,40 -316,26 -316,26 -316,26 -316,26 -316,26 -144,24

96%

Methane slip 21,11 21,11 21,11 21,11 21,11 21,11 12,66 12,66 12,66 21,11 21,11

Energy use (El) 1,55 1,55 1,55 1,55 1,55 1,55 0,93 0,93 0,93 1,55 1,55

Fossil fuel replaced 332,94 332,94 332,94 332,86 333,11 333,07 333,21 333,21 332,94 332,94 165,07

GHG Emissions -310,28 -310,28 -310,28 -310,20 -310,44 -310,41 -319,62 -319,62 -319,35 -310,28 -142,41
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Fig 26. Copy of excel template produced showing the resulting environmental data obtained for all optimisation runs for all 
conditions examined (Helsingborg + Bjuv) 

Helsingborg + Bjuv (Environmental Dimension)

Run (normal) Fuel cost (up) Fuel cost (down) Winter Summer Biogas sh. 10% Biogas sh. 25% Biogas sh. 100% Fc (transport) ̂ 10xFc (transport) ̂ 50xHeat use is Fossil Fuel

80% 1 2 3 4 5 6 7 8 9 10 26

Methane slip 23,45                        23,45                         23,45                     23,45                     23,45                        23,45                        23,45                        23,45                        23,45                        23,45                     23,45                               

Energy use (El) 1,38                           1,38                            1,38                        1,38                        1,38                           1,38                           1,38                           1,38                           1,38                           1,38                        1,38                                  

Fossil fuel replaced 341,09                     341,09                      341,09                  340,65                  341,10                     341,09                     341,09                     341,09                     341,09                     341,09                  169,19                            

GHG Emissions 316,25-                     316,25-                      316,25-                  315,82-                  316,26-                     316,25-                     316,25-                     316,25-                     316,25-                     316,25-                  144,35-                            

96%

Methane slip 21,11                        21,11                         21,11                     21,11                     21,11                        21,11                        21,11                        21,11                        21,11                        21,11                     21,11                               

Energy use (El) 1,55                           1,55                            1,55                        1,55                        1,55                           1,55                           1,55                           1,55                           1,55                           1,55                        1,55                                  

Fossil fuel replaced 333,21                     333,21                      333,21                  333,11                  333,22                     333,21                     333,21                     333,21                     333,21                     333,21                  165,31                            

GHG Emissions 310,55-                     310,55-                      310,55-                  310,45-                  310,56-                     310,55-                     310,55-                     310,55-                     310,55-                     310,55-                  142,65-                            
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