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Abstract 
 

There are numerous problems in the world that need to be dealt with in order to achieve 

sustainable development. The energy system has significant negative impacts on many of these 

problems, and there is a need for a transition towards more sustainable energy. Sweden has 

already started this transition and is using large amounts of renewable energy. However, within 

the transport sector and the manufacturing sector in particular, large amounts of fossil fuels are 

still used. Biogas is one alternative that can help solve several sustainability problems and that 

could be part of a future more sustainable energy system. However, it is not certain what biogas 

is most suitable to be used for.  

 

The aim of this thesis is to investigate how biogas should be used in a future more sustainable 

energy system, by answering three research questions: 1) In what ways can biogas be used in 

a more sustainable energy system? 2) How can we assess whether biogas is suitable in a specific 

context? and 3) What determines whether it is easy or difficult for a user to start using biogas? 

These questions are explored in a Swedish context using four appended articles, which are 

based on two collaborative projects using a combination of workshops, literature reviews and 

interviews.  

 

Biogas can be used for heat, electricity or fuel in the manufacturing or transport sector. In 

Sweden, heat and electricity are mainly of interest for smaller production scales, while 

production on larger scales will likely be dominated by upgrading mostly to CBG but also to 

LBG. CBG can be used for less energy-intensive purposes, such as cars or buses, while the 

growing interest in LBG in Sweden may open up new market segments for biogas which are 

more energy-intensive, such as heavy trucks or shipping, or in geographical locations that are 

further away from the site of production. 

 

Several sustainability assessment methods exist that can be used to evaluate whether biogas is 

suitable in a specific context, such as multi-criteria assessments or scenario analyses. These 

methods can include a number of different aspects that are relevant to biogas use, such as GHG 

emissions, safety issues, and the vitality of the surrounding region. In order to introduce biogas, 

six main factors were identified that can make this easier or more difficult: technical maturity, 

tank volume, distance between the producer and the user, scale of energy use, policies and 

costs, and strategies of individual organizations.  

 

Overall, the rise in LBG production creates new opportunities for biogas use in both 

geographical and usage areas that did not previously use biogas. There is no simple answer to 

what biogas should be used for in the future – rather, this depends on the circumstances. It is 

also possible that the usage areas that are most suitable now for biogas might not be the most 

suitable areas in the future, depending on developments within, for example, the electricity 

system and hydrogen. However, CBG and LBG are likely to dominate biogas production in 

Sweden until then.  

 

Keywords: biogas, CBG, LBG, energy users, sustainable transitions, sustainability 

assessments 
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1. Introduction 

 
The United Nations (2019a) has drawn up 17 Sustainable Development Goals that need to be 
reached in order to achieve a sustainable world – everything from peace and justice to clean 
water and sanitation. Many nations also have national goals, like the environmental goals of 
Sweden (Sveriges miljömål, 2019) in which issues such as acidification and toxic substances 
are considered, or the environmental targets of Norway (State of the Environment Norway, 
2019) in which there is a focus on issues like the polar regions. These kinds of numerous and 
diverse goals show that the world is facing a variety of different problems that need to be 
solved. One difficulty is, however, that only one, or a few, problems are often in focus at the 
same time when trying to find solutions, and that this can lead to transfers from one problem 
to another (discussed by e.g. Laurent et al., 2012).  
 
One global problem that is often in focus is global warming. The climate is becoming warmer, 
which can have huge negative effects on the world – droughts, heavy precipitation events, 
extreme temperatures, flooding, rising sea levels, loss of habitats, increased ocean acidity and 
so on (Intergovernmental Panel on Climate Change, 2018). To combat this, 196 UN countries 
have agreed via the Paris Agreement to work on mitigating this climate change (United 
Nations, 2019b). A large part of climate change is due to emissions of carbon dioxide from the 
combustion of fossil fuels (Intergovernmental Panel on Climate Change, 2007). In 2016, 80 % 
of the energy used in the world came from fossil sources (International Energy Agency, 2018). 
To reduce the climate impact and to adhere to the Paris Agreement, we need a transition 
towards an energy system based on more renewable energy – videlicet, a fundamental 
transformation in the system towards more sustainable modes of production and consumption 
(Markard et al., 2012) 
 
Some countries have already started this transition. One example is Sweden, where biofuels, 
wind and water accounted for 216 TWh of the energy supply in 2017, compared to 154 TWh 
from fossil fuels (Swedish Energy Agency, 2019a). However, achieving a large-scale transition 
of the energy system is not easy (Kemp et al., 1998). The energy system is a large socio-
technical system, i.e. a group of interrelated components working together towards a common 
goal (Hughes, 1987), and which is very closely interlinked with other large technical systems, 
such as the transport system and industrial systems (Figure 1). Not only do the actual engines 
or turbines need to be replaced or customized to use renewable fuels, there must also be a 
change in production, distribution, markets, regulations, etc. to adapt them to the renewable 
fuels – a systemic change (Kemp et al., 1998). In Sweden, although a large proportion of energy 
use is already based on renewables, there are still major differences between different parts of 
the energy system. Electricity and district heating production have come a long way in 
substituting fossil fuels, with 2 % and 6.5 % of energy use respectively based on fossil fuels in 
2017 (Swedish Energy Agency, 2019a). By contrast, 78 % of the fuels used in the transport 
sector were fossil fuels in 2017 (excluding electricity, Swedish Energy Agency, 2019a). The 
transport sector also uses the largest amount of fossil fuels, 66 TWh, followed by the 
manufacturing sector with 28 TWh of fossil fuels (Swedish Energy Agency, 2019a). 
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Transportation and manufacturing thus seem to be areas in which it is more difficult to switch 

to renewable fuels, and where it is particularly important to identify renewable options.  

 

 
Figure 1. The energy system, where the goal is mainly to produce, distribute and sell energy to users, 

overlaps with the transport system and the industrial systems, where the main goals are to transport 

people and goods and to manufacture items. The overlap with the energy system involves the 

transport and industrial systems needing energy, in the form of fuel and electricity, in order to 

function. For example, electricity is produced and distributed within the energy system, but it can be 

used to recharge electric vehicles. Another example is importing crude oil that is refined to produce 

diesel, and is then transported in a tanker to a refueling station where a truck fills up with diesel in 

order to transport materials from one factory to another.  

 

The potential amount of renewable energy that could be produced in the world is far greater 

than the energy needed, if solar power is taken into account (Ladanai and Vinterbäck, 2009). 

However, most of the renewable energy currently used in Sweden does not come from solar 

power (Swedish Energy Agency, 2019a), and there are limitations on how much biomass can 

be produced sustainably, as shown in a number of studies (e.g. Ladanai and Vinterbäck, 2009; 

Swedish Waste Management Association, 2008). The current production of renewable energy 

is also low in comparison with the volume of fossil fuels used (International Energy Agency, 

2018). The renewable energy alternatives currently available, such as electricity from 

renewable sources, ethanol, FAME, HVO, and biogas, all have limited production and cannot 

replace the large volume of fossil fuels used today (Kummamuru, 2017). According to the 

findings from an investigation commissioned by the Swedish Government, the solution to 

creating a renewable energy system lies not in choosing which fuel is best, but rather in using 

several fuel solutions at the same time (Swedish Government Official Reports, 2013). The 

alternative renewable fuels all have different strengths and weaknesses that make them more 

or less suitable for specific purposes, such as physical properties that make the fuels hard to 

store or that are incompatible with the current fuel system (e.g. Paper 1). The global warming 

potentials of renewable energy also differ depending on which resources are used to produce 

the fuel and how, and as Gustafsson et al. (2018) show, certain options can have worse global 

warming potential than some fossil fuels. Apart from global warming, each alternative will also 

affect other aspects related to sustainability depending on how they are produced. Each 
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alternative will also be affected by other issues such as policies, public opinion and invesments. 

The various alternatives can be used in different ways, depending on where they are best suited.  

 

Biogas, a gaseous mixture consisting mainly of methane and carbon dioxide produced by the 

anaerobic digestion of biomass, is one such fuel alternative that is not only renewable but can 

also help solve several sustainability problems – and not just global warming. Biogas can use 

waste materials such as manure or wastewater sludge to produce energy (Swedish Energy 

Agency, 2018a), and its production can also have other benefits (Hagman and Eklund, 2016) 

like producing fertilizers (Alburquerque et al., 2012; Blumenstein et al., 2016; Möller and 

Müller, 2012), hygienizing waste (Varel et al., 2012) and reducing methane leaks (Cuéllar and 

Webber, 2008; Fierro et al., 2014). However, waste streams are not infinite, and globally urban 

waste, agro-industry waste and sewage sludge have been calculated to have the potential to 

produce enough biogas to replace 5 % of fossil fuel use in 2014 (data from the International 

Energy Agency, 2018; combined with data from the World Bioenergy Association, 2013). 

Today, biogas is primarily used for heat and electricity production (Scarlat et al., 2018). In 

some countries, biogas has also increasingly been upgraded in recent decades to produce 

biomethane, i.e. the carbon dioxide and other impurities have been removed, in order to be 

used as vehicle fuel for cars and buses (Paper 1). In Sweden, over half of the biogas is used as 

fuel for transport, accounting for 70 % of the biogas used for transport in the EU in 2015 

(Scarlat et al., 2018). However, biogas can also be used as a renewable energy source in other 

ways. Liquefied biomethane (LBG) can be used in ships, heavy vehicles and manufacturing 

(Paper 2), and biogas can be converted into syngas and then further developed into e.g. 

hydrogen or methanol (Yang et al., 2014).  

 

Many previous studies on biogas use have had a regional or local focus, such as Ammenberg 

et al. (2018) who studied the regional conditions for biogas solutions in Sweden’s Stockholm 

region and found that public organizations were central actors for biogas, which played a 

significant role in public transport and taxis. They also found that actors in the region thought 

that biogas could be suitable for future use in public transport outside cities, as well as in heavy-

duty vehicles and machinery. Another study with a local focus was carried out by Fallde and 

Eklund (2015), who studied the development of biogas in Linköping, a city where biogas has 

been used for buses since the mid-1990s. Further research focuses on specific usage areas to 

see how biogas would fit there, for example Brynolf (née Bengtsson), Fridell and Andersson 

(e.g. 2014, 2012; 2014) in their studies of biogas as a potential shipping fuel. There are also 

studies that have compared biogas use in different areas based on relevant aspects, such as 

efficiency or cost (e.g. Hakawati et al., 2017; Patrizio et al., 2015). There are thus several 

different options for where in the energy system biogas could be used. However, it is not certain 

where biogas is best suited in comparison to other alternatives. 
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1.1    Aim and research questions 

To achieve a large-scale transition to renewable energy, biogas can only be one piece of a larger 

puzzle. The aim of this research is to investigate how biogas should be used in a future more 

sustainable energy system. This aim is achieved by answering three research questions: 

 

RQ1.    In what ways can biogas be used in a more sustainable energy system? 

The first step in this research is to study the possibilities for using biogas as part of a renewable 

energy system. This primarily includes investigating which fuels can be produced from biogas 

and in what ways these biogas-based fuels can be used. It further includes a shallow 

investigation of whether there is actually any potential in using them in these ways based on 

the fuels’ characteristics and technological developments, both directly compared to the 

requirements of the usage areas and their users and in comparison with other alternatives. This 

step will support the aim by finding out which possible usage areas exist for biogas.  

 

RQ2.    How can we assess whether biogas is suitable in a specific context? 

The second step continues by studying how the suitability of biogas in a specific context can 

be evaluated. How do we assess the contexts in which biogas is better suited than other 

alternatives? Here, suitability focuses on two different aspects: 2) suitability according to the 

user, and 3) suitability considering environmental, economic and social aspects. This step will 

support the aim by finding out how to determine where biogas should be used within a more 

sustainable energy system. 

 

RQ3.    What determines whether it is easy or difficult for a user to start using biogas? 

The third step in this research proceeds from RQ2, focusing on what limits the use of biogas in 

a certain application. The focus is thus on determining significant obstacles or driving forces, 

which is done by studying both the actors and their perceptions of biogas, as well as the 

maturity and recent developments of biogas in that application. The focus will primarily be on 

potential users who do not already use biogas, but also to a lesser degree on increased use by 

users who already use biogas. This step will support the aim by finding out whether it is actually 

likely that biogas can be used in a certain part of the renewable energy system.  

1.2    Scope of the research 

The research questions are addressed in the thesis based on the results of the four appended 

papers, which in turn are connected to two different research projects. The first project, the 

Environmental Bus project, was a collaborative project carried out together with a regional 

public transport company, a local municipality and a local utility company. My focus in the 

project was on different usage areas for biogas, such as heavy transport, shipping and 

manufacturing, as well as the development and analysis of different scenarios for biogas use. 

The second project, which was carried out within a national competence center for biogas (the 

Biogas Research Center), focused on establishing and applying a multi-criteria assessment tool 

for alternative bus technologies, including biogas, and involved collaboration and workshops 

with a number of relevant actors. Only the first part of the project, i.e. establishing the 

assessment tool, is part of this research. The research has been influenced by ideas about 

integrated research, and transdisciplinary research in particular (Stock and Burton, 2011).  
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1.2.1    Geographical framing 

The study is focused on biogas use in Sweden. Sweden was chosen as the study area for several 

reasons. Besides practical reasons, such as having access to and collaboration with important 

stakeholders and experts through Swedish-based research projects, Sweden is in many ways a 

very interesting case, and is of relevance for other countries, but also has its own particularities.  

 

Sweden is an exception in that the majority of the biogas is used for transportation rather than 

heat and electricity. In 2017, over 60 % of the 2 TWh of biogas produced was upgraded and 

used as vehicle fuel for cars and buses (Swedish Energy Agency, 2018a). Many other countries 

are moving towards upgrading more biogas (as seen by combining data from e.g. Association 

Technique Energie Environnement, 2018; Bachmann, 2013; Baier et al., 2018; Danish Energy 

Agency, 2018; Huttunen et al., 2017; Theobald, 2015), which makes Sweden interesting since 

it has already come a long way in this regard and can thus be used to show the potential of 

using biogas in other ways than simply heat and electricity. There is also a current trend in 

Sweden towards liquefied biogas and an interest in this from sectors that have not traditionally 

used much biogas, which may show how the global development of biogas could evolve in the 

future into other applications. 

 

In contrast to some other countries, the biogas in Sweden is also primarily produced by 

substrates that are not easily used for energy production in other ways, such as wastewater, 

manure and organic household waste. Every country in the world has some kind of organic 

waste that is not used to its fullest potential (International Energy Agency, 2016; combined 

with data from the World Bioenergy Association, 2013), and by studying the solutions in 

Sweden it can be shown that there is the potential to use this organic waste. Being able to use 

waste streams is one of the important benefits of biogas, and should be encouraged.  

1.3    Thesis disposition 

The aim is that this thesis should be written so that large parts of it can be understood by people 

with a general technical background, but some further knowledge of scientific research is 

required to understand the thesis in its entirety. Previous knowledge of biogas is not required 

from the reader, but will likely make it more interesting to read. The thesis consists of seven 

chapters, with this chapter (Chapter 1) introducing what is being researched, why it is 

interesting to study, and – in brief – how it was done. Chapter 2 is mainly written for readers 

who do not work in the biogas field, to introduce and give an overview of biogas so that the 

reader can understand the biogas context. The theoretical background in Chapter 3 introduces 

the theoretical context in which the study is carried out, followed by methodology in Chapter 

4 that goes into more detail about how the research was conducted and why. Chapter 5 

summarizes the four appended articles, which are listed before the table of contents. The 

appended articles are included in their entirety after the conclusions and the references. Chapter 

6 discusses the results with respect to the research questions. The thesis then concludes in 

Chapter 7 with the conclusions of the study, an outlook for future research and what this thesis 

has contributed. 
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2. Technical background 

This chapter introduces biogas and provides an overview of the biogas context, in order to 
ensure that readers who do not work in the biogas field still have background knowledge about 
biogas and its current production and use, both globally and in Sweden.  

2.1    Biogas production 

Biogas is a gaseous mixture consisting mainly of methane and carbon dioxide, which is created 
by the anaerobic digestion of organic material (Scarlat et al., 2018). Apart from methane and 
carbon dioxide, there can also be smaller amounts of contaminants like nitrogen, hydrogen 
sulfide, ammonia and siloxanes (Angelidaki et al., 2018). 
 
In 2016, the world production of biogas was 360 TWh (World Bioenergy Association, 2018). 
Europe accounted for half of the world’s production (Figure 2) and within Europe, Germany 
was the largest producer with half of the European biogas production (Scarlat et al., 2018). 
Approximately 25 % of all biogas in the world is thus produced in Germany. Apart from 
Europe, Asia is also a large producer of biogas, and several countries have important programs 
for biogas production (Scarlat et al., 2018). In the Americas, it is mainly the US that produces 
biogas, although there have been significant increases in biogas production in parts of Latin 
America (Scarlat et al., 2018). Africa still has very limited biogas production (Scarlat et al., 
2018; World Bioenergy Association, 2018).  
 

 
Figure 2. The biogas production in the world in 2015. Africa did not have enough biogas production to 

make a comparison. The data used to create the figure is from the World Bioenergy Association, 2018. 

 

Biogas can be produced in different places, such as landfills, municipal wastewater treatment 
plants, industrial plants and farms (Winquist et al., 2019). Generally speaking, biogas 
production in developing countries is mainly small-scale and primarily supplies heat for 
domestic use, such as cooking (Scarlat et al., 2018). In developed countries, biogas production 
is mainly carried out on a larger scale (Scarlat et al., 2018). This is the case with Sweden, where 
there has been an increase in larger-scale biogas production plants (Swedish Energy Agency, 
2016). Much of the biogas production in Sweden is from what are classified as wastewater 

Biogas production in the world in 2015

Americas

Asia

Europe

Oceania
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treatment plants and co-digestion plants (Swedish Energy Agency, 2019b). The entire Swedish 

biogas production is 2 TWh (Swedish Energy Agency, 2019b). In 2015, over 90 % of the biogas 

production plants produced less than 20 GWh annually (Figure 3), and in total these smaller 

plants produced around half of the biogas in Sweden (Swedish Energy Agency, 2016). At the 

same time, the two largest plants had annual production of more than 100 GWh of biogas each 

(Figure 3). Over half of the biogas production in 2015 came from the 20 largest biogas plants, 

which were mostly a mix of co-digestion plants and wastewater treatment plants (Swedish 

Energy Agency, 2016). 

 

 
Figure 3. The size of the biogas production plants in Sweden in 2015. Each dot represents one biogas 

production plant. The data used to create the figure is from the Swedish Energy Agency (2016). 

 

The main raw materials used in Europe for production are agricultural waste, manure, energy 

crops, organic materials that have been landfilled and sewage sludge (Scarlat et al., 2018). In 

Germany, the largest biogas producer in Europe, the use of energy crops has increased 

significantly during the last decade (Scarlat et al., 2018). By contrast, energy crops only 

accounted for 2 % of Sweden’s production in 2017 – the majority of the substrate used was 

sewage sludge and manure, followed by food waste and waste from the food industry (Figure 

4). 
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Figure 4. The substrates used for biogas production in Sweden during 2017. The data used to create 

the figure is from the Swedish Energy Agency (2018a) and is based on the total wet weight of incoming 

substrate. 

2.2    Use of biogas as energy 

Biogas as a form of renewable energy is currently mainly used in Sweden for three different 

purposes (Figure 5) (Swedish Energy Agency, 2019b): 

• heat and/or power, 

• transport fuel, or 

• industrial use. 

 

 
Figure 5. Biogas as a form of renewable energy is mainly used in three different ways: as heat and/or 

power, in manufacturing industries and as transport fuel.  

 

The most common use of biogas in the world is the first alternative: burning biogas and 

producing heat and/or power (Scarlat et al., 2018). Power production from biogas mostly uses 

gas engines (Scarlat et al., 2018). In contrast to many other sources of renewable electricity 

(like wind or solar power), biogas-based electricity can have smaller production fluctuations 

(Häring et al., 2017). It is also possible to store biogas, although not as easily as liquid or solid 
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fuels, and biogas can thus, via stable production and the potential to store it, be used to achieve 

more flexibility in the energy system (Häring et al., 2017). Another positive aspect of using 

biogas, particular for the production of electricity and heat together, is that it can have a higher 

energy efficiency than when biogas is used for transport (Hakawati et al., 2017). 

 

The second alternative, using biogas as a transport fuel in gas vehicles, requires a higher 

methane concentration than raw biogas. Here, carbon dioxide and other impurities are removed 

from the biogas until it has a methane content corresponding to that of natural gas (Angelidaki 

et al., 2018). However, simply cleaning it does not create a high enough energy concentration 

to make it efficient to transport due to the gas being very voluminous, and additional measures 

to increase the energy concentration must be taken (Paper 1). This is currently achieved in two 

different ways: compressing or liquefying (Figure 5). The most common way is to compress 

the biomethane to a pressure of 200-250 bar, thus creating compressed biomethane (CBG) 

(Ullah Khan et al., 2017). The other method, liquefying the biogas by cooling it down 

to -162°C, is still a new development for biogas, although it has been used for decades for 

natural gas which requires the same technology (Paper 1). LBG is, however, growing in use 

and has the potential to enable biogas use in heavier transport since it is has an even higher 

energy concentration than CBG (Paper 1). 

 

The third alternative, using it for industrial purposes as fuel for heat or as a raw material for 

chemicals, depends to a large extent on the user. Manufacturing industries that produce biogas 

themselves have the possibility to use it directly (Paper 2). For other industries, biogas has to 

be transported to where it will be used. If a gas grid exists, it can be used to transport gas to 

manufacturing industries (Paper 2). However, the Swedish natural gas grid is extremely 

limited. The national gas grid, which is connected to Denmark and the European gas grid, only 

supplies a portion of the southwestern part of the country, from Malmö to Gnosjö and 

Gothenburg (Swedegas, 2018). There is also a local gas grid in Stockholm, as well as some 

small local grids in other cities. If there is no gas grid, gas can be transported via trucks either 

as liquefied biomethane (Paper 2) or as compressed biomethane. 

 

In contrast to most other countries, the majority of the biogas in Sweden is not used for heat or 

electricity (Scarlat et al., 2018). Instead, over 60 % is upgraded to biomethane and used as 

transportation fuel (Figure 6). There are several countries which have increased their use of 

biogas in transport during the last few years, but in 2015 Sweden still accounted for 70 % of 

the biogas used as transport fuel in Europe (Scarlat et al., 2018). 
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Figure 6. How biogas was used in Sweden in 2018. Flaring means that the biogas was burnt without 

using it for anything. The data used to create the figure is from the Swedish Energy Agency (2019b). 

 

The majority of all gas vehicles in Sweden are cars, and there has been a large rise in the 

number of gas cars during the last decade (Figure 7). However, the number of gas cars is still 

small if the entire car fleet is considered. It is only within the bus fleet that gas vehicles have 

managed to occupy a larger share – over 16 % of all buses have been gas buses since 2014 

(Figure 7). 

 

   
Figure 7. The number of gas vehicles and the share of gas vehicles in the Swedish fleet. The data used 

to create the figure is from Statistics Sweden (2019). 
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2.3    Biogas as something more than renewable energy 

Although the focus of this thesis is on biogas as a renewable energy source, biogas solutions 

can also offer much more. The first anaerobic digesters built in Sweden (during the 1930s), and 

the growing interest in anaerobic digesters at wastewater treatment plants starting in the 1960s, 

did not involve generating renewable energy (Svärd and la Cour Jansen, 2003). Instead, biogas 

was a by-product from sewage treatment plants, where the main purpose of the anaerobic 

digestion was to hygienize the sewage (Fallde and Eklund, 2015). It was not until the early 

1990s that biogas started to be used as a transport fuel, driven largely by air pollution problems 

(Fallde and Eklund, 2015). Apart from wastewater treatment, anaerobic digestion can also be 

used in the treatment of other organic materials like food waste and manure, which can decrease 

methane emissions that might otherwise escape from normal degradation and can hygienize 

the waste for use as a fertilizer (Hagman and Eklund, 2016). Biogas solutions used in 

wastewater treatment also reduce the volumes of nutrients and other pollution from water, and 

can thus be used to clean wastewater in industries like the forest industries (Hagman et al., 

2018).  

 

Almost all the nutrients in the substrate remain after digestion, and in addition to biogas, 

anaerobic digestion thus also produces another product – digestate – which can be used as a 

fertilizer to circulate the nutrients and reduce the need for mineral fertilizers (Hagman and 

Eklund, 2016). Digestate is commonly used as a fertilizer within agriculture and can also enable 

more organic farming (Hagman et al., 2018). Additionally, digestate has several other benefits 

such as improving soil structure and reducing eutrophication (Table 1).  

 

This thesis assumes that the use of the digestate/biofertilizers will not be affected by how the 

biogas is used. 

 

Treatment via anaerobic digestion Digestate 

• Treating wastewater • Balanced crop rotation 

• Hygienizing waste • Less pesticides used in agriculture 

• Treating organic waste • Improving soil structure  

• Increasing resource efficiency • Increasing yield for farmers 

• Reducing methane from landfills • High content of ammonium 

• Reducing methane from manure • Enabling organic farming 

 • Less eutrophication 

 • Circulating nutrients 

 • Producing fertilizer 

 • Reducing use of mineral fertilizer 

 • Reducing odor 

Table 1. A summary of different benefits that biogas production can have in relation the anaerobic 

digestion treatment and the digestate, based  based on Hagman and Eklund (2016).  
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3.  Theoretical background 

 
This research is part of the broad movement of research in support of sustainable development 
that has emerged since the 1980s, sometimes referred to as sustainability science (Kates et al., 
2001). It mainly connects to sustainability assessments, and to research on sustainability 
transitions and users’ energy choices (in relation to biogas) (Figure 8). This chapter provides a 
brief introduction to these research areas, some of their central concepts, and previous research 
connected to those research areas that are relevant to this study. 
 

 
Figure 8. Illustration of how the different research areas and themes are connected to the research 

questions of the thesis. 
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3.1    Sustainable development and sustainability assessments 

Humans have always had an impact on the surrounding environment, but with the growing 

population and industrialization of the 19th and 20th centuries, this impact has increased 

immensely (Steffen et al., 2011). The first concerns about conserving nature and ideas about 

environmentalism date back further, beginning with the exploitation of colonized areas in the 

17th and 18th centuries (Grove, 1992). However, it was not until the latter half of the 20th century 

that environmental issues started to become more important in political contexts, and beginning 

in the 1960s there was a significant rise in number of environmental organizations in 

industrialized countries (Longhofer and Schofer, 2010). In 1987, the report ‘Our Common 

Future’ was published, introducing the term sustainable development (World Commission on 

Environment and Development, 1987) and the most commonly cited definition of what 

sustainable development means (Mensah, 2019): development that meets the needs of the 

current generation without compromising the ability of future generations to meet their own 

needs (World Commission on Environment and Development, 1987). There are many 

criticisms against sustainable development, for example that the environment should rather be 

considered a boundary of society (Rockström et al., 2009), or that sustainable development 

does not challenge the idea of continued economic growth (Martínez-Alier et al., 2010; 

Robinson, 2004). However, sustainable development has become highly influential and an 

increasingly important focus for national policies and companies, and related research has 

grown dramatically in recent decades. A bibliometric search of Scopus shows over 170,000 

documents related to the term “sustainable development”, and in 2016 the United Nations 

agreed on 17 Sustainable Development Goals as a “blueprint to achieve a better and more 

sustainable future for all” (United Nations, 2019a). One of these goals is “Ensure access to 

affordable, reliable, sustainable and modern energy”, and this need to switch to more 

sustainable energy, together with sustainability involving much more than just climate change, 

was central in terms of deciding on the overall aim of the research – finding out how biogas 

can be part of this change and where it fits in a more sustainable energy system.  

 

Research on sustainability is widespread, and has continuously increased and diversified during 

the course of several decades. Over the years, many different concepts and research fields have 

also evolved that link to and are motivated by sustainability, such as industrial ecology 

(Erkman, 1997), in which industrial systems are seen as an ecosystem with a certain 

distribution of materials, energy and information flow (Chertow, 2000), or sustainability 

assessments, which Devuyst et al. (2001) describe as “…a tool that can help decision-makers 

and policy-makers decide which actions they should or should not take in an attempt to make 

society more sustainable”. Kates et al. (2001) raise seven different core questions for 

sustainability science that need to be researched further, for example which systems of 

incentive structures can most effectively improve social capacity to guide interactions between 

nature and society toward more sustainable trajectories. The aim of this research, to investigate 

what biogas should be used for in a future more sustainable energy system, assumes that some 

sort of evaluation should be carried out in order to see where biogas fits in the energy system, 

and this fits with the concept of sustainability assessments. However, it also connects to 

questions about incentive structures for realizing a transition of the energy system. 
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3.1.1 Assessment methods 

Related to the core questions established by Kates et al. (2001), Ness et al. (2007) suggest that 

the purpose of a sustainability assessment is to “provide decision makers with an evaluation of 

global to local integrated nature-society systems in short and long term perspectives in order 

to assist them to determine which actions should or should not be taken in an attempt to make 

society sustainable”. Sustainability assessments have developed rapidly in recent decades, and 

there are a number of different methods that can be used to assess sustainability in different 

ways (Figure 9): for example, product-related assessments like Life Cycle Assessments or Life 

Cycle Cost Assessment; Material Flow Analyses, which study the physical metabolism of 

society; the Sustainable National Income index which takes sustainable resource utilization 

into account in addition to common national income accounting; and Environmental Impact 

Assessments (EIAs), in which the potential environmental impacts of development projects are 

evaluated (Ness et al., 2007).  

 

 
Figure 9. Different kinds of sustainability assessment methods, based on Ness et al. (2007). 

Cost-Benefit Analysis 

Different options can be used to assess the sustainability of biogas. Cost Benefit Analysis 

(CBA) is a method that weighs the costs of a project against the expected benefits – including 

costs associated with e.g. environmental impact – and is used to evaluate public or private 

investment proposals (Ness et al., 2007). According to Ness et al. (2007), this can be effective 

in connection with e.g. energy and transport, and several recent studies have evaluated fuel 

alternatives – for example Lajunen (2014) and Noel and McCormack (2014), who studied 

electric and diesel buses, or Shirazi, Carr and Knapp (2015), who in addition to electric and 

diesel also studied CNG buses. However, CBA has some weaknesses. For example, many 

impacts are difficult to express in quantitative monetary terms, and in many cases the cost 

estimates are highly uncertain (Browne and Ryan, 2011). 
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Life Cycle Costing 

Another method that can be used to rank different investment alternatives is Life Cycle Costing 

(LCC), which adds up the “total costs of a product, process or activity discounted over its 

lifetime” (Gluch and Baumann, 2004). LCC is not generally associated with environmental 

costs (Ness et al., 2007). Instead, a traditional LCC is an investment calculation focused on 

both investment and operating costs (Gluch and Baumann, 2004). The tool can still include 

environmental aspects in the decision, although there are difficulties with e.g. 

oversimplifications, uncertainties and underrating future costs (Gluch and Baumann, 2004). As 

Gluch and Baumann (2004) explain: “LCC-oriented tools may still be useful in practice if the 

decision maker is aware of the tool’s inherent limitations”. 

Multi Criteria Analysis 

A third commonly used sustainability assessment tool is Multi-Criteria Analysis (MCA), which 

as Ness et al. (2007) explain is used to identify the optimal choice when there are trade-offs 

between different evaluation criteria. An MCA involves identifying which indicators are 

relevant to use to assess the investment options and scaling them to evaluate the various options 

(based on e.g. Feiz and Ammenberg, 2017). There is also the possibility to weight the result 

and end up with a single answer to which option is most suitable (Beria et al., 2012). A strength 

of MCA is that it can quite easily incorporate qualitative aspects, and not only quantitative 

aspects (e.g. Beria et al., 2012; Ness et al., 2007). According to Browne and Ryan (2011), MCA 

is increasingly used for environmental and transport decision-making, since it is better at 

dealing with the complexity of the issues involved, the need for a holistic view of 

environmental, economic and social impacts, and the fact that tools like CBA or EIA are 

inadequate for capturing the full range of impacts. Previous MCA studies on transportation 

have focused on aspects such as high-speed rail (Janic, 2003), electric city delivery vehicles 

(Wątróbski et al., 2017), alternative fuels for light vehicles (Sehatpour et al., 2017) and 

alternative fuels for long-haul freight transport (Osorio-Tejada et al., 2017). 

Socio-technical scenarios 

Scenarios that can look at society as a whole rather than just a particular user are often used in 

connection with more integrated or regional sustainability assessments (Ness et al., 2007). 

During the last half century, it has become increasingly common to use scenarios to outline 

and analyze potential futures (Bunn and Salo, 1993), with a particular focus on climate change 

scenarios in recent years, such as those performed by the Intergovernmental Panel on Climate 

Change. The purpose of such scenarios is often to strategically evaluate different options and 

to try to understand how the future will change depending on which decisions are made. They 

can reveal opportunities and threats, and can improve communication (Bunn and Salo, 1993). 

Scenarios are often divided into two categories: exploratory scenarios, which start with the 

current situation and project different alternative futures based on previous developments, and 

anticipatory scenarios, which start by presenting an alternative future and then studying how 

to get there or avoid getting there (Mahmoud et al., 2009). “Backcasting” – a more concrete 

study of how exactly the desired future can be reached – is often mentioned in connection with 

anticipatory scenarios. 
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However, one weakness of scenarios is that they are often quantitative and technology focused 

(Hofman et al., 2004). To manage and assist with the complex, transition-oriented decision-

making that often takes place when working with sustainability, a more informal scenario 

discipline was launched in the early the 2000s: socio-technical scenarios (Geels et al., 2018). 

Socio-technical scenarios were initially used together with the multilevel perspective (Geels, 

2002) and focused on niche/regime developments. This has evolved into a form of scenario 

that offers a more qualitative approach and considers both technology and society (Hillman 

and Sandén, 2008), and can combine quantitative and qualitative analysis (Auvinen et al., 

2015). It also has the potential to include storylines to describe the scenarios and relate them to 

the context (Weimer-Jehle et al., 2016), as well as explaining development processes rather 

than just final outcomes (Hillman and Sandén, 2008).  

 

Many studies have examined different scenarios for transitions towards a more sustainable 

energy systems. For example, Azar et al. (2003) carried out a scenario study focusing on 

century-long scenarios for transitions towards low greenhouse gas emissions in the global 

energy and transportation system. There have also been scenario studies focusing on biogas, 

such as Cherubini et al. (2009), who studied different scenarios for waste management in Italy 

where biogas production was part of two of the scenarios, or Rehl and Müller (2011), who 

studied different scenarios for processing digestate from biogas production. There have also 

been scenario studies focusing on biogas as energy. Lauer et al. (2017) is one such example, 

studying power generation from biogas plants in Germany with different scenarios regarding 

plant configurations, operation modes and schedules. Another scenario study that focused on 

biogas as energy was carried out by Kanase-Patil et al. (2010), who looked at biogas within the 

possibilities for off-grid rural electrification. In relation to biogas as a transport fuel, Murphy 

et al. (2004) developed and analyzed different scenarios including a focus on production and 

the use of biomethane. 

3.2    Sustainability transitions 

Sustainability transitions have evolved in connection with sustainability research, based on the 

difficulties of making large-scale changes in large socio-technical systems (Markard et al., 

2012). Large socio-technical systems feature interacting components, such as physical features, 

actors or institutions, that work together to provide specific services for society (Markard et 

al., 2012). The energy system is one such large socio-technical system (Markard et al., 2012) 

and consists of different components that work together to produce and distribute energy to 

different users, which can be part of other large socio-technical systems such as the transport 

system or the industrial systems (see Figure 1). To reduce the environmental impacts from the 

energy system, the components using fossil fuels should be exchanged for components that use 

energy with lesser negative impacts on sustainability aspects.  

 

A key feature of such systems is that the components are interrelated and interdependent, 

meaning that if a component in the system changes, the other components will change 

accordingly (Hughes, 1987). This interdependency may hinder changes in the system. It is not 

enough to simply substitute one component with a component with less impact, since the other 

components must change accordingly if a component in the system changes. For example, it is 

not enough to customize an engine to run on biogas instead of gasoline – there must also be 

corresponding changes in production, distribution, markets, regulations, etc. This makes it 
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more difficult and slower to substitute components with less negative impact. Fundamentally, 

implementing large-scale shifts in the system tends to be a slow and complicated process. This 

difficulty in inducing the desired change has led to an increased interest in better understanding 

these complex large-scale changes and how to promote them, which is a major challenge of 

transition studies. 

 

Sustainability transitions are, according to Markard et al. (2012), “long-term multi-

dimensional, and fundamental transformation processes through which established socio-

technical systems shift to more sustainable modes of production and consumption”. This 

framework has also led to other concepts being developed – transition management (e.g. Kemp 

et al., 2007; Loorbach, 2010), strategic niche management (e.g. Kemp et al., 1998; Schot and 

Geels, 2008), technological innovation systems (e.g. Bergek et al., 2008; Hekkert et al., 2007) 

and the multi-level perspective (e.g. Geels, 2011, 2002). 

 

3.2.1 Biogas in sustainability transitions 

Regarding biogas and energy transitions, many studies in recent years (e.g. Boston, 2013; 

Connolly et al., 2011; Foxon, 2013; Jacobson and Delucchi, 2011; Kowalski et al., 2009; 

Krajačić et al., 2009; Lund and Mathiesen, 2009) have focused on how to switch to more 

renewables in different parts of the world. However, these studies seldom mention biogas as 

an option. When biogas is addressed, it is most often in the context of power and/or heat (e.g. 

Foxon, 2013; Kowalski et al., 2009). However, a few studies focus solely on the possibilities 

of using biogas instead of fossil fuels, usually for either heat or electricity (e.g. Häring et al., 

2017; Huopana et al., 2013) or as CBG in cars, buses or light trucks (e.g. Kalinichenko et al., 

2016). Biogas can also be used to produce fuels other than CBG, as shown by e.g. Yang et al. 

(2014), Zinoviev et al. (2010) and Ahmadi Moghaddam et al. (2015), and for purposes other 

than heat and electricity and relatively light road vehicles, as shown by e.g. Brynolf et al. 

(2014). Another study that looked at biogas more directly from a sustainability transition 

perspective is that carried out by Magnusson and Berggren (2018), who studied the competition 

between electrified and biogas vehicles, using the concepts of technological innovation systems 

and strategic niche management to understand this competition and its implications.  

 

However, an added difficulty with biogas is that, in contrast to many other fuels, it is connected 

to many different parts of society. Depending on the substrate, it can be connected to 

wastewater management, waste management, agriculture, fishing, forestry, food industries or 

manufacturing industries. It is frequently based on local, small-scale production which 

contributes to local employment. Substrate, digestate and biogas are often transported between 

different facilities, and in Sweden this is often done by trucks. The digestate is commonly used 

as a fertilizer and is thus connected to the agriculture sector, and can enable ecological farming 

which is connected to the food industry. Fallde and Eklund (2015) carried out a socio-technical 

transitions study of the development of biogas in a local context during the last 40 years, 

focusing on aspects such as how the biogas system developed over the years from almost 

nothing to become a major public transport fuel, what drove this change and which actors were 

involved. Ammenberg et al. (2018) also had a larger systems focus in their study of policies 

and actors, focusing not only on users and distributors but also on different kinds of production 



  

18 
 

(e.g. waste collection, industrial production and agricultural production) as well as other areas 

connected to the use of biogas in transport, such as procurement and vehicle sales. 

 

 
Figure 10. A simplified overview of actors involved in the biogas system. The green area represents 

substrates for biogas production, the blue area represents biogas production, the red area represents 

the digestate/biofertilizer part of the biogas system and the yellow area represents biogas users. 

Darker circles represent actors, while lighter circles represent biogas-related artefacts related to the 

actor. There will also be more actors involved, such as companies transporting things between 

different parts of the system, repair and maintenance companies, car sales businesses and so forth.  

 

This added connectivity of biogas (Figure 10) can make it more difficult to involve biogas in a 

transition, since more connected pieces means that for each change, many phenomena need to 

change accordingly.  

3.3    The use of biogas 

Although some studies focus on the possibilities of using biogas instead of fossil fuels, the 

majority of the research on biogas has a different focus. Mao et al. (2015) review a large 

number of studies on anaerobic digestion for biogas production, and earlier similar reviews 

include Weiland (2010), Mata-Alvarez et al. (2000) and Gunaseelan (1997). There are also 

several studies focusing on how biogas can be upgraded for use as fuel, which have been 

reviewed in papers like Angelidaki et al. (2018), Sun et al. (2015), Yang et al. (2014), Bauer et 

al. (2013) and Abatzoglou and Boivin (2009). Many of these studies focus mostly on the 

production or upgrading of biogas, and less on its actual use. However, some studies have 

focused on its use in various ways. For example, Ammenberg et al. (2018) focused on actors 

and policies on the demand side of biogas in the transport sector. Larsson et al. (2016) studied 

policy instruments regarding upgraded biogas for transport. Bengtsson et al. (2014, 2012) 
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focused on whether biogas or one of the other alternatives is the better option for the shipping 

industry, while Lantz et al. (2007) discussed incentives for biogas utilization.  

 

However, studies that focus on utilization are still rather scarce in comparison to those that 

focus on production. There are ambitions in Sweden to increase production, but at the same 

time a previously large use area – biogas in city buses – is moving towards electricity; an 

investigation commissioned by the Swedish Government presented scenarios for city buses in 

Sweden with a rapid pace of electrification (Swedish Government Official Reports, 2013), 

studies have noted significant interest in electric buses (Ammenberg et al., 2018; Mutter, 2019), 

and many cities in Sweden have started to electrify their city buses (e.g. Bussmagasinet, 2017, 

2016; Hedlund, 2017; Lärka, 2016; Nohrstedt, 2017; Norrtälje Municipality, 2017; Scania 

Group, 2017; Umeå Municipality, 2017). However, starting to use electricity instead of biogas 

in city buses is only beneficial if the biogas is also used in other ways, i.e. increasing the total 

amount of renewable energy use rather than simply moving from one renewable fuel to another. 

There is thus a potential amount of biogas that is available for use in other areas where it is 

more suitable. These potential users are the focus of this research, and are connected to the first 

research question of the potential users of biogas. The user focus is also paramount to research 

question 2, which focuses on whether biogas is suitable and involves the user perspective in 

the definition of suitability, and to research question 3, where the focus on what makes it easy 

or hard to use biogas is largely focused on users and their perspectives on biogas.  
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4. Methodology 

 
This research focuses on investigating which role biogas should play in a more sustainable 
energy system. Much of the research carried out for this thesis was inspired by ideas of 
integrated research, especially in connection with focusing on problems, going beyond 
disciplines and involving non-academic actors. The research took place within two research 
projects: the Environmental Bus project, with its focus on alternative uses of biogas, and a 
project within the Biogas Research Center, focusing on creating and applying a multi-criteria 
assessment tool for alternative bus technologies. This chapter presents a more detailed 
description of the research performed, focusing on integrated research and how it has 
influenced the research, the approaches of the research projects, and how the research was 
carried out regarding methods for data collection and analysis. Specific details and descriptions 
of the methods used can be found in the respective appended papers.  

4.1    Integrated research 

Research on sustainability issues often stems from a societal need to deal with problems. 
Ultimately, the point of carrying out such research is often to find ways of dealing with these 
problems. According to Mauser et al. (2013), basing research on problems rather than 
disciplines requires less traditional methods of doing research, combining several different 
research areas into more integrated research. Integrated research looks further than just one 
single, limited discipline, and goes beyond the usual framework of a field. There are several 
levels of integrated research, depending on the degree of integration and cooperation (Stock 
and Burton, 2011):  

• Different scientists can contribute perspectives from their own disciplines, or 
• Scientists may have shared questions and goals, where the research leads to the creation 

of new frameworks for knowledge, or 
• There can be a broader transcendence of multiple disciplinary perspectives while 

focusing on a specific real world problem, including advanced collaboration with 
multiple actors from outside academia. 

This last level of integrated research, transdisciplinary research, is usually both the most 
desirable and the hardest to obtain of these three kinds of integrated research (Holm et al., 
2013). It might even be impossible to achieve according to some, due to the amount of 
collaboration and integration needed (Stock and Burton, 2011).  
 
For environmental and sustainability research in particular, many sources advocate the use of 
integrated research. For example, Stock and Burton (2011) argue that “sustainability almost 

inherently requires transdisciplinary attempts” – the focus on the problem rather than the 
discipline makes it better able to deal with real, complex problems like sustainability than if 
the research stayed within the disciplinary boundaries. The results should be able to help 
stakeholders make informed decisions (Mauser et al., 2013). It is thus important to include 
stakeholders to some extent in research on sustainability. Good collaboration between 
researchers and non-academic stakeholders can increase both legitimacy and accountability for 
the problem and the potential solutions (Mauser et al., 2013). If the research is in any way 
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connected with policies or other public processes, collaboration between researchers and non-

academic stakeholders can also improve public acceptance and the fit of the solutions to the 

actual needs of society (Moser, 2016). 

 

This study was inspired by these thoughts about focusing on problems rather than disciplines, 

and about collaboration. Of the four appended articles, Papers 3 and 4 are based on close 

collaboration with non-academic stakeholders and Paper 2 is based on the opinions of relevant 

non-academic stakeholders. None of the papers follow any strict disciplinary ideas, but are 

rather focused on different aspects of achieving a more sustainable society.  

4.2    Research projects and appended papers 

The research for this thesis took place within two research projects, the Environmental Bus 

project and the Biogas Research Center project, resulting in the four papers appended to this 

thesis.  

4.2.1 The Environmental Bus project 

The Environmental Bus research project was a collaborative project involving the regional 

public transport company, the local municipality and the local utility company. The project 

consisted of three sub-studies: one focusing on cities that had tested electric buses, one focusing 

on the potential of electric buses in Linköping, and one focusing on alternative uses for biogas. 

Regular meetings were held as part of the project, and were attended by the project partners 

and other actors, including a national energy company and an international heavy transport 

manufacturer. The research from all the sub-studies was presented and discussed during the 

meetings, to obtain input from various relevant actors.  

 

My part in this project was the third sub-study, focusing on alternative uses for biogas. The 

research involved literature studies focusing on how biogas is used today and theoretical 

potential uses, as well as an interview study among different sectors that could use biogas but 

are not large users, in order to find out what they conceived to be the drivers and barriers for 

biogas use. This part of the project resulted in two papers, namely the appended Papers 1 and 

2. 

 

Once all the sub-studies had been finalized, they were used together with the input from a 

workshop to create scenarios for implementing electric buses while shifting the use of biogas 

to other purposes. The workshop was carried out with 24 participants from twelve different 

organizations. The organizations represented at the workshop were the project partners, the 

region, two gas producers/distributors, two international heavy transport manufacturers, a 

manufacturer that had recently decided to switch to biogas and a trade organization for 

distribution trucks. The scenarios produced via this final part of the research project are the 

basis for the appended Paper 4. 
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4.2.2    The Biogas Research Center: A sustainability evaluation of bus 

technologies using multi-criteria analysis 

The Biogas Research Center is a national competence center for biogas with more than 20 

different partners, ranging from biogas producers, regions, municipalities and biogas 

distributors to companies working with digestate and international auto manufacturers. All 

partners meet at biannual meetings where they can present and discuss current research and 

their knowledge about biogas. Within the competence center, research is carried out by smaller 

working groups, which are then further divided into individual projects.  

 

One such project, focusing on creating and applying a multi-criteria assessment tool for 

alternative bus technologies, made up part of the research for this thesis. The project was a 

continuous collaboration with two of the partners within the competence center – the regional 

public transport company and a large biogas producer/distributor. Further input was obtained 

from other relevant stakeholders through discussions during poster presentations at the internal 

Biogas Research Center meetings. Input was also gathered at workshops held with partners 

from the Biogas Research Center, as well as during presentation and discussion sessions at 

Biogas Research Center and Environmental Bus Project meetings. During all these sessions, 

the project was discussed with a particular focus on which indicators and scales were relevant 

for evaluating different bus technologies, as well as evaluations of relevant bus technologies 

according to these scales.  

 

This project resulted in two papers: a part I paper in which the assessment method is established 

and a part II paper in which the assessment is applied to relevant alternative bus technologies. 

However, only part I is included in this thesis, and is appended as Paper 3. 

4.2.3 Research projects, appended papers and their relationship to the research 

questions 

This thesis includes four appended papers (Table 2). The Environmental Bus Project resulted 

in three papers: one focusing on which fuels can be created from biogas (Paper 1), one focusing 

on the drivers and barriers for biogas use in heavy road transport, manufacturing and shipping 

(Paper 2), and one focusing on a socio-technical scenario analysis of a local case of energy 

transition (Paper 4). The Biogas Research Center project resulted in one paper, focusing on 

developing a Multi-Criteria Assessment method for bus technologies (Paper 3).  

 

The open setting for the Environmental Bus Project allowed for a general focus on all possible 

biogas-based fuels and usage areas, and to study certain alternatives in greater depth. However, 

it was based on specific regional biogas production, which gave the project a regional and 

national setting. This regional production is also one of the largest biogas production sites in 

Sweden, which may have biased the project’s research in favor of solutions for large-scale 

biogas production.  
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 Paper 1 Paper 2 Paper 3 Paper 4 

Title 

Biogas-based fuels as 
renewable energy in 
the transport sector 

Drivers and barriers 
for increased biogas 

usage: a demand side 
perspective focusing 
on manufacturing, 
road transport and 

shipping 

Sustainability 
assessment of 

public transport – 
a multi-criteria 

approach to 
compare different 
bus technologies 

Sociotechnical 
scenarios and local 
practice – Assessing 

the future role of 
biogas in a regional 

energy and 
transport system 

P
ro

je
ct 

The Environmental Bus 
project 

The Environmental 
Bus project 

The Biogas 
Research Center 

project 

The Environmental 
Bus project 

Stage
 

Draft Published in ‘Biofuels’ Draft 

To be submitted to 
Transportation 

Research Part A: 
Policy and Practice 

A
im

 o
f th

e p
ap

e
r 

To contribute an 
overview and an 

increased 
understanding of 

different biogas-based 
fuels and their 

potential to be used as 
a substitute for fossil 
fuels in the transport 

sector 

To contribute to the 
current discourse on 
increasing the share 

of energy from 
renewable energy 

sources in different 
sectors 

To develop a 
Multi-Criteria 

Assessment (MCA) 
method for 

assessing the 
sustainability of 

public bus 
technologies 

To show how energy 
transition research 
can interact with 
local practice by 
means of socio-

technical scenario 
analysis 

R
Q

s in
 th

e p
ap

er 

- For what purpose 
have they been 

developed? 
 

- What strengths and 
weaknesses do the 

fuels have? 
 

- How far have the 
fuels come in their 

development and how 
are they produced and 

used today? 

- What are the major 
drivers and barriers 
for increased biogas 

usage in road 
transport, 

manufacturing and 
shipping? 

 
- In which settings 

can biogas already be 
a feasible option and 
what is needed for 
wider introduction 

and use in other 
settings? 

  

Table 2. An overview of the appended papers. 
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The Biogas Research Center project focused sharply on buses, which is relevant in the Swedish 

biogas context since this is a major use of biogas – 20 % of public buses in Sweden were biogas 

buses in 2018 (Fridas användarförening, 2019). However, the energy used by public buses, at 

just 2 TWh in 2018 (Fridas användarförening, 2019), is very low compared to the total energy 

use of 378 TWh in 2017 (Swedish Energy Agency, 2019a, excluding energy losses and energy 

used for non-energy purposes). The research within the project is thus focused on a very limited 

energy user. However, even though the assessment in Paper 3 is developed for public buses in 

Sweden, the method of developing it may also be useful for other areas. Several of the 

indicators are likely to be relevant for types of transport other than buses, and could thus be 

used as a basis for assessments focusing on other transportation types. It is also possible to use 

the same method to create other assessments for areas that are further away from public 

transport – the participatory method can be used to understand what is actually important for 

stakeholders to consider.  

 

In relation to this thesis, the appended papers helped to answer the research questions in 

different ways (Table 3). 

 

 Paper 1 Paper 2 Paper 3 Paper 4 

R
Q

1
 

Overview of 
alternative biogas-

based fuels and their 
potential usage areas 

and developments 

Basic preconditions for 
using biogas for 

manufacturing, shipping 
and heavy transport 

  

R
Q

2
 

  

Establishing a 
possible 

assessment 
method (MCA)  

 
Overview of 
aspects of 

importance to 
potential users  

Application of a 
possible 

assessment 
method (scenario 

analysis) 
 

Identifying 
factors that are 

important from a 
societal point of 

view 

R
Q

3
 

Identifying factors that 
influence how easy or 

difficult it is to use 
biogas 

Overview of drivers and 
barriers experienced by 
potential biogas users 

within manufacturing and 
heavy transport 

Identifying factors 
that influence 
how easy or 

difficult it is to use 
biogas 

Identifying 
factors that 

influence how 
easy or difficult it 
is to use biogas 

Table 3. An overview of the appended papers’ relationships to the research questions. Darker boxes 

indicate that the paper was more important for answering the research question. Lighter boxes 

indicate that the paper was used to answer the research question, but to a lesser degree.  
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4.3    Data collection 

Three main methods were used to collect data during the research: workshops with 

stakeholders, document and literature reviews, and interviews (Table 4). More detailed 

descriptions of the methods used can be found in each paper.  

 

 
Workshops with 

stakeholders 
Document and literature 

review 
Interviews 

P
ap

er 1
 

 

Review of journal articles, gray 
literature and mass media for an 
overview of alternative biogas-

based fuels 

 

P
ap

e
r 2

 

 
Review of journal articles on 

drivers and barriers for 
technological choice in industry 

Interviews with company 
representatives connected to 

heavy transport, 
manufacturing and shipping 

P
ap

er 3
 

Several different kinds 
of workshops with a 

diversity of actors  

Review of journal articles on 
sustainable public procurements 
and sustainability assessments 

 
Review of journal articles and 

gray literature on indicators and 
scales that could be relevant for 

assessing bus technologies 

 

P
ap

er 4
 

Several meetings with 
representatives from 

local partners 
 

A workshop involving 
participants from twelve 
different organizations  

Review of journal articles on 
scenario construction and 

evaluation 
 

Review of gray literature on the 
current regional transport 

demand  

 

Table 4. An overview of the data collection methods for the papers.  

4.3.1 Workshops with stakeholders 

The aim of this research is to investigate which role biogas may play in a more sustainable 

energy system, a question that has been arisen from the complex sustainability problems that 

we are now experiencing and the need to work to minimize these problems. As such, the 

concept of transdisciplinary research became important – especially advanced collaboration 

with actors outside academia, in order to better suit the research to the actual needs of society.  

 

The Environmental Bus project was a collaborative project involving three local actors as 

partners, who were represented at several meetings regarding the project and were also part of 

the framing of the project. A workshop was also held with 24 participants from twelve different 

organizations in order to establish the scenarios for implementing electric buses. The 

participants were sent background material to read beforehand, and at the workshop they were 

divided into three groups: one for a baseline scenario, one for a small-scale implementation of 
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electric buses and one for a large-scale implementation of electric buses. The groups then 

discussed issue such as how these scenarios could be managed and what the results would be.  

 

The Biogas Research Center project featured regular workshops involving the local public 

transport authority and a large biogas producer and distributor, at which the various criteria 

were developed iteratively. Potential indicators and scales were also presented and discussed 

during several poster presentations, presentation/discussion sessions and additional workshops, 

mainly in connection with the Biogas Research Center.  

 

Each participant can be considered to be subjective and to think mainly from the perspective 

of the organization they represented. Having more participants might have reduced the risk of 

subjectivity due to the participants’ responses, and might have included more knowledge and 

other viewpoints that could have improved the work. However, all work with stakeholders is 

time-consuming and it is difficult to schedule meetings so that participants will attend, 

especially with a large number of participants. It was thus important to achieve a balance 

between having enough participants to get sufficient value out of the meetings and ensuring 

that there were not so many participants that this would place excessive demands on 

scheduling.  

4.3.2 Document and literature reviews 

Document and literature reviews were carried out within both projects in relation to all the 

articles by the author of this thesis, the other authors of the papers and the project participants. 

For Papers 2-4, literature reviews were conducted for journal articles within the research field 

in order to better understand what had already been done and what knowledge existed. These 

reviews focused on previous studies on drivers and barriers in Paper 2, sustainable public 

procurement and sustainability assessments in Paper 3 and scenario construction and evaluation 

in Paper 4.  

 

A document and literature review was also carried out for Paper 1, focusing on journal articles, 

gray literature and mass media output in order to provide an overview of which fuels can be 

produced from biogas and how they can be used. The main sources used were statistical reports 

from various organizations, as well as mass-media output for those fuels that are still unusual 

enough not to be included in statistical data. For Paper 3, journal articles and gray literature 

were reviewed to determine which indicators and scales could be relevant for assessing bus 

technologies, and for Paper 4 gray literature was used to understand the current regional 

transport demand. 

 

To assess the quality of documents, Bryman (2015) proposes four criteria: whether the 

evidence is genuine and of unquestionable origin, whether the evidence is free from error and 

distortion, whether the evidence is typical of its kind, and whether the evidence is clear and 

comprehensible. In the case of the review for Paper 1, national statistical reports were preferred 

as source material since they have been carefully reviewed by governmental organizations 

before publication and since the data they use is likely based on all the available statistical data 

there is. National statistics and reports, and especially regional statistics and reports, were also 

paramount to the review for Paper 4 in order to understand the current regional transport 

demand, since these was considered to have the most authentic sources. Mass media output 
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was used in Paper 1 for technologies that were too unusual to be part of national statistics, in 

order to show that these technologies are technically feasible but are not yet used to any large 

degree. In most cases, the mass media outputs were of the type that “company X has 

changed/are going to change to technology Y that is better”, i.e. promotional media that 

positively portrays the companies involved. However, although the media outputs could thus 

be considered biased, they do show that it is actually possible to use technology Y in the sector 

of company X – and that it is not the most common thing, since it would otherwise not have 

been in the news. In the literature review for Paper 3, it was important to find quality data 

regarding possible indicators and scales that could contribute to the input given by the 

participants in the study. Regarding creating the scales, direct sources such as EU or Swedish 

legislations were preferred as they have direct impact on the users. 

4.3.3 Interviews 

Interviews were conducted within the Environmental Bus project on drivers and barriers for 

biogas use within three different sectors: manufacturing, shipping and freight road transport. 

The interviews were flexible and focused on the interviewee’s point of view, but with an 

interview guide that made the interviews semi-structured. The majority of the interviews took 

place either by telephone or by video chat, which according to Bryman (2015) has little 

difference to in-person interviews regarding the response the researcher gets. All interviews 

were recorded and fully transcribed in order to allow for a more thorough and repeated 

examination and to bring the author of this thesis closer to each participant’s response, in 

accordance with Bryman’s (2015) suggestions regarding interviews. As with the workshops, 

having a higher number of participants in the interviews could have changed the results as more 

viewpoints would have been included. However, it is a time-consuming task and finding 

relevant companies that agreed to be interviewed was not without difficulties. A more detailed 

description of the interviews can be found in Paper 2. 

4.4    Analysis 

Two different methods were used in the papers to analyze the data: thematic analysis and 

scenario analysis (Table 5). More detailed descriptions of the analyses can be found in the 

respective papers. 
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 Thematic analysis Scenario analysis 

P
ap

e
r 1

 

  

P
ap

e
r 2

 

Sought patterns in the interview responses and 
identified factors that the companies expressed 

as important 
 

P
ap

er 3
 

  

P
ap

er 4
 

 
Analyzed the outcomes of different 

scenarios and how each scenario could 
be achieved 

Table 5. An overview of the analysis methods used in the papers.  

4.4.1 Thematic analysis 

According to Bryman (2015), thematic analysis can involve activities searching for themes by 

finding recurring motives through a thorough reading of transcripts and producing themes from 

these motives. Accordingly, a thematic analysis was carried out the interviews related to Paper 

2, to study the drivers and barriers for potential biogas users. The interview transcripts were 

analyzed by looking for factors that the companies expressed as being important. These factors 

were then compared against each other by looking for patterns, and were also compared against 

previous literature. The identified similar or unique themes found in the interviews were then 

compiled into a list of drivers and barriers, divided up into the three studied sectors (heavy road 

transport, manufacturing and shipping). The results of this thematic analysis became the results 

in Paper 2. 

4.4.2 Scenario analysis 

A scenario analysis was carried out within the Environmental Bus project, assessing the effects 

of city bus electrification and the subsequent use of biogas in three alternative usage areas. The 

scenario analysis also assessed what is needed to realize the different scenarios in terms of the 

actors involved and the policies needed. The scenarios were then compared to see which would 

be most beneficial and likely. The results of this scenario analysis became the results in Paper 

4.  
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5. Appended papers 

Paper 1: Biogas-based fuels as renewable energy in the transport sector 

The majority of the energy used in the world comes from fossil sources, and changing to more 
renewables is needed in order to avoid more global warming. There is no single renewable 
source that can currently be used as a substitute for all fossil fuels, a system of different 
renewable alternatives working together will be needed. Biogas, which has several societal 
benefits, can be part of such a system. However, biogas can be used as a substitute for fossil 
fuels in many different ways and may be suitable for different parts of the renewable energy 
system that needs to be developed. 
 
The purpose of Paper 1 was to contribute an overview and an increased understanding of 
different biogas-based fuels and their potential to be used as a substitute for fossil fuels in the 
energy system, with a particular focus on the transport sector. This was done by addressing 
three questions: 1) For what purpose have they been developed? 2) What strengths and 
weaknesses do the fuels have? and 3) How far have the fuels come in their development, and 
how are they produced and used today globally? 
 
To answer these questions, a literature and internet-based inventory was produced which 
resulted in a combination of journal articles, gray literature and newspaper articles These were 
reviewed in order to obtain a historical context and a good overview of the research, as well as 
an overview of the most recent developments in connection with the fuels.  
 
The results show that the production of transportation fuels from biogas mainly follows two 
different tracks (Figure 11) – either upgrading biogas to a higher methane content and then 
compressing it or liquefying it (CBG and LBG), or gasifying it to produce syngas for further 
fuel synthesis (hydrogen, methanol, dimethyl ether (DME) and Fischer-Tropsch fuels (FT 
fuels)). 
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Figure 11. The different ways in which biogas can be used to produce fuels. 

 

CBG is the fuel alternative that has come furthest in its technological development, with 

millions of compatible vehicles worldwide. CBG and LBG are the only alternatives currently 

being commercially produced from biogas. CBG can be economically viable in smaller scales 

than the other alternatives and has a high fuel yield, but it is a gaseous fuel with a large volume 

which makes transportation less efficient. The use of CBG further risks counteracting the 

climate benefits through accidental leaks. LBG, which is produced from biogas to a much more 

limited extent, is liquefied and has much lower volume requirements. However, it has to be 

kept cool continuously and needs a larger production scale to be economically viable. 

 

For all fuels produced from gasification, the production scale needed in order to be 

economically efficient will probably be too large for most biogas production processes. 

Hydrogen vehicles exist commercially, but are still rare and expensive with little refueling 

infrastructure in place, and there is a similar problem to CBG of being a gaseous fuel and thus 

requiring large volumes. However, hydrogen is often considered a fuel that will be used in the 

future due to the fact that it is relatively easy to produce from excess electricity and can be used 

in fuel cell vehicles without any tailpipe air pollution. Methanol can also be used in fuel cells, 

but is most often instead used in combustion vehicles and especially as a low blend in gasoline. 

Interest in methanol is very local, and is limited to a few countries and a few shipping 

companies. There is currently no production of methanol from biogas, but in contrast to CBG 

and hydrogen it is a liquid at room temperature. Like methanol, there is currently no 

commercial production of DME or FT fuels based on biogas. There are no compatible 

infrastructure or vehicles for DME, which also places greater demands on the engine due to 

factors such as low viscosity. By contrast, FT fuels include synthetic diesel, which is 

compatible with all diesel infrastructure and vehicles, and thus with a very large part of the 

world’s current road vehicle fleet. 
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The short-term potential for using biogas as a vehicle fuel thus lies mainly in the expanded use 

of CBG and LBG. However, hydrogen, methanol, DME and FT fuels all have strengths that 

CBG and LBG lack and that might make them interesting alternatives in the future. Hydrogen 

in particular is likely to be a part of the future energy system. 

Paper 2: Drivers and barriers for biogas use in manufacturing, road 

transport and shipping: a demand side perspective 

Biogas has been suggested as a potentially important future fuel for manufacturing, heavy road 

transport and shipping, although the use of biogas in these sectors so far has been marginal. 

The purpose of Paper 2 was to contribute to the current discourse on increasing the share of 

energy from renewable energy sources in different sectors. The article manuscript did so by 

addressing two questions: 1) What are the major drivers and barriers for increased biogas usage 

in road transport, manufacturing and shipping? and 2) In which settings can biogas already be 

a feasible option and what is needed for its wider introduction and use in other settings? 

 

Biogas was introduced in Sweden in the 20th century to decrease sewage sludge amounts, since 

which production has expanded into other areas. Since the 1990s, biogas has been used as a 

vehicle fuel and more than 60 % of the biogas produced in Sweden was upgraded to vehicle 

fuel in 2017. However, the sales of new gas vehicles has stagnated since 2014, and this – 

together with various other changes within the market – has led to increased interest in 

examining for alternative uses. Manufacturing, heavy road transport and shipping are three 

sectors where the use of biogas is currently very limited but where there is the potential to 

increase its use and to replace fossil fuels. Recent changes might also generate additional 

interest in such a substitution – for example, tax exemption for fossil fuels in manufacturing 

has gradually been phased out and emission regulations for the shipping industry have been 

introduced.  

 

The study was based on insights from previous scientific studies that addressed the adoption 

of renewable energy technologies. It was particularly inspired by the works of Ingrid Mignon 

and Anna Bergek, and was based on semi-structured interviews with eleven selected 

companies. Three of four companies represented each sector, and some of the interviewed 

companies had already switched or decided to switch to biogas, while other companies did not 

express any direct interest in switching to biogas. A thematic analysis was then carried out on 

the interview data to find patterns. 

 

In previous scientific studies, several drivers and barriers for the diffusion of renewable energy 

technologies have been identified. At the system level, drivers include existing infrastructure 

and institutional requirements and expectations, while at the actor level the drivers relate more 

to individual adopters, for example price advantages and strengthening companies’ 

environmental profiles. Barriers at the system level concerned areas such as market structures 

favoring existing technologies, high costs and unstable policies, while barriers at the actor level 

concerned areas including a lack of financial resources and social capital. 

 

The interviews identified five drivers and nine barrier which the companies experienced with 

regard to biogas (Table 6). Several companies in each sectors state that drivers for biogas 
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included the importance of environmental actions for the company and the fact that companies 

can win market shares by being “the environmental alternative”. Common barriers were related 

to either cost (too expensive, or unfavorable policies) or biogas itself (too little production, not 

suitable/compatible, or a lack of infrastructure). 

 

 

 
Manufacturing 

Heavy road 
transport Shipping 

 Four 
companies  
(A, B, C, D) 

Three 
companies  
(E, F, G) 

Four 
companies 
(H, I, J, K) 

    

      Drivers   

Environmental actions are important to the 
company 

A, B, C, D E, F, G H, K 

Winning market shares by being “the 
environmental alternative” 

A, B, C E, F, G H, J 

Family business B, C - K 

Contract requirements - - I 

Internal biogas production A - - 
    

      Barriers   

The unreliability and short-sightedness of 
current policies 

B  E, G  - 

Policies favor other fuels more D - H, K 

Biogas is expensive C - H, J, K 

Lack of suitable biogas D (liquefied) E, F H, J, K 

Lack of infrastructure B, C - - 

Not compatible with current system A, D E, G H, K 

Existing biogas technology is not suitable - G I, J 

Contract requirements - - I 

Previous bad experience with methane gas - E - 

Table 6. The drivers and barriers experienced by the companies in the studied sectors. 

 

The results from the interviews confirmed some of the drivers and barriers found in the 

empirical studies, but the literature also included additional drivers and barriers which the 

companies did not express in their interviews (Table 7). The opposite also applies – one driver 

raised in the interviews that is rarely mentioned in the renewable energy adoption literature is 

that of family-owned businesses and their more long-term, intergenerational perspectives in 

connection with strategic decisions. The issue of drivers and barriers can also be complex, and 

an aspect can be both a driver and a barrier for the same actor.  
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Drivers 
 

Level of analysis Sub-categories 

System level 

• Steady demand for biogas 

• Existence of biogas production facilities 

• Existence of gas grids 

• Existence of fueling stations 

• Subsidies (tax exemptions, exemptions from parking fees, congestion 
fees; subsidies for production) 

• National, regional and local climate goals 

Actor level 

• Economic gains  

• Non-economic gains 

• Stakeholder requirements 

• Existence of biogas production facilities 

• Contributing to environmental goals at different societal levels 

• Improving social status 

• Branding 

• Green profiling 

• Values/norms 
  
Barriers 
 

Level of analysis Sub-categories 

System level 

• Dominance of fossil fuel incumbents 

• Lack of physical infrastructure 

• Lack of biogas 

• Lack of competence, capability, resources or capacity among 
technology developers 

• Investments costs, risks and returns 

• Availability of and access to capital 

• Unfavorable policies 

• Stakeholder interactions 

Actor level 

• Lack of knowledge 

• Dissatisfactory experience 

• Limited financial resources 

• Incompatibility with physical resources 

• Lack of social capital 

• Values/norms 

• Characteristics of potential adopter 

• Strategies of potential adopter 
Table 7. Summary of identified drivers and barriers to the diffusion of biogas in the manufacturing, 

shipping, and road transport sectors. The drivers and barriers confirmed by the results of Paper 2 are 

shown in bold. 

 

The study in Paper 2 suggests that there is a need for more ambitious policy strategies guided 

by long-term trajectories, to provide a stable basis for adopters to make investments, as well as 

experimentation to prevent lock-in in sub-optimal energy solutions. 
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Paper 3: Sustainability assessment of public transport, part I – a multi-

criteria assessment method to compare different bus technologies  

Transport systems are linked to many essential challenges, related to issues such as the 

environment or health, and there is a need for a transition towards more sustainable alternatives. 

Many organizations take actions to improve their sustainability performance, and this includes 

Swedish regions. Swedish regions are responsible for public transport in Sweden and the public 

bus fleet has undergone a major transition during the last two decades, from mainly using fossil 

fuels to more than 60 % of buses using renewables in 2017. The regional public transport 

authorities, which are controlled by the Swedish regions, have been key actors in this transition 

via the public procurement process. However, several different alternative bus technologies 

exist, which raises questions from the regions regarding the most suitable alternative. There 

seems to be a significant need for improved knowledge and supporting methods when it comes 

to how sustainability assessments can and should be included in public procurement, which is 

also relevant for transportation. The purpose of Paper 3 was to establish such a method – a 

multi-criteria assessment method – to be used when assessing the sustainability of public bus 

technologies. The companion paper, Part II, applies the method to the alternative bus 

technologies that are currently relevant in Sweden. 

 

In previous research, it has been shown that key actors such as authorities struggle to implement 

and maintain sustainable public procurement, especially at local level. This can be due to 

factors including budget constraints, a lack of sufficient knowledge or a lack of simple methods 

and guidance. There are two main groups of methods, based on a single criterion and multiple 

criteria. The advantage of single criterion methods is that they are simple to communicate, but 

it is difficult to include all relevant effects and to correctly estimate the values of the included 

effects. Multi-criteria methods, on the other hand, allow several different types of indicators to 

be included and can provide more holistic evaluations, while also facilitating communication 

and obtaining an overview. 

 

Assessing the sustainability of different bus technologies is a broad and multi-faceted task, 

which makes a multi-criteria approach suitable. This MCA process, involving developing a 

tool to support regional public procurement processes, was participatory and iterative in nature 

and involved several stakeholders and experts. 

 

In this process, four key areas were developed (technical performance, economic performance, 

environmental and energy performance, and societal performance) along with key questions to 

define the purposes of the key areas. Twelve indicators were then developed to answer the 

questions for the key areas (Table 8). 
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Key areas and key questions Indicators 

Technical performance 
Is the technology robust and convenient to 
use? 

- Technical maturity 
- Daily operational availability 

Economic performance 
Is the technology cost-efficient with a 
stable cost development? 

- Total cost of ownership 
- Need for investments in infrastructure 
- Cost stability 

Environmental and energy performance 
Is the technology favorable concerning 
energy efficiency, environmental impacts 
and management of natural resources? 

- Energy efficiency 
- Greenhouse gas emission savings 
- Local/regional impact on land and aquatic 
environments 
- Air pollution 
- Noise 

Social performance 
Is the technology favorable in concerning 
societal and social issues? 

- Energy security and employment 
- Sociotechnical system services 

Table 8. The key areas, key questions and indicators established in Paper 3 for assessing public bus 

technologies. 

 

Each indicator was assigned a 5- or 3-point scale, ranging from very poor to very good – via 

either a quantitative scale or a qualitative scale. For example, the indicator “technical maturity” 

is a qualitative indicator with a scale ranging from “Possible technology, but not developed 

enough to be seen as a reasonable alternative from a technical perspective” to “Well 

established technology on the Swedish and international market. No relevant doubts regarding 

the technical performance. High operational availability is expected.”. 

 

Finally, the process and the indicators were discussed based on advice for effective and 

efficient sustainability assessments. 

Paper 4: Socio-technical scenario construction and local practice – 

Assessing the future use of biogas, biodiesel and electricity in a 

regional transport system 

To assist with complex transition-oriented decision-making, substituting fossil fuels for 

renewables is often analyzed and outlined using scenarios which frequently focus on certain 

contexts to discuss the viability of different options. Socio-technical scenario analyses that 

combine quantitative indicators with qualitative techniques can help address such complexities. 

The purpose of Paper 4 was to show how transition research can interact with local practice by 

presenting a socio-technical scenario analysis that involves different renewable energy 

technologies, and by describing a process that entails substituting fossil fuels as well as 

redeploying renewable fuels into new application contexts.  

 

The focus is on a delimited region, the Swedish county of Östergötland, highlighting the critical 

role of local actors in the realization of energy transitions. Östergötland is a frontrunner within 

biogas production in Sweden and started to substitute diesel buses with biogas buses in the 

early 1990s. However, an investigation commissioned by the Swedish Government presented 

scenarios for city buses in Sweden involving a rapid pace of electrification and where the 

current biofuels used for buses would be redeployed for other uses. Sweden has come a long 
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way in its transition from fossil fuels, with more than 60 % of energy consumption originating 

from renewable sources, but there is still large-scale use of fossil fuels and emissions of 

greenhouse gases within the manufacturing industry and the transport sector. 

 

This scenario study presents four regional sociotechnical scenarios developed based on current 

development trends and in collaboration with representatives from actors such as the local 

energy utility, the municipality and the regional public transport authority. The baseline 

scenario assumes large, sudden changes and is based on development trends, which show that 

the region is growing and that traveling and transportation are assumed to increase by 2030. In 

the second scenario, a limited implementation of electric city buses in Linköping by 2030 is 

assumed, with the excess biogas replacing diesel for regional express bus routes. In the third 

and fourth scenarios, 90 % of all Linköping’s city buses are assumed to be electrified by 2030, 

with the excess biogas being liquefied into LBG and then being used instead of diesel in heavy-

duty trucks or instead of LPG in manufacturing industries. 

 

Scenario 1 Baseline 

Continuous transport growth up until 2030 based on 
development trends since 2005. Traveling by public transport 
increases its share of traveling in the region. The share of biogas 
remains unchanged in public transport. No electrification of city 
buses, and no important biogas introduction in industry or heavy 
freight transport.  

Scenario 2 
Electricity and 
biogas in public 
transport 

Limited implementation of electric city buses in Linköping by 
2030, biogas replacing HVO for inter-city bus routes. HVO 
replacing fossil diesel in heavy-duty trucks. 

Scenario 3 
Electricity in city 
buses and biogas 
in trucks 

90 % of all city bus lines in Linköping electrified. Biogas in heavy-
duty trucks replacing fossil diesel. 

Scenario 4 

Electricity in city 
buses and biogas 
in manufacturing 
industry 

90 % of all city bus lines in Linköping electrified. Biogas in 
industrial processes replacing fossil gas. 

Table 9. Summary of the scenarios. 

 

Depending on what the excess biogas is used for, different actors need to be involved to realize 

the scenario and doing so depends on different government policies. The scale of electric bus 

implementation will affect the environmental impact of the change, with scenarios 3 and 4 

having larger reductions in the amount of non-renewable primary energy needed and in 

emissions of greenhouse gases and air pollutants in the cities (Figure 12). However, scenario 2 

offers a larger degree of substitution in its area (regional bus traffic), while the amount of excess 

biogas would have less impact on the larger sectors of heavy-duty trucks or manufacturing 

industries.  
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Figure 12. The resulting reductions in greenhouse gases and primary energy use for the scenarios, 

compared to the baseline scenario. 

 

At the start of the project, a decision to implement electric city buses appeared unlikely and 

distant for the actors involved, but after the end of the project it was announced that the regional 

public authority would start implementing electric buses during the 2020-2030 contract period. 

A key factor in making the implementation of electric buses politically feasible in the local 

context was engaging stakeholders in dialogue on alternative ways to use biogas, and the 

project partners acknowledged that the project had resulted in a broadened understanding that 

strengthened their ability to evaluate different technology options. Participation was more 

important than prediction, and acceptability was more important than accuracy in the scenario 

construction. 
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6. Results and discussion 

There is a need for a large-scale sustainability transition in the energy system, and biogas can 
be part of a more sustainable energy system. However, it is not certain which usage areas are 
most suitable for biogas, and this needs to be assessed. Such an assessment requires methods 
to assess different alternatives, with relevant aspects being taken into consideration, as well as 
an investigation into what determines whether it is more or less difficult to introduce new uses 
for biogas. This chapter will summarize, synthetize and discuss findings in relation to the 
research questions. 

6.1    In what ways can biogas be used in a more sustainable energy 

system? 

It is difficult to bring about a transition of a socio-technical system such as the energy system. 
Several studies, such as McKendry (2002), Demirbas (2007) and Armaroli and Balzani (2007), 
have shown that many different renewable alternatives can contribute importantly to such a 
change. In the case of the energy system in Sweden, there have been some changes and more 
renewable energy than fossil energy was used in 2017. However, there are major differences 
between individual sectors. While fossil fuels are barely used for electricity production and 
district heating, large amounts of fossil fuels are still used within the transport and 
manufacturing sectors.  

6.1.1 Heat and electricity 

Even if the use of fossil fuels for heat and electricity is small compared to its use in 
manufacturing and transportation, 3-10 GWh of fossil fuels are used for electricity, district 
heating and housing/services each year (Swedish Energy Agency, 2019a). Thus, each of these 
sectors still uses more fossil fuels than Sweden’s annual biogas production. Instead of using 
biogas in one of the fossil fuel intense sectors, it could be used to further reduce use in sectors 
that might have difficulties substituting remaining fossil fuels.  

Biogas for heat 

In Sweden, biogas is more often used to generate heat than electricity. One benefit of producing 
heat from biogas is that it is the easiest way to use biogas (Lantz, 2012). Börjesson and Ahlgren 
(2012) showed the investment costs per kW are lower for heat plants only producing heat tham 
if the plant were also to produce electricity. As such, it may be interesting to generate heat 
using smaller biogas production plants. This can also be seen in the statistics for biogas 
production plants in Sweden – almost all the largest plants are upgrading much of their biogas 
to biomethane, while smaller plants, especially plants that have a lower annual production than 
3 GWh, almost never upgrade biogas to biomethane but instead nearly always use it for heat 
(or electricity to a lesser extent) (Swedish Energy Agency, 2016). However, using biogas for 
heat in Sweden is not necessarily the most economical option since there are other renewable 
fuels that can be burned and that cost less (Lantz, 2012). There are also large seasonal changes 
in heat demand, with little demand during the summer (Lantz, 2012). 
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Biogas for electricity 

Using biogas to generate electricity is, like heat production, simpler than using it for transport 

in that it does not require the biogas to be upgraded and the technology is less advanced. In a 

study on biogas options in Italy, the upgrading options required a capital cost that was more 

than ten times as high as the capital cost for the CHP option (Patrizio et al., 2015). However, 

like biogas for heat production, CHP from biogas might not be the most economical option 

either – Lantz (2012) found that CHP from manure-based biogas was not profitable in Sweden 

under the existing market conditions.  

 

In addition to the lower investment costs, another benefit of biogas-based electricity production 

is that it could be used as balancing power, which might become more important in the future. 

During the last two decades, electricity production in Sweden has mainly been based on water 

power and nuclear energy, but has also used some smaller amounts of electricity from 

combined heat and power plants (Swedish Energy Agency, 2019a). The main change is that, 

during the last dozen years, wind power has gone from almost no production to 10 % of the 

country’s entire electricity production (Swedish Energy Agency, 2019a). Apart from wind 

power, there has also been a rapid increase in solar power in Sweden, but the amounts produced 

are still too small to be visible in the energy production statistics (Swedish Energy Agency, 

2018b). One problem with such a shift towards more wind and solar power is that they are very 

intermittent power sources, and that it can be difficult to balance the load – especially 

considering the planned nuclear phase-out in Sweden (Fischer et al., 2018). In recent years, 

several studies have focused on biogas and the possibility of using it for more flexible power 

production, such as Mauky et al. (2017) who found that flexible feeding can result in more 

variable gas production and thus also greater flexibility in power production. Other examples 

of recent studies in the area include Lauer and Thrän (2017), who found that more flexible 

biogas plants in the future could be used to improve the system integration of intermittent 

renewable energy, and both Lauven et al. (2019) and Lauer et al. (2020) carried out economic 

assessments of flexible power generation from biogas.  

6.1.2 Transportation 

Much of the biogas produced in Sweden is already being used in the transport sector in the 

form of CBG for cars, buses and light trucks. Considering the anticipated rapid growth in 

electric cars and buses, biogas might instead be used as a fuel for other kinds of transportation, 

such as heavy trucks and ships. Compressed biomethane is too voluminous for these options, 

but biogas can be used to produce many other fuels. There are two main alternatives for 

producing transportation fuels from biogas (Paper 1). The biogas can either be upgraded and 

made more energy dense via compression or liquefaction, or can be reformed into syngas via 

gasification and further reformed into hydrogen, methanol, DME or Fischer-Tropsch fuel 

(Figure 13). However, in view of the amount of fossil fuel used in transportation, current biogas 

production levels and the still relatively small (albeit growing) number of electric cars in 

Sweden1, compressed biomethane could play an important role as fuel for cars.  

 

 
1 0.3 % and 1 % of the cars in Sweden were electric and plug-in hybrids respectively in 2018. The numbers of 
both electric cars and plug-in hybrids have, however, increased since 2012 at an increasingly rapid pace 
(Statistics Sweden, 2019). 



  

40 
 

 
Figure 13. An overview of what biogas can be used for, either as raw biogas or via reformation to other 

fuels like CBG or LBG (cf. Paper 1). The size of the text indicates the amount of fossil fuel usage in 

Sweden, where the electric sector uses the smallest amount of fossil fuels and the transportation 

sector uses the largest amount.  

Biomethane and fuels via gasification into syngas 

Today, biogas is mainly used as a transport fuel in the form of upgraded biogas that has been 

compressed into CBG. To a lesser but increasing degree, upgraded biogas is instead liquefied 

into an even higher energy concentration (LBG) in order to be used in heavier transport such 

as long-distance trucks or ships (Paper 1).  

 

The fuels produced via syngas, methanol, DME and FT fuels have certain qualities that could 

make them interesting in some transport contexts (Paper 1). Methanol and FT fuels are liquid 

and are thus easier to transport, existing vehicles can be retrofitted for use with both DME and 

methanol, and FT diesel can be used directly in the current fleet and infrastructure (Paper 1). 

However, although these fuels have some qualities that CBG and LBG lack and although some 

of them are currently used on commercial scales, there has not yet been a movement towards 

large-scale production based on biogas and it is therefore not likely that they will be viewed as 

potential alternatives to biogas in the foreseeable future (Paper 1). The other fuel that can be 

produced via syngas, hydrogen, has more obvious development potential since it is expected 

to be part of a future energy system due to its ability to be used in fuel cells without any tailpipe 

emissions as well as its ability to be produced from excess electricity (Paper 1).  

 

However, CBG will most likely continue to dominate as the most common biogas-based fuel, 

together with increased use of LBG. Paper 1 shows that CBG is the only fuel alternative used 

on a large scale today, and therefore has advantages in terms of technical maturity. The rising 

interest in LBG in Sweden, with increasing numbers of refueling stations (e.g. 
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Bioenergitidningen, 2018; Fordonsgas, 2018), vehicles (e.g. Daimler, 2018; DNV GL, 2016; 

Scania Global, 2017) and production sites (e.g. Tekniska Verken, 2018), may pave the way for 

increased use of biogas. Since CBG is too voluminous to transport over large distances 

effectively, the introduction of LBG opens up the possibility of a less regional and more 

national biogas market, since biogas then can be distributed over longer distances. Areas where 

biogas production is limited can thus, with LBG, use biogas, which was not previously possible 

since the ineffective transportation of CBG forced biogas to be used close to the production 

site. LBG also brings opportunities for new usage areas where biogas has not previously been 

used due to CBG being too voluminous, such as heavy road vehicles and shipping. In both of 

these areas, liquefied methane use is developing with larger numbers of vehicles and refueling 

options (Paper 1), thus expanding the possible market for biogas to more areas and more energy 

sources that could be substituted. 

 

The current rising interest in LBG is, however, largely based on LNG. While many refueling 

stations are being built in Sweden, there are still only two production plants for LBG. Several 

shipping companies have stated that an advantage of LNG ships is that LBG could be used 

instead (interview transcripts related to Paper 2), but none of them had any plans to do so in 

the near future (Paper 2). Sanches-Pereira et al. carried out a study in 2015 on the relationship 

between natural gas and biogas, and found that the biogas agenda might result in an increase 

in natural gas imports in Sweden, and this seems to be a risk with the current trend towards 

vehicles and infrastructure that can use liquefied methane but with very limited LBG 

production. However, they also found that the future development of upgraded biogas could be 

hampered by natural gas being phased out, so even though LBG can enable more LNG use in 

some ways, the opposite may also be true.  

6.1.3 Manufacturing industries 

Biogas as a fuel for manufacturing industries depends to a large extent on the user, and can 

thus use raw biogas and biomethane from pipelines, CBG and LBG. If the manufacturer 

produces biogas itself, as in the case of Agroetanol, it can use the biogas directly (Paper 2). If 

the manufacturer is connected or close to a gas pipeline, like Arvid Nordquist, it can use 

biomethane from the pipeline (Paper 2). If the manufacturer is further away, like Toyota 

Material Handling, it can use LBG transported using trucks (Paper 2). However, the use of 

biogas in manufacturing industries is still quite limited (Figure 6). Recent policy changes might 

however change this, since the previous tax exemptions on fossil fuel use within manufacturing 

industries have now been removed (Swedish Tax Agency, 2018). The rising interest in LBG in 

Sweden today may also offer opportunities for more users, as it did for Toyota Material 

Handling. Manufacturers that are far away from both biogas production and gas pipelines have 

previously not had the chance to use biogas (Paper 2).  

 

Among the manufacturing industries that use fossil fuels, 14.1 TWh, 9.9 TWh and 4.2 TWh of 

coal, oil products and natural gas respectively were used in 2017 (Swedish Energy Agency, 

2019a). The steel and metal industry was responsible for half of this fossil fuel use (Swedish 

Energy Agency, 2019a), mainly due to its dependency on coal-fired furnaces to produce steel 

(Swedish Environmental Protection Agency, n.d.). A previous study by Johansson and 

Söderström (2011) found that some steel manufacturing could use methane instead, and at least 

one steel company has tried using biogas in its production (Energigas Sverige, 2017a). 



  

42 
 

However, for substitution to biogas, it is mainly the industries using oil or natural gas that are 

most relevant. Of these, natural gas users could directly substitute natural gas for biogas, as 

Svenska Brasserier did for its stoves (Paper 2). Much of the natural gas used in manufacturing 

industries in Sweden is not used for direct energy purposes, but rather as a raw material for 

chemical production. However, some industries see the potential for biogas use (Energigas 

Sverige, 2017a). For oil products such as fuel oil or liquefied petroleum gas, the manufacturing 

facility would require parts of the current system to be rebuilt, since methane requires different 

equipment for components such as injectors and pipes (Paper 2). Due to this additional cost 

when starting to use biogas in manufacturing, biogas may be more relevant for industries with 

older facilities that need to be upgraded. LPG is cleaner than fuel oil, has a lower environmental 

impact and is cheaper, and several manufacturing plants have changed from fuel oil to LPG 

(Energigas Sverige, 2017b). There is thus a possibility that industries using oil will have older 

facilities than those using LPG, and that biogas may be of more interest as a replacement for 

oil in these older facilities. However, the manufacturing plants that have already switched to 

biogas in Sweden used either LPG or natural gas before switching (see the examples in Paper 

2, Energigas Sverige, 2017a; Isberg, 2017).  

6.2    How can we assess whether biogas is suitable in a specific 

context? 

To find out whether something is suitable in a specific context, a systematic assessment is 

needed. Such an assessment can be carried out by applying a sustainability assessment tool that 

assesses relevant aspects.  

6.2.1 Assessment tools 

There are a number of different assessment tools that can be used to assess whether or not 

biogas is suitable in a specific case. For biogas, some sort of product-related assessment or 

integrated assessment is probably better, since suitability depends on the specific technology 

and usage area, but exactly which tool is best for biogas assessments will vary from case to 

case.  

 

Paper 3 establishes a multi-criteria assessment method for alternative technologies for public 

buses. This method is intended as an aid in the early stages of public procurement processes, 

where users would be able to identify the optimal option for them, which is what Ness et al. 

(2007) explained that MCAs are used for. The goal was primarily to help make the issue more 

transparent so that decision-makers could decide for themselves how to balance the various 

important aspects. The participatory nature of this kind of MCA, where decision-makers can 

be involved in deciding on trade-offs, can be positive. According to Moser (2016), 

collaboration with stakeholders can increase the fit of the solutions to the actual needs of 

society, and Strantzali and Aravossis (2016) explain that objectives often differ between users, 

with the best fitting solution thus being highly dependent on the preferences of the decision-

maker. However, this can also be a significant risk with MCAs. According to Browne and Ryan 

(2011), value-laden weightings may be used and may lead to subjective, non-transparent bias. 

 

As an integrated assessment tool, Multi-Criteria Assessment is primarily suitable for 

supporting decisions related to a policy or a project in a specific region (Ness et al., 2007). For 
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smaller companies, it is possible that this will be too complex. Adding environmental 

considerations to a life cycle costing assessment, which is usually a common investment 

calculation, might be a better option. 

 

Paper 4 uses another assessment option: socio-technical scenarios. Instead of focusing on a 

certain user, it focused on which fuel is suitable from a broader societal viewpoint, where the 

entire region was included. The study found that the environmental impact differed depending 

on what the biogas was used for – mainly due to which fuel biogas was substituted for. 

Although the manufacturing industry could substitute more of its current fuel than long-haul 

truck transportation due to differences in engine energy efficiency, long-haul trucks still 

represented a greater reduction in greenhouse gas emissions due to biogas having been 

substituted for diesel rather than LPG as in the manufacturing industry. This corresponds to the 

findings of other studies, such as Ammenberg et al. (2018) who identified a risk of replacing 

one renewable fuel with another without an alternative usage area for the substituted fuel. A 

scenario study similar to that in Paper 4 could thus, like Bunn and Salo (1993), be used for a 

strategic evaluation of different options to understand how a society will change in future 

depending on which choices are made.  

6.2.2 Which aspects should be part of an assessment? 

Which aspects should be included in an assessment depends on the usage area. For example, 

vehicles for city traffic will have more impact on noise and local air pollution than a 

manufacturer that uses biogas as a raw material for chemical production. There are many 

previous sustainability assessment studies that have based their assessments on the three pillars 

of sustainable development (i.e. environmental, social and economic aspects), such as Maoh 

and Kanaroglu (2009). However, there are also studies that have included other aspects, 

especially in relation to the fact that the alternative should function well – such as system 

effectiveness (e.g. system performance for transportation systems) in a study by Jeon et al. 

(2013), or Mitropoulos and Prevedouros (2014) who also considered technology performance 

and users. Since the user perspective is an important part of this research, this assessment 

includes two perspectives: 1) whether it is suitable according to the user, and 2) whether it is 

suitable considering more general social, environmental and economic aspects. 

User perspective 

The user perspective is based on what each specific user would find relevant to evaluate in 

order to see whether or not it suits them. The user is here defined as the user of the biogas, for 

example a bus operator. 

 

In Paper 3, the MCA method was used together with relevant stakeholders of the alternatives 

studied, and identified a number of aspects that they considered important for assessing 

different fuels for buses – for example biogas. Some of these were technical issues related to 

the use of the technology – whether the technology could be used as needed by the user. In the 

case of buses, this was expressed as technical maturity, to ensure that the buses would function 

as they should and not experience problems, as well daily operational availability, to ensure 

that the buses would not need any additional stops during the day that would cost the user 
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money. Economic issues were also found to be important. In the case of buses, this related to 

the cost of owning the bus, the cost of investments in infrastructure and cost stability.  

 

Mitropoulos and Prevedouros (2014) included a user focus as part of their essential factors in 

their sustainability assessment for urban transportation vehicles. Similar to Paper 3, they 

considered day-time availability to be an important indicator for users, but they also included 

other indicators such as mobility, demand, delay, safety, leg room/cargo space, access time and 

fueling opportunities. The safety indicator could be of particular importance for biogas. Some 

stakeholders involved in one of the workshop sessions connected to Paper 3, held shortly after 

a biogas bus exploded in Stockholm after driving into a tunnel that was too low for the bus, 

were concerned about safety issues. Fueling opportunities, i.e. available locations for fueling, 

can also be important for biogas. Paper 1 shows that there are still areas of Sweden where there 

are long distances between biogas refueling stations – especially for liquefied biogas. However, 

for public buses, addressed by Paper 3, the issue of fueling opportunities is less relevant since 

there are often refueling possibilities at Swedish bus depots.  

The sustainability perspective 

Since public buses in Sweden are operated on behalf of the region, who have regional 

development as part of their work, Paper 3 also identified several aspects connected to general 

problems in the region rather than being specifically focused on buses and bus use – noise, air 

pollution, energy security, employment and local/regional impact on land and aquatic 

environments. 

 

Since Paper 3 was based on regional viewpoints, with regional development and sustainability 

in mind, it included several aspects that are connected more to general sustainability issues than 

to the user’s direct use of the technology. In terms of environmental aspects, it focused on e.g. 

GHG emissions – which the participants agreed upon was of central importance for the region. 

GHG emissions have also been used to compare different alternatives in many previous studies, 

such as Maoh and Kanaroglou (2009), who studied urban sustainability and where greenhouse 

gases from transport were one of the considerations, or Ahmadi Moghaddam et al. (2015), who 

studied different possible biogas-based fuels that could be used in buses and their respective 

greenhouse gas emissions. Another important aspect identified for public buses in Paper 3 was 

energy efficiency from a life cycle perspective, which is more important due to the fact that 

only engine efficiencies are considered. This was also considered an important area for Paper 

4 – since the scenario study focused on the region rather than an individual actor, a life cycle 

perspective on energy efficiency was much more appropriate for the study. One example is the 

way Swedish public buses were previously assessed only on the basis of engine efficiency. 

According to Gustafsson et al. (2018), it would be beneficial to have a longer well-to-wheel 

perspective. Other studies, such as Mitropoulos and Prevedouros (2014), also focused on a 

broader perspective for energy efficiency than simply engine efficiency.  

 

Other important environmental aspects identified through the collaborative process in 

connection with Paper 3 were air pollution, noise and local/regional impact on land and aquatic 

environments. These issues have also been included in other assessment studies. Maoh and 

Kanaroglou (2009) considered PM and NOx air pollution and noise to be social indicators 

rather than environmental indicators, since they affect the health of individuals. However, there 
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are also studies that, like Paper 3, count air pollution and noise as environmental impact, for 

example Mitropoulos and Prevedouros (2014). In their studies evaluating urban sustainability, 

Maoh and Kanaroglou (2009) also separated out several issues that could be considered for the 

local/regional impact on land and aquatic environment, such as acidifying gases, land coverage, 

volatile organic compounds and fragmentation of open space.  

 

In terms of social aspects, Paper 3 only included an indicator for energy security and 

employment, although other indicators were also discussed, such as synergies between socio-

technical synergies. Maoh and Kanaroglou (2009) did not focus on these aspects, instead 

considering several other social aspects such as opportunities for the vitality of the city center 

and the surrounding region and the fair distribution of economic benefits. The vitality of the 

surrounding region in particular could be impacted to a large degree by whether or not biogas 

is used, since biogas often has strong regional ties via substrates, production and digestate.  

 

Since the study in Paper 3 was more focused on what was important for users and the regions 

that procure bus services, economic considerations were also more focused on this. Other 

studies have had a more societal focus, such as Maoh and Kanaroglou (2009) who studied the 

urban sustainability of transport and who took a societal perspective, emphasizing the benefits 

from the transport option particularly considering issues such as investment and operational 

costs, user benefits and external costs for accidents and other health issues. 

6.3    What determines whether it is easy or difficult for a user to start 

using biogas? 

According to the findings in the appended papers, six main areas affect how easy or difficult it 

is for a user to start using biogas: technological maturity, tank volume, distance between the 

producer and the user, scale of energy use, policies and costs, and strategies of individual 

organizations. 

6.3.1 Technical maturity 

One requirement for any kind of introduction is that the technology is sufficiently developed 

to be an interesting alternative. The participatory study in Paper 3 found that the potential users 

of buses, where biogas was one alternative, thought of technical maturity as an important aspect 

to consider since newer technologies are more prone to failure. Kemp et al. (1998) also add 

that new technologies can face different difficulties compared to more mature technologies. In 

addition to small scales of production leading to more expensive production, they often have 

to confront suboptimal policies, skepticism regarding “strange” solutions, competition with the 

companies’ current solutions and lack of infrastructure. A lack of infrastructure was also noted 

as a barrier in Paper 2, where the interviewed potential biogas users pointed out that they 

experienced this as a barrier to biogas implementation. Some companies also mentioned the 

fact that the existing technologies were not yet sufficiently developed to be suitable for their 

purposes. This difficulty with gas infrastructure is corroborated by Börjesson and Ahlgren 

(2012), who explain that gas distribution is a central problem in terms of enabling the best use 

of the available biogas potential.  
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6.3.2 Tank volume 

An important aspect to consider for biogas is that it is a gaseous fuel, and thus requires a large 

volume (Paper 1). All different fuels that can be produced from biogas depart from the edict of 

increasing the concentration of energy in the fuel, by concentrating it, compressing it, 

liquefying it or converting it into a more manageable energy carrier (Paper 1). The 

concentration of energy in the fuel will have a large effect on the possible uses for biogas, since 

more fuel-intense users require more energy, and if a higher energy demand requires larger 

volumes than what is possible for the vehicle, biogas cannot be introduced. It is thus paramount 

for the possibility of introducing biogas-based fuels that the fuel requires an acceptable amount 

of volume for storage, and this differs depending on the circumstances. Light vehicles are less 

energy intense and can thus use a fuel with a lower energy concentration, while heavy freight 

road vehicles or ships require very large volumes to store enough compressed biomethane, for 

example. This aspect has also been identified as important in other studies. Toyota Material 

Handling did not introduce biogas until there was a version with a higher energy concentration 

– LBG (Paper 3). Biogas has not been considered an option for double-decker buses due to the 

bulky nature of the fuel tanks (Paper 4).  

6.3.3 Distance between the producer and the user 

A related issue is the distance between the producer and the user. Since the gas grid in Sweden 

is very limited, biogas has been limited in the rest of the country to being transported via trucks. 

It is possible to extend the gas grid, and this was done for Arvid Nordquist when the company 

planned to start using biogas (Paper 2). However, the extension was only extremely short and 

Arvid Nordquist explained that moving production to a new site with no nearby grid or 

production would result in the company being unable to use biogas. Being restricted to trucks 

carrying CBG – the only option until the recent rise in LBG production – has limited the 

geographical area in which biogas can be used, since CBG is very voluminous and takes up too 

much space in trucks for long-distance transportation to be efficient. Ahmadi Moghaddam et 

al. (2015) showed this difficulty in their study of different biogas-based fuels: while CBG was 

the most energy efficient option over smaller distribution distances, it became the worst option 

when the distribution distances increased. However, the rise in LBG production brings new 

opportunities to increase the market from a local/regional scale to a more national scale. With 

its higher energy concentration and subsequently more efficient distribution via trucks, LBG 

has the potential to be used further away from its production –thus achieving a function similar 

to that of a fully developed gas pipeline system, where the market for gas becomes more 

national.  

6.3.4 Scale of energy use 

The scale of the energy use for potential users is another area that can make matters more or 

less difficult for a potential user. 

  

Almost half of the interviewed companies in Paper 2, especially the shipping companies, 

explained that the scale of biogas production was currently too small to be a relevant option for 

them. Ships often require large amounts of fuel. According to Stena Line, a single ferry has an 

average yearly fuel use on the same scale as the annual production of the largest biogas 

production plant in Sweden. It would be very difficult to manage any large-scale high-blend 
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substitution to LBG in the near future when each ship requires all the fuel produced by a 

facility, or more. Hansson et al. (2019) identified a similar difficulty, and noted that LBG is 

currently only of interest for minor applications in short-distance sea shipping or as low-blends 

in LNG. The manufacturing sector may experience similar difficulties. In the region studied in 

Paper 4, there were three identified major concentrations with annual LPG use of 80-130 GWh 

– roughly the same scale as the largest biogas production plants in Sweden. However, 

manufacturing plants exist in many different sizes, and there are also a number of plants that 

currently use smaller amounts of fossil fuels that could easily be covered by the scale of biogas 

production. It is mainly such smaller plants where biogas could be a relevant alternative. 

 

In contrast to shipping, the heavy road vehicle sector consists of many small, moving units that 

need to be able to refuel in different places (Paper 1). However, each moving unit has been too 

fuel-consuming for biogas to be relevant before the introduction of LBG. Although each 

moving unit is small, the sector as a whole is large (Swedish Government Official Reports, 

2013), which means that switching to biogas will not have any large effect on the entire sector 

due to the lack of scale of biogas production, only on limited parts of it. 

6.3.5 Policies and costs 

Users will incur investment costs when starting to use biogas, as experienced by Toyota 

Material Handling, Agroetanol and Arvid Nordquist in Paper 2. The fuel price of biogas will 

in turn be affected by the investment costs for starting to produce biogas. The price of biogas 

can also be affected by the plant’s operating costs and the distribution costs for biogas, as well 

as by potential costs for the substrate and potential gains from digestate sales. Policies affect 

the development of biogas solutions through changes in conditions for the production and use 

of biogas, which in turn affect the price of the fuel – such as investments grants, environmental 

permits for production, tax reductions on using the fuel and subsidies for certain substrates. 

Policies as drivers 

Policies are often seen as enablers, for example in the case of CNG vehicles in New Zealand 

in the 1980s, when CNG vehicles rose to 10 % of the national fleet over the course of seven 

years with various grants, loans etc. (Paper 1). The current gradual phasing out of fossil fuel 

tax exemptions in Sweden has made manufacturing companies more interested in renewable 

alternatives (Swedish Tax Agency, 2018). The tax exemption of renewable fuels within the 

road transport sector has encouraged the growth of biogas use within transportation, and 

emission controls has resulted in greater interest in LNG for shipping (Paper 2).  

Policies as barriers 

However, policies can also make it more difficult to introduce biogas, depending on how the 

policy instruments are shaped. The policy structures for shipping differ from other 

transportation options since much of shipping is international and thus hard to regulate via 

national policies; furthermore, those policies that do exist are not always positive for biogas 

(Paper 2). For three of the four interviewed shipping companies, policies acted as barriers since 

fossil fuels were tax exempt but not necessarily renewable fuels (Paper 2). As a result, they 

stated that biogas was simply too expensive (Paper 2). Hansson et al. (2019) studied both LNG 

and LBG as alternative fuels for shipping in an MCA study, finding that fuel price was 
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considered the most important criterion by ship owners. They also found that LNG was often 

seen as preferable to the other studied fuels due to its low fuel price, but according to their 

literature-based study, the price of LBG was estimated to be more than double that of LNG 

(Hansson et al., 2019). 

 

Other companies described difficulties relating to the unreliability of the current policies, which 

made it difficult to make investments in biogas. The road transport sector is especially affected 

by unreliable policies, since the tax exemption there (Swedish Tax Agency, 2019) is based on 

a dispensation from EU that only covers the next few years (Energigas Sverige, 2018). The 

road transport sector has also previously experienced rapid changes in the policy landscape 

regarding RME (Paper 2). 

 

Policies were also found to be a consideration when deciding between different bus 

technologies, according to some stakeholders related to Paper 3. The indicator “price stability” 

was established to consider current policies and their stability, as well as potential effects on 

prices if they were changed.  

6.3.6 Strategies of organizations  

Ultimately, how influential different factors are in connection with biogas introduction depends 

on the ambitions and strategies of different organizations to actually take the step and introduce 

biogas – either as users themselves or as buyers of services where they have a strong influence 

over which fuel is used. When it comes to new technologies, not everyone starts to use them at 

the same time – some adopt new technologies earlier, while others do so later (Schilling, 2017). 

The strategies of individual organizations may depend on values and attitudes, i.e. how 

important environmental actions and profiling are for various companies. Family businesses 

seem prioritize environmental actions in their values and attitudes due to intergenerational 

thinking, which is not often mentioned in the renewable energy adoption literature. Of three 

interviewed family businesses, two had already switched to biogas and they both emphasized 

that being a family-owned business gave them an intergenerational perspective. The other 

family business, a shipping company, also emphasized that its sustainability work was steered 

by its owners, but that they were mainly looking at other renewable fuel options. Family 

businesses and intergenerational thinking are, however, connected to long-term thinking, and 

were identified by Afshar Jahanshahi et al. (2017) as one of three groups of entrepreneurs who 

care more about sustainability, and who feel more commitment towards future generations. 

  



  

49 
 

7. Conclusions 

The aim of this research was to investigate what biogas should be used for in a future more 
sustainable energy system, focusing on Sweden, by answering three research questions:  
• In what ways can biogas be used in a more sustainable energy system? 
• How can we assess whether biogas is suitable in a specific context? 
• What determines whether it is easy or difficult for a user to start using biogas? 
 
Biogas can be used to generate heat or electricity, or as fuel for manufacturing or transport. 
Heat and electricity are mainly of interest on smaller production scales since biogas can be 
used directly and with smaller investments. For transport, a higher energy content is required 
and biogas thus has to be reformed into other fuels – most commonly CBG and LBG. There 
are, however, also possibilities of producing methanol, hydrogen, DME and Fischer-Tropsch 
fuels, even though these alternatives are not likely to play an important role in biogas use in 
the near future. CBG and LBG can be used for different parts of the transport system, such as 
cars or buses for CBG or long-distance trucks or shipping for LBG. 
 
Several different methods can be used to evaluate whether biogas is suitable in a specific 
context. This study has particularly focused on Multi-Criteria Assessment and scenario 
analysis, which can be appropriate in different contexts. Several aspects should be considered 
in an assessment relating to biogas. From a user perspective, technical issues to ensure that the 
technology functions as it should and does not experience any problems are important, as are 
economic issues relating to investment and operating costs. From a sustainability perspective, 
several different environmental aspects – such as GHG emissions – should be considered. 
Regarding economics, it may be beneficial to take a broader perspective and include aspects 
such as user benefits and external costs rather than investment and operating costs. There are 
also several social aspects that could be of importance when assessing biogas, especially the 
vitality of the surrounding region.  
 
Six main factors were identified that can make it easier or more difficult to introduce biogas:  

• technical maturity, 
• tank volume,  
• distance between the producer and the user,  
• scale of energy use,  
• policies and costs, and 
• strategies of individual organizations. 

 
Challenges relating to new innovations make it more difficult to introduce biogas technologies 
that lack technological maturity, and the voluminous CBG makes it difficult to use biogas for 
more energy-intense purposes or to distribute it using trucks. However, this gap is being 
bridged by the introduction of LBG. The scale of production of biogas is often limited, making 
it more difficult to use biogas for single users that need large amounts of energy such as large 
ships or manufacturing plants. Policies can both enable and hinder the introduction of biogas, 
depending on how the policy instruments are shaped. Ultimately, however, it is individual 
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organizations that decide whether or not to introduce biogas, and this is often affected by their 

respective strategies. 

 

Overall, the rise in LBG production creates new opportunities for biogas use. In Sweden, biogas 

has previously been restricted to the limited gas grid that exists in the southwestern part of the 

country, or to regional contexts due to the low energy concentration of CBG that results in 

inefficient distribution. LBG, with its higher energy concentration and subsequently more 

efficient distribution, will make it possible to use this fuel further away from its production, 

thus achieving a function that is similar to that of a fully developed gas grid, where the market 

for gas becomes more national. LBG also enables the use of biogas in new areas such as heavy 

transport and shipping. Since LNG is becoming increasingly important as a fuel for shipping, 

this presents opportunities for an almost unlimited usage area for biogas considering the large 

amount of energy used in the shipping sector. However, these large energy demands also makes 

it unlikely that biogas will ever play a major role as a fuel for shipping. It was also found to be 

difficult to make such a change towards LBG due to increased fuel costs in comparison to 

LNG, and since much of the market is international, national policies favoring biogas are not 

able to counter this discrepancy easily.  

 

There is no simple answer to the question of what biogas should be used for in a more 

sustainable future energy system – rather, it depends on the circumstances. The results suggest 

that small-scale biogas production should be used mainly for heat and/or electricity generation, 

since this requires less investment, but this seems unlikely at present since it is hard to make 

these processes profitable in Sweden. There are, however, opportunities to use biogas for 

balancing power, which might make it more relevant in a future with more intermittent power 

sources and volatile electricity prices. For larger scale biogas production, biogas is likely to be 

dominated by the production of CBG and LBG, for use in vehicles or manufacturing industries. 

CBG is already used on a large scale in Sweden, and recent changes indicate that LBG is on 

the rise. That is, however, considering a short timeframe – in 50 years, biogas may be more 

interesting for other uses. Hydrogen and fuel cells are seen by many as applications that will 

play a major role in the future, and if this development occurs on a large scale it may be more 

relevant in the future to use biogas to produce hydrogen. Biogas does not necessarily have to 

be used in the same way now as it will be used in a couple of decades – if it is used as CBG or 

LBG now, there will be time to switch to hydrogen use in the future if society moves in that 

direction instead.  

7.1    Future research 

Interesting areas for future research including addressing specific possible usage areas for 

biogas in greater depth. Three areas are particularly interesting to study in relation to increased 

LBG development: heavy road transport, shipping and manufacturing industries. Some 

manufacturing industries have already switched to biogas, or plan to do so in the near future, 

and a more in-depth study of these cases to establish what drove the change, and how this was 

achieved, could be relevant. It could also be relevant to look at the manufacturing industries 

and biogas from a larger, more systems-focused perspective. Within shipping, it would be 

worth digging deeper into the potential of biogas as LBG, and within heavy road transport it 

could be of great value to look at the possibilities of using biogas – where it is suitable, and 

where is it currently hardest to find other renewable fuels. 
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Other areas of interest include continue to work on the development of the MCA assessment 

tool – not only by applying the established assessment method for buses, but also by looking 

into how it can be adapted for other usage areas such as long-distance freight trucks. It could 

also be interesting to combine multi-criteria assessment with scenario analysis for an 

assessment of biogas.   
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