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Abstract

This paper takes a socio-technical perspective on Swedish biogas production and use, in order
to identify characteristics which may improve and increase biogas production. Biogas could
potentially reduce greenhouse gas (GHG) emissions from Swedish road transport by 25%, and
to that end transport policy endorses the use of biogas as vehicle fuel. Currently, however,
only a small fraction of the biogas production potential is utilised. By analysing how social
and technological context has influenced production and use of biogas over the past 70 years,
using concepts from the theory of Large Technical Systems (LTS), features of importance for
increasing biogas production are identified. Biogas is shown to be a complex issue, with
different functions within the energy, transport and waste management systems. As there is
not one coherent biogas system but many individual systems, with different objectives, local
and sectorial measures are required in order to increase biogas production. In particular, the
importance of biogas production as waste management is identified. In order to utilise the
biogas potential and reduce GHG emissions from road transport, policy-makers and
researchers are advised to address the plurality in biogas systems.

Keywords: Biogas, socio-technical systems analysis, greenhouse gas emissions, waste
treatment
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1 Introduction

National road transport is responsible for 25% of Swedish greenhouse gas (GHG) emissions
(Swedish Transport Administration, 2012). To reduce emissions, the use of biofuels is
encouraged in policy (European Parliament, 2009; Swedish Energy Agency, 2011). In
particular biogas is gaining political interest, as it may be produced from waste (Olsson and
Hjalmarsson, 2012). Although current biogas production is merely 1.5 TWh (Swedish Energy
Agency, 2012), the potential has been estimated to 16 TWh (Swedish Energy Agency, 2010).
In 2011, national road transports used 60 TWh (Swedish Energy Agency, 2013). Biogas could
thus help reduce GHG emissions from Swedish road transport by up to 25%.

Biogas is an energy carrier with many possibilities for both production and use. It is produced
from anaerobic digestion of organic material, often various kinds of waste. Raw biogas may
be used for production of electricity and heat, and if upgraded, it may be used as vehicle fuel
or injected in a natural gas grid (Berglund, 2006). Only a few countries currently produce
biogas, which is then mainly used for heat and electricity (Raven and Geels, 2010; Wilkinson,
2011). In Sweden, biogas is increasingly used as vehicle fuel (Swedish Energy Agency,
2012), a trend which may soon be taken up by other European countries as well (Smyth et al.,
2010; Patterson et al., 2011). Generally, research points to a growing global interest in biogas
(Weiland, 2010; Ahman, 2010).

Several studies of the potential of biogas have been published the last few years. Many have a
techno-economic focus, comparing biogas with other fuels and technologies and assessing
production pathways economically (Borjesson and Ahlgren, 2012a; Lantz, 2012; Patterson et
al., 2011; Tricase and Lombardi, 2009; Zubaryeva et al., 2012), while others are more
concerned with climate impact and energy efficiency (Pdschl et al., 2010; Tilche and
Galatola, 2008). There is also a vast amount of studies focusing on technical aspects and
process improvements (Appels et al., 2011; Mohseni et al., 2012; Ryckebosch et al., 2011).
The above mentioned studies conclude that biogas is a promising fuel. Other studies focus on
biogas-related policy, concluding that extensive policy is needed for biogas systems to
develop (Lantz et al., 2007; Larsson et al., 2013; Wilkinson, 2011; Smyth et al., 2010). Yet
other studies focus on innovation processes, recognising patterns and rules in biogas system
development and concluding that biogas production does not develop in a simple or linear
manner (Lybaek et al., 2013; Raven and Geels, 2010; Sandén and Hillman 2011). Analysing
biogas as an innovation process has shown that the integration of several actors and systems is
required for a successful outcome (Negro et al., 2007; Negro and Hekkert, 2008; Vernay et
al., 2013). Magnusson M (2012) presents a wide-ranging compilation of studies on future
Swedish biogas potential, showing that production options are very diverse. Altogether,
biogas seems to be a promising and much-researched technology which nonetheless does not
develop easily.

This paper explores how Swedish biogas production has been influenced by its societal and
technological context. The aim is to identify characteristics which may improve and increase
biogas production. The prerequisites for biogas production are analysed through the following
research questions:



- Why has biogas been produced, historically?
- How has biogas production and use changed over time?
- Which essential system characteristics affect current and future biogas production?

The study recognises social aspects as well as technical, economic and environmental ones,
and analyses the interactions between society and technology. By doing so, it complements
previous studies by framing the role of biogas in society and it adds to the understanding of
the complexity in biogas system development. This approach is useful for further research on
the potential of biogas, as it allows for revelation of influential but so far undetected factors.
Policy-makers may also benefit from a clearer understanding of the dynamics behind biogas
production.

In the kind of system under study, society and technology cannot be easily separated and
should thus be analysed jointly, in a socio-technical systems analysis (Ingelstam, 2012).
Biogas production from different substrates and in different kinds of plants, biogas use in
vehicles and policies concerning biogas are studied using a socio-technical systems analysis
approach. Based on this analysis, implications for further development and studies of biogas
systems in Sweden and elsewhere are discussed. As Sweden has come relatively far
producing and using biogas as vehicle fuel (Magnusson M, 2012), the Swedish development
is considered a good example for this analysis.

The paper is outlined as follows: In section 2, research material and method is described.
Section 3 provides a background of biogas technology, while section 4 describes and analyses
the Swedish biogas system. Section 5 expands the analysis and discusses future implications,
and section 6 concludes the paper.

2 Material and method
2.1 Document study

The analysis is based on a document study of biogas production and use in Sweden, in which
content analysis was used. In a content analysis, the contents of a text are quantified. This is
done by selecting appropriate texts, dividing the text in analysable parts, and categorising the
data that is to be analysed (Denscombe, 2007). An overview of the document types that were
analysed is presented in Table 1. Among the analysed categories were statistics on biogas
production and use and also reasons to engage in biogas production. This kind of approach
not only gives quantified results but is easily interpretable and repeatable by other researchers
(Denscombe, 2007).



Table 1: Document types analysed regarding biogas production, biogas vehicles, biogas distribution
technologies and biogas-related policies.

Document types Retrieved data

Reports from public authorities Statistics
Policy information (e.g. taxes and regulations)

Reports from trade organisations Statistics
Biogas production plant specifics (e.g. start-up
year and substrate type)

Scientific publications General biogas knowledge
Biogas production plant specifics (e.g. start-up
year and substrate type)

By choosing document analysis as method, obtaining an overview of a process that spans over
a long time-frame and a large geographical area is possible. As biogas production currently
occurs in 135 plants (Swedish Energy Agency, 2012), a comprehensive study would be time-
consuming. Therefore, eight biogas production plants were selected to illustrate the
development of different pathways of production and use at different periods in time. These
plants are further presented in section 4. The selection was based both on quantity and quality
of documentation; plants that feature often and/or in the most reliable literature and were
thoroughly described were selected. This selection ensures transparency in the research
process, as data is easily reproduced (Denscombe, 2007).

2.2 Socio-technical systems analysis

The collected data is analysed using a systems approach, which means that rather than
focusing on specific parts and details, a holistic perspective is applied. A system consists of
components and connections between them and is separated from its environment by a system
boundary. In a socio-technical system both social and technical features are included and
connected (Ingelstam, 2012). Society and technology are intertwined in a multitude of ways.
For instance, technology is affected by actors such as policy-makers, entrepreneurs and end-
users and by its cultural context. Similarly, society is affected by technological necessities,
prerequisites and possibilities. In a systems approach, the system is studied as a whole.

One approach, among several, to socio-technical systems analysis used in studies of
developing energy systems is the theory of large technical systems (LTS) (Berglund et al.
2011; Hughes, 1983; Magnusson D, 2012; Sauter, 2009; Summerton, 1992). This theory
identifies concepts in the system development process. Two of these concepts are used in the
analysis done in this paper: technology transfer and technological style. In technology
transfer, technology is transferred to a new context. The new context, which may for instance
be a different region or sector, may contain different social or technological features to which
the system must adapt. This adaptation gives the system a certain technological style, meaning
that in different social and technological contexts the system has different features (Hughes,
1983; van der Vleuten, 2009). Although financial and legislative differences may be the most
intuitively grasped reasons for different technological styles, cultural differences also have a
large influence (Ingelstam, 2012).



3 Biogas

This section briefly presents biogas technology and infrastructure, in order to frame the many
processes and actors involved and give a background to the dynamics and complexity of
biogas system development. Figure 1 gives an overview of the system under study in this
paper. Feedstock, production units, distribution pathways and end-products are considered in
the analysis. Consumers (of e.g. electricity and digestate) and environmental impact (here
merely represented by GHG emissions) are discussed but not analysed, and are therefore
considered part of the system’s environment.
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Figure 1: Schematic representation of the Swedish biogas system. Arrows represent possible, but not
always required, pathways. GHG emissions may be a consequence of the actions taking place within the
system, hence this arrow is dotted. Common substrates are sewage sludge and municipal organic waste.
(AD - anaerobic digestion; CHP — combined heat and power; NG — natural gas)

3.1 Biogas production

Biogas is produced by anaerobic digestion of organic material. In some environments, e.g.
landfills, this occurs spontaneously. In dedicated biogas production, substrates are fed into a
digester. Depending on substrate mix and other process conditions, different digester types are
used and the substrates remain in the digester at different temperatures and at different lengths
of time. Common substrates are sewage sludge, municipal organic waste, food industry waste,
agricultural waste and energy crops. The use of two or more substrates is commonly referred
to as co-digestion. Some substrates, such as slaughter waste and manure, require
hygienisation, i.e. heating the substrate to eliminate pathogens (Lantz, 2012). Depending on
the substrate mix and the process, the methane content of the produced biogas varies between
40 and 75%. Additionally, the biogas contains carbon dioxide and small amounts of
impurities, such as hydrogen sulphide (Ryckebosch et al., 2011). The remains from the
anaerobic digestion, i.e. the digestate, are often used as fertiliser in agriculture or forestry.
Digestate from anaerobic digestion of sewage sludge is usually not used in agriculture, but
e.g. to cover landfills (Swedish Environmental Protection Agency, 2012).



3.2 Biogas use

Raw biogas may be used for heating and/or electricity production, using boilers and gas
motors or turbines. Usually, at least some of the produced gas is used to heat the digester. As
heat and electricity production is usually done at the biogas plant site, little infrastructure is
required. For use as vehicle fuel, or injection in a natural gas grid, additional technology and
infrastructure is required as the biogas needs upgrading to natural gas quality (Ryckebosch et
al., 2011). In the upgrading process the biogas is cleaned from impurities and the carbon
dioxide is removed, commonly by e.g. water scrubbing or pressure swing adsorption. The
upgraded biogas usually has a methane content of 95-99% (Ryckebosch et al., 2011).

The gas must usually be transported, in bottles or by a gas grid. For simpler bottle transport,
the gas is sometimes liquefied. Injecting the gas into the natural gas grid requires pressurising.
To distribute biogas as vehicle fuel, filling stations are of course necessary. Using upgraded
biogas in vehicles requires that the vehicle has a pressurised gas tank, but the conventional
internal combustion engine may be used. Otto engines are most common, but Diesel engines
may also utilise upgraded biogas. Additionally, Diesel dual-fuel engines are being developed
(Sahoo et al., 2009; Swedish Environmental Protection Agency, 2012).

3.3 Greenhouse gas emissions

As biogas is a renewable fuel, it may reduce GHG emissions from transport, agriculture and
energy systems. When used to produce electricity and/or heat, it may replace production
based on fossil fuels. When used in vehicles, it may replace petrol or diesel. When injected
into the natural gas grid, it may replace fossil natural gas. Additionally, if used in agriculture,
the digestate may replace artificial fertiliser which is produced using fossil fuels (Berglund,
2006). Biogas production also reduces methane leakage when applied to landfills or farms
with manure storage.

4 Biogas production and use in Sweden

The following sections use the concepts of socio-technical systems analysis, technology
transfer and technological style in the study of historic and current biogas production and its
context.

4.1 Biogas production as waste management

The first instances of Swedish biogas production occurred in sewage treatment plants in the
mid-20™ century. Anaerobic digestion was used as means to reduce sludge volume, but also to
reduce odour and eliminate infectious matter (Zetterman, 2011). As more sewage treatment
plants were established, biogas production increased. The City of Stockholm has two sewage
treatment plants, dating back to 1934 and 1941 respectively, where biogas production began
already in the 1940’s (Swedish Environmental Protection Agency, 2012). At the neighbouring
Himmerfjardsverket, sewage treatment and biogas production started in 1974. Their biogas
was used to heat internal processes, and when gas supply exceeded heat demand superfluous
biogas was flared (Zetterman, 2011). The biogas was clearly regarded as a by-product of
waste management.



Since then, biogas production has diversified with respect to substrates and production sites.
The first example of technology transfer is discernible in the 1970’s, when food industries and
pulp mills started using anaerobic digestion in their waste water treatment. Environmental
legislation required waste water treatment, and by producing biogas the industries also gained
heat and/or electricity production from this indispensable process. The largest industrial
biogas production started in the pulp mill Domsjé Fabriker in 1985, where anaerobic
digestion was used in order to decrease sea water pollution (Swedish Environmental
Protection Agency, 2012).

Another area where biogas production, or rather extraction, was initiated for environmental
reasons is landfills. There, anaerobic digestion occurs spontaneously and continues long after
the landfill has been closed. To reduce methane leakage, large-scale extraction of landfill gas
began in the 1980’s (Berglund, 2006). In Filborna, one of the largest landfills in Sweden, gas
extraction started in1985. By then the landfill had been used for over three decades. The
extracted gas was used for heating internal processes and sold to other actors, who also used it
for heating (Fallde, 2011). A lot of landfill gas has been extracted so far, but a decline is
projected. Due to extensive legislation to reduce landfilling, introduced 2000-2009, the
number of active landfills is severely reduced (Benjaminsson et al., 2010).

These three kinds of biogas production, in sewage treatment plants, industries and landfills,
all occurred as solutions to improve environmental performance and managing waste. They
differ a lot with respect to technological style, but their underlying cause is similar. The
pragmatic use of anaerobic digestion as waste management seems successful in driving
technology transfer. Also, although focus was not on biogas as an energy carrier, the biogas
was often used for heating. This suggests that the involved actors saw synergistic
opportunities in waste management and energy supply.

4.2 Biogas as a response to the energy crisis

Following the oil crisis of 1973-74, which put energy security in focus, biogas production
became interesting for energy supply reasons. Farm-based biogas production was subsidised,
resulting in approx. 15 farm-scale biogas plants (Berglund, 2006). An example of this is
Stommen, in southwest Sweden, where in 1978 a farmer with an interest in energy issues built
a biogas plant in cooperation with universities and other organisations. Despite several
technical problems, they were able to produce biogas from manure and use it for heating. As
the heat supply exceeded the farm’s heat demand, the producers wanted to use the surplus gas
for electricity production. In 1986 gas motor trials were performed, but as electricity
production turned out unprofitable the biogas kept being used for heating only. The biogas
plant was profitable after seven years of production, but this was largely due to the subsidies.
Without them, the plant would have needed twice as long to become profitable (Gustavsson
and Ellegard, 2004). Thus, the Stommen case illustrates both technical and economic
difficulties with biogas production for energy supply reasons. Shortly after they were
introduced, the subsidies for farm-based biogas production were withdrawn. No new plants
were built and by 1996 only six farm-scale biogas plants remained (Lindberg, 1997).



Farm-based biogas production is established in Denmark and Germany (Lybaek et al., 2013;
Negro and Hekkert, 2008; Raven and Geels, 2010, Wilkinson, 2011). The concept has also
been tried in the Netherlands, although unsuccessfully (Negro et al., 2007; Raven and Geels,
2010). A conclusion from studies performed in these countries is that for farm-based biogas
production to follow a successful innovation process, a network of dedicated actors is crucial
(Negro et al., 2007; Negro and Hekkert, 2008; Raven and Geels, 2010). It seems likely that
such a network was not established in the Swedish case, as farm-based biogas production
withered and died instead of leading to new technology transfer. A few enthusiastic farmers
wishing to improve their energy supply were perhaps not influential enough to affect the
energy system once the energy crisis was not so recent any more.

4.3 Biogas as a solution to urban air pollution

In the 1990’s, interest in producing biogas for energy supply reasons emerged again. For
instance, in 1992, Himmerfjardsverket installed a gas motor to generate electricity from their
surplus biogas instead of flaring it. However, this turned out not to be profitable and instead, a
facility to dry the digestate was built. This way, all biogas was used for heating and drying,
and the additional product biofertiliser could be sold to forestry (Zetterman, 2011).

Other actors, mainly municipalities, found a connection between biogas and public transport.
In Linkoping, problems with particulate matter in the city centre due to diesel buses were
revealed already in the 1970’s. This led to a long process of considering options for public
transport. Replacing diesel with electricity or ethanol was considered, but in discussions
between the energy utility and the public transport company a mutual interest in biogas as
vehicle fuel was identified. As the Swedish natural gas grid was assumed to be extended to
pass Linkdping, both biogas and natural gas were considered future options. Thus, biogas was
selected to replace diesel (Fallde, 2011).

Environmental problems due to bus traffic were also discovered in Helsingborg city centre,
leading to discussions about public transport fuel. Options considered were natural gas, diesel
and ethanol. Initially, ethanol was selected as it was renewable, but it proved economically
problematic. As renewable biogas could supplement natural gas, which was available through
the natural gas grid, these fuels were eventually selected instead (Fallde, 2011). This
municipal demand for new vehicle fuel initiated a major change in technological style. As is
evident from sections 4.1 and 4.2, biogas had mainly been used for heating, or even flared,
earlier. What had been considered a by-product now needed refining to become a new
product. Upgraded biogas was regarded differently from the gas produced as part of waste
treatment. Yet, the connection between biogas production and urban air quality makes the
development similar to that described in section 4.1, as environmental issues are the
underlying cause.

4.4 Biogas as a municipal initiative

The change in technological style is visible also in the substrates and production plants which
were initially used for meeting the demand for upgraded biogas. Co-digestion plants were
built in both Linkdping and Helsingborg, and in both municipalities production started in



1996. In Linkodping, the municipal energy company co-operated with a slaughterhouse and
biogas was produced mainly from slaughter waste. In Helsingborg, food waste was used as
main substrate. In both municipalities, upgrading plants were built and the produced gas was,
as planned, used in public transport (Fallde, 2011).

The landfill Filborna is located in Helsingborg municipality, but upgrading of the landfill gas
was not initiated. It continued being used for heating (Benjaminsson et al., 2010), possibly
since the lower methane content and greater fraction of impurities in landfill gas makes
upgrading more difficult (Benjaminsson et al., 2010; Ryckebosch et al., 2011). Currently, the
majority of gas extracted from Swedish landfills is used for heating. Some gas is flared, but
only a small fraction is used in electricity generation. None is upgraded to natural gas quality
(Benjaminsson et al., 2010).

In Stockholm, interest in using biogas to fuel public transport began around year 2000
(Zetterman, 2011). Upgrading facilities were built at the sewage treatment plants, and vehicle
gas was distributed to public transport but also to filling stations serving private persons
(Swedish Environmental Protection Agency, 2012). As demand for vehicle gas increased, so
did regional interest in biogas production. In 2007, biogas production became highly
prioritised in the Stockholm region, and initiatives to collect and co-digest municipal organic
waste for vehicle gas production were taken in several municipalities (Olsson and
Hjalmarsson, 2012). As Himmerfjardsverket had large digestion capacity, co-digestion was
initiated and upgrading facilities were added (Zetterman, 2011). The change in technological
style visible in Linkdping and Helsinborg is thus confirmed; producing vehicle fuel is coupled
with co-digestion.

According to Olsson and Hjalmarsson (2012), the most important reasons for increasing
biogas production in Stockholm was the demand for vehicle gas and the influential actors at
the water companies, i.e. the owners of the sewage treatment plants, who recognised new
business opportunities. Until then, sewage treatment was a municipal necessity, but with fuel
production the water companies gained a profitable product. Meanwhile, policy-makers who
believed that biogas production could solve environmental issues, helped convince
municipalities to engage in the issue. Several biogas researchers agree that this kind of
dedicated network is vital for successful innovation processes (Negro et al., 2007; Negro and
Hekkert, 2008; Raven and Geels, 2010; Vernay et al., 2013). Environmental reasons have
followed biogas production from the start, but economic interests have not been so clearly
discernible before. This innovation process, where biogas is a business in its own right and
not just a practical by-product, makes for new and interesting possibilities for technology
transfer as new actors may become involved.

4.5 Biogas as vehicle fuel

The share of biogas which is upgraded to natural gas quality has increased rapidly since the
1990’s, particularly since 2005 as figure 2 shows. Production of biogas has however not
increased at the same rate. Currently, half of the produced biogas is upgraded (Swedish
Energy Agency, 2012), which clearly illustrates the shift in technological style discussed in
section 4.4.
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Figure 2: Production of biogas and upgraded biogas 2005-2011 (Swedish Energy Agency, 2012).

Biogas is considered environmentally beneficial when used in heavy vehicles such as buses,
due to reduced local air pollution compared to diesel (Olsson and Hjalmarsson, 2012; Sahoo
et al., 2009), but it is also being used in cars. The number of biogas vehicles in traffic has
increased, as figure 3 illustrates. In relative terms biogas buses have increased a lot; in 2011
11% of buses were gas-fuelled (Transport Analysis, 2012a). The number of filling stations has
also increased. While only six municipalities had biogas filling stations in 1996 (Lindberg,
1997), in 2010 there were 122 filling stations (Swedish Energy Agency, 2012).
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Figure 3: Number of gas-fuelled vehicles in Sweden. In 2011 there were a total of 4.4 million cars and 0.5
million lorries in traffic, making gas vehicles a minority although the trend is increasing (Transport
Analysis, 2012a).

Usually, biogas production and use as vehicle fuel are coupled locally (Fallde, 2011; Olsson
and Hjalmarsson, 2012), as is indicated in section 4.4. Most biogas cars are registered in the
counties which have the greatest biogas production (Swedish Energy Agency, 2012;
Transport Analysis, 2012b). When transporting biogas between counties, it is usually bottled
and transported by lorry. Where possible, some of the upgraded biogas is injected into the
natural gas grid. This is not only a simple means of distribution, but also secures availability
for filling stations connected to the grid (Borjesson and Ahlgren, 2012a).

4.6 Biogas as a new, green enterprise

Production of renewable vehicle fuels is gaining interest. Meanwhile, some more traditional
industries experience a decline in business. Domsjo Fabriker pulp mill, for instance, has



ceased to produce pulp and evolved into a biorefinery where biogas is one of the products and
not just a consequence of waste water treatment. The biogas is used for heating internal
processes, and any surplus is sold to a nearby CHP plant (Swedish Environmental Protection
Agency, 2012). Although the process resembles that described in section 4.1, the
technological style is fundamentally different as biogas is a desirable product. Domsj6
Fabriker has however not yet set an example for other pulp mills. Although some European
pulp mills use anaerobic digestion in their waste water treatment, it is currently not used in
Swedish pulp mills (Magnusson and Alvfors, 2012).

Interest in farm-scale biogas production is growing and in 2011 there were 19 farm-based
biogas plants (Swedish Energy Agency, 2012). Their technological style differs from that of
the municipal co-digestion plants — the biogas is mainly used for heating, as electricity
production is still not profitable enough, but a few upgrading plants exist. Research shows
that subsidies are required to make farm-scale biogas production profitable (Lantz, 2012).
However, collaborations between farmers may also help profitability. Several collaborations
between farmers are planned throughout the country (Swedish Environmental Protection
Agency, 2012). This represents a slight change in technological style; large collaborations
have not been common up to now. A first, successful example is Bjuv, which has been
operational since 2006. There, manure is co-digested with industrial organic waste in a large-
scale biogas plant co-owned by the farm providing manure, the plant entrepreneur and the
energy utility E.ON. The gas is bought by E.ON who upgrades it to natural gas and distributes
it to the natural gas grid, which runs alongside Sweden’s southwest coastline. This
collaboration has been profitable almost from the start (Swedish Environmental Protection
Agency, 2012). Perhaps the innovation climate has improved since farm-based biogas
production was last tried, as described in section 4.2.

4.7 Biogas as a response to GHG emission reduction demands

Recent studies have identified a large potential for biogas production (Swedish Energy
Agency, 2010). In particular, farm-scale initiatives and vehicle fuel production are
investigated (Lantz, 2012; Olsson and Hjalmarsson, 2012), and as section 4.6 shows, biogas
enterprises are receiving attention. The driver for this development seems to be the possibility
of GHG emission reductions (Larsson et al., 2013; Lubbe and Sahlin, 2012). However, studies
of potential future transport scenarios, aimed at greater sustainability, tend not to include
biogas to a significant extent (Borjesson and Ahlgren, 2012b; Lindfeldt et al., 2010).
According to these studies, improving energy efficiency, partly through introducing plug-in
electric vehicles, and using biofuels produced by biomass gasification are strategies that are
considered having greater impact on GHG emissions from road transport.

The discrepancy between the view of biogas as means to reduce GHG emissions from road
transport and the lack of biogas as vehicle fuel in future scenario studies coincides with the
discrepancy between the amount of biogas research and actual biogas production. As figure 4
and 5 show, neither the amount of produced biogas nor the number of biogas plants have
increased much lately. However, the production sites have changed, indicating a shift in
technological style. While the number of co-digestion and farm-scale plants is increasing,



production in landfills and sewage treatment plants is decreasing. Regarding industrial biogas
production, the trend indicates production on a larger scale. Interestingly, the rapid increase of
upgrading (as shown in figure 2) does not correlate with a similar increase in biogas
production.

1,6

1,4

1,2

1

Twh 0,8
0,6

0,4

0,2

0

Industry
m Farm-based
= Co-digestion
= Landfill

= Sewage treatment

1996 2011
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4.8 Biogas in environmental administration

Swedish policy is concerned with the use of biofuels as means to reduce GHG emissions
(Swedish Energy Agency, 2011). Some policies which support biogas production and use are
explained in table 2. For example, several of the Swedish environmental quality objectives
may be associated with biogas production and use. The objective A good built environment
requires biological treatment of food waste and the objective Clean air calls for a reduction of
particulate matter in urban areas (Swedish Energy Agency, 2010). Such goals may provide a
positive societal framework, but concerning actual development, financial incentives such as
the LIP/Klimp programmes have played an important part (Berglund, 2006; Fallde, 2011;
Lantz et al., 2007; Swedish Energy Agency, 2010). These programmes fuelled technology
transfer to municipal actors, strengthened local initiatives and called for collaborations
between municipal and private actors.



Table 2: Biogas-related Swedish policies (Swedish Code of Statutes, 1957, 1990, 2005; Swedish Energy
Agency 2010, 2011).

Policy Enforced Explanation

Energy and CO; tax 1957/1990- Exempts use of renewable fuels from

exemption energy and carbon dioxide taxation

LIP (Local Investment 1998-2008 Financial incentive for municipal projects

Programme)/Klimp (Climate to reduce GHG emissions

Investment Programme)

National environmental 1999- Politically established objectives to

quality objectives obtain a good ecological environment

Filling station obligation 2005- Requires large filling stations to provide
at least one renewable vehicle fuel

“Clean car” subsidies 2007- Financial incentive to purchase cars

considered environmentally friendly

Policies for distribution and use of renewable vehicle fuels have not particularly promoted
biogas. The filling station obligation has led most actors to provide ethanol, as infrastructure
for gaseous fuels is more expensive than for liquid fuels. To counter this, the government
proposed a subsidy for filling stations to provide biogas, but this was applied for by gas
companies rather than by petrol stations (Swedish Energy Agency, 2010). Regarding the
“clean car” subsidy, not only has the kind of subsidy varied, but also the regulations defining
a “clean car” (Swedish Energy Agency, 2010; Swedish Transport Agency, 2012). Larsson et
al. (2013) conclude that “clean car” subsidies have not lead to a significant increase in
vehicles using renewable fuels, as the diesel cars which currently fulfil the definition of a
“clean car” are more popular.

4.9 The by-product of biogas

The residue from the anaerobic digestion process, digestate, presents both a problem and an
opportunity. When used as fertiliser in agriculture, digestate may provide recycled nutrients
and reduce the need for artificial fertiliser (Berglund, 2006). However, it is not uncommon for
biogas producers to consider digestate bothersome to dispense with, rather than an asset
(Fallde, 2011). This section illuminates how biogas production is affected by digestate issues.

Historically, farmers have been reluctant to use digestate as fertiliser. In the late 1990’s, using
sewage sludge in agriculture was shown to be a possible health risk. Thus, farmers became
disconcerted with the use of digestate from other biogas production as well (Berglund, 2006).
To combat this, a voluntary certifying system, regulating the content of nutrients and
hazardous substances, was developed (SP, 2010). In 2012, 13 biogas plants were certified
(Avfall Sverige, 2012). The certifying system seems to have increased interest in using
digestate as fertiliser (Berglund, 2006; Swedish Environmental Protection Agency, 2012),
which confirms a shift in technological style as biogas is considered a product rather than a
side-effect. Also, this might engage more actors in biogas production, thus improving
conditions for the innovation process.



However, legislation concerning fertiliser may dissuade biogas producers. Artificial fertiliser
used to be taxed, as means to regulate cadmium and nitrogen levels, thus possibly
encouraging the use of digestate instead. The 2010 withdrawal of this tax was criticised as it
was assumed to affect demand for digestate negatively (Sveriges Riksdag, 2011; Swedish
Energy Agency, 2010). Recently, new threshold limit values for phosphorus and heavy metals
in digestate have been proposed (Swedish Environmental Protection Agency, 2013). This
proposal is criticised by biogas producers, as digestate produced from municipal organic
waste and sewage sludge may exceed the threshold limit values and thus not be acceptable as
fertiliser (Malmborg and Wiberg, 2013).

5 Discussion

As section 4 and table 3 shows, the technological style of biogas production has changed over
time. In the first decades of biogas production the driving force was the need to improve
waste treatment rather than the need of an energy carrier. Most of the produced biogas was
used for internal heating, but it was generally considered a by-product. Depending on which
environmental problem was handled by anaerobic digestion, technological style differed and
there was not one coherent biogas system but a multitude of production processes and sites.
The need to solve a concrete problem is recognised by Lybaek et al. (2013) as a common
starting point for biogas production. Development is driven by a continuous need for
improvement and problem-solving rather than by basic research. This also means that there
are no well-defined end-points, since the process is continuously evolving (Lybaek et al.,
2013). This supports the analysis in this paper, which shows that biogas production is driven
by the needs of various actors, not by research or policy.

Table 3: Summary of Swedish biogas production pathways throughout history (Swedish Environmental
Protection Agency, 2012; Lindberg, 1997; Berglund, 2006)

Type of plant Production start Reason for biogas production
Sewage treatment Mid-20" century Reduction of sludge volume
Farm-based 1975 (-1984)? Energy crisis
21% century Production of heat, electricity and fertiliser
Industry 1970’s Reduction of environmental impact
Landfill 1980’s Reduction of methane leakage
Co-digestion 1990’s Waste treatment, economic interests
Upgrading 1990’s Production of fuel for use in public transport

& Most of the first farm-based plants shut down early for economic reasons.

In the 1990’s, the technological style changed drastically. Biogas transitioned from a by-
product to a desirable energy carrier, which could even mean a profitable enterprise.
Entrepreneurs and municipalities started co-operating with the main aim to produce vehicle
gas. This view of biogas as an innovation has been studied by several researchers, who agree
that a successful innovation process demands an active network of heterogeneous actors
(Negro et al., 2007; Negro and Hekkert, 2008; Raven and Geels, 2010; Vernay et al., 2013).
However, viewing biogas production as an innovation process is not enough. Although
Germany is presented as a successful case regarding farm-based biogas production (Negro
and Hekkert, 2008), merely 10% of the country’s biogas production potential is utilised



(Poeschl et al., 2010). The same is true for the Swedish case — there is a large, unutilised
biogas potential despite the innovation process of recent years. Given that there is no end to
innovation, as Lybaek et al. (2013) suggest, how may the development continue in order for
biogas production to increase?

Swedish transport policy encourages biogas use, as this is a way of reducing GHG emissions.
According to an analysis of Swedish energy policy, CO> reductions are valued much higher
when achieved in the transport sector than in other energy-using sectors (Lindfeldt and
Westermark, 2008). Yet, research suggests that policy is needed in order to increase biogas
production and use (Borjesson and Ahlgren, 2012a; Lantz et al., 2007; Larsson et al., 2013).
How is this possible? As this paper has shown, biogas production has increased very little
since the shift in technological style towards using biogas as vehicle fuel. Meanwhile, biogas
demand has increased as the number of vehicles using biogas has increased. As the increasing
vehicle gas demand is covered by natural gas (Olsson and Hjalmarsson, 2012; Swedish
Energy Agency, 2013), more biogas vehicles does not entail more biogas use. Looking only at
the demand, i.e. the number of biogas vehicles, would thus give the impression that GHG
emissions from transport are reduced. However, as long as biogas production does not
increase to meet biogas demand, GHG emissions are not reduced in reality.

The view of biogas as a vehicle fuel, and the need for biogas as means to reduce GHG
emissions, leads to a view of biogas as one coherent system. In order to be usable in cars and
lorries, biogas needs to be distributed in large parts of the country. The goal to reduce GHG
emissions from transport is national in scope. Policies directed towards biogas are also often
national. Thus, there is a tendency to view biogas as one homogeneous and nation-wide
system. However, this paper has shown that over the years several technological styles have
developed and are still in operation. Different actors have produced biogas for different, local
reasons. Technology transfer is on-going; for instance to farms, bringing with it possibilities
for new collaborations. The widening of scope to include more actors and substrates is also
visible in the case of biorefineries. Hence, biogas is not just one system, but several local
ones. The problem is that currently, the biogas issue is handled like there is only one system
and so the merits of diversity are lost. In order to increase biogas production and reduce GHG
emissions from road transport by using biogas, the diversity of biogas production needs to be
acknowledged and encouraged in research and policy-making.

This paper has shown that the technological style currently in favour is co-digestion and
upgrading, and that technology transfer has recently been most active concerning upgrading,
not biogas production which has increased only slightly. One reason for that may be that
policy has recently been directed towards use of biogas as vehicle fuel and thus encouraged
upgrading but not anaerobic digestion. This suggests a need to stimulate other technological
styles. Knowledge and technology have spread between sectors and regions, but not on a very
large scale. The reason for that may be a low need for biogas production. Actors who do not
perceive a need for anaerobic digestion as waste treatment method or biogas as public
transport fuel might not see any reason to engage in biogas production. Policy could counter
this by creating incentives for anaerobic digestion. To that end, recognising that biogas
production emerged and developed as a waste treatment method may be beneficial. As there



are large waste streams, recognised as potential biogas substrates, policy directed towards the
management of these may be advantageous. GHG emission reductions through use of the
produced biogas would then be a side-effect of this policy.

The potential for increased biogas production is large and much researched, and yet it is
neither utilised nor considered significant in studies of future road transport. The latter could
be because other options are more interesting, but also because the biogas potential is not
taken care of. One reason why the potential is not utilised could be that potential studies are
unrealistic, as they include technological and economic conditions but lack analyses of the
social structures surrounding biogas production. Including local and sectorial conditions such
as those identified in this paper could result in studies where the potential is actually
reachable. That could influence policy-makers and thus contribute to more effective policy,
which may contribute to increased biogas production. Then, biogas could be considered a
significant fuel in studies of future road transport demand.

6 Conclusions

The aim of this paper is to identify characteristics which may improve and increase biogas
production. The socio-technical systems analysis shows that biogas is not one coherent system
but a multitude of systems which differ in their technological style. Currently though, biogas
is viewed as one system. The technological style in focus is the use of biogas as vehicle fuel,
as means to reduce GHG emissions from road transport. This narrow perspective has however
not increased biogas production much. The conclusion drawn is that to increase biogas
production, the diversity of biogas systems needs to be acknowledged and encouraged by
researchers and policy-makers. The analysis in this paper suggests how this may successfully
be done:

- To increase biogas production, policy supporting all technological styles may be
needed. As this paper has shown that environmental issues and waste management
requirements have successfully driven technology transfer throughout the history of
biogas production, policy concerning different kinds of waste management may be
successful in increasing the use of anaerobic digestion and thus increasing biogas
production. This biogas may then be upgraded, as current technological style
demands, and used in vehicles. Thus, GHG emissions from road transport will be
reduced.

- The potential for biogas production and use is both large and subject to much research,
and yet a very small share of it is currently utilised. Potential studies tend to take
technological and economic conditions into account, but fail to address societal
conditions. Thus, these studies may be very unrealistic and not usable as basis for
policy decisions. In order to improve potential studies and thus policy, researchers
should take the multitude of technological styles into consideration when studying
biogas systems. By including local and sectorial prerequisites more comprehensive
and useable studies may be undertaken and policy-makers will be better informed.
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