
 

 

Energy systems studies of biogas 
 

Generation aspects of renewable vehicle fuels in the transport system 

 
Mimmi Magnusson 

  

Doctoral thesis 2012  

KTH – Royal Institute of Technology 
School of Chemical Science and Engineering 

Dept of Chemical Engineering and Technology 
Division of Energy Processes 

Stockholm, Sweden 
  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Akademisk avhandling som med tillstånd av Kungliga Tekniska Högskolan 
framlägges till offentlig granskning för avläggande av teknologie doktorsexamen, 
fredagen den 7:e december 2012 klockan 10:00 i sal F3, Lindstedtsvägen 26. 

 

KTH – Royal Institute of Technology 
School of Chemical Science and Engineering 
Department of Chemical Engineering and Technology 
Division of  Energy Processes 
SE-100 44 Stockholm 
Sweden 
 

Copyright  Mimmi Magnusson 2012 
All rights reserved 
 
TRITA-CHE Report 2012:54 
ISSN 1654-1081 
ISBN 978-91-7501-516-3 



 

 iii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This thesis is based on work conducted within the 
interdisciplinary graduate school Energy Systems. 
The national Energy Systems Programme aims at 
creating competence in solving complex energy 
problems by combining technical and social sciences. 
The research programme analyses processes for the 
conversion, transmission and utilisation of energy, 
combined together in order to fulfil specific needs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The research groups that participate in the Energy Systems Programme are the Department of 
Engineering Sciences at Uppsala University, the Division of Energy Systems at Linköping Institute 
of Technology, the Department of Technology and Social Change at Linköping University, the 
Division of Heat and Power Technology at Chalmers University of Technology in Göteborg as well 
as the Division of Energy Processes at the Royal Institute of Technology in Stockholm. 
 
www.liu.se/energi 





 

 v 

 

 

 

 
Till Hans, Bruno, Noel och “Lillasyster/Lillebror” 

 

 

 

 

 

 

 
Tusen år och tusen mil, vi sitter i samma bil 

Ur I samma bil, Bo Kaspers Orkester 

 

 





 

 vii 

Abstract 
The transport sector is seen as particularly problematic when concerns about 
climate change and dependency on fossil energy are discussed. Because of this, 
bioenergy is strongly promoted for use in the transport sector, both on a European 
level and nationally in Sweden. Even though bioenergy is considered one of the key 
solutions, it is generally agreed that both supply- and demand-side measures will be 
needed to achieve a change to a more sustainable transport system. One of the 
reasons for this is the limited availability of biomass, especially agricultural 
feedstocks competing with food or feed production. Woody biomass, however 
more abundant, is also exposed to tough competition from other sectors. In this 
thesis, the role of biogas as a vehicle fuel in a future sustainable transport system is 
discussed together with the prerequisites needed to realise such a transport system. 
Biogas is a biofuel that could be produced in several different ways: by anaerobic 
digestion, which is a first-generation production route, by gasification, which is a 
second-generation process, and by catalytic reduction of carbon dioxide, a third-
generation technology. The main focus in this thesis is on biogas produced by 
anaerobic digestion and the results show that there is a significant potential for an 
increase compared to today’s production. Biogas from anaerobic digestion, 
however, will only be able to cover a minor part of the demand in the Swedish 
transport sector. Considering biogas of the second and third generations, the 
potential for production is more uncertain in a mid-term future, mainly due to 
competition for feedstock, the possibility to produce other fuels by these processes, 
and the present immaturity of the technology. The limited potential for replacing 
fossil vehicle fuels, either by biogas or other renewable fuels, clearly shows the need 
for demand-side measures in the transport system as well. This thesis shows the 
importance of technical and non-technical means to decrease the demand for 
transport and to make the transport as efficient as possible. The results show that 
both energy-efficient vehicles and behavioural and infrastructural changes will be 
required. Policies and economic incentives set by governments and decision-making 
bodies have a prominent role to play, in order to bring about a shift to a more 
sustainable transport system, however, measures taken on individual level will also 
have a great impact to contribute to a more sustainable transport system. 

Key words: Anaerobic digestion, biogas, biomass, energy system, first-generation 
biofuels, renewable vehicle fuels, second-generation biofuels, supply- and demand-
side measures, third-generation biofuels, transport system. 
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Sammanfattning 
Transportsektorn anses ofta vara en av de mest problematiska när oro för 
klimatförändringar och oljeberoende diskuteras. På grund av detta främjas 
bioenergianvändning i transportsektorn, både i ett europeiskt perspektiv som i ett 
svenskt nationellt perspektiv. Även om bioenergi ses som en nyckelkomponent för 
ett mer hållbart transportsystem, framhålls ofta att åtgärder gällande såväl 
bränsletillgång som transportbehov är nödvändiga. En orsak till detta är att 
biomassa är en begränsad tillgång, särskilt jordbruksråvara som konkurrerar med 
mat- och foderproduktion. Biomassa från skogen finns generellt i större kvantiteter, 
men även här finns konkurrens med andra sektorer.  

I denna avhandling diskuteras användningen av biogas som fordonsbränsle i ett 
framtida hållbart transportsystem, samt vilka förutsättningar som krävs för att nå ett 
sådant transportsystem. Biogas är ett biodrivmedel som kan produceras på ett flertal 
sätt: via rötning, en första generationens metod, via förgasning, en process av andra 
generationen, samt via katalytisk reducering av koldioxid, en tredje generationens 
teknik. Huvudfokus i denna avhandling är på biogas framställd genom rötning och 
resultaten visar att det finns en betydande potential för ökad produktion, jämfört 
med dagens biogasproduktion. Biogas från rötning kan dock endast ersätta en 
mindre andel av bränslebehovet i den svenska transportsektorn. För andra och 
tredje generationens biogasproduktion är potentialen än mer osäker, framförallt på 
grund av konkurrens om råvaran, möjligheten att använda processerna för att 
producera andra typer av drivmedel, samt teknikernas nuvarande omognad. Att 
möjligheten att ersätta fossila drivmedel, antingen med biogas eller andra 
biodrivmedel, är begränsad visar således på behovet att även se till åtgärder för att 
minska transportbehovet.  

Denna avhandling visar på vikten av både tekniska och icke-tekniska åtgärder för 
att minska detta transportbehov samt att göra de transporter som används så 
effektiva som möjligt. Resultaten visar att energieffektiva fordon såväl som 
beteendeförändringar och infrastrukturförändringar kommer att behövas. Politiska 
riktlinjer samt ekonomiska incitament fastställda av regeringar och andra 
beslutsfattare har en framträdande roll för att åstadkomma en förändring till ett mer 
hållbart transportsystem. Åtgärder på individnivå ska dock inte föraktas, utan har 
även de en stor effekt för att bidra till ett mer hållbart transportsystem 
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History clearly shows that in countries with 

abundant natural resources and sparse population 

there is no thought of the future, and all energy is 

directed to the exploitation and reckless use of what 

nature has abundantly provided. 

Zon, 1910.  





CHAPTER 1. INTRODUCTION 

 1 

1 Introduction 
The transport sector as we know it today has been greatly developed during the 
more than hundred years since the invention of the combustion engine, which was 
one of the main starting points for or modern mobile societies. Even though 
several different types of engines, as well as fuels for these, were under 
consideration during the early development of the car, today we have the obvious 
answer to which were the ones to reach break-through at large (Cowan & Hultén, 
1996). For more than a century, the otto and diesel engines have been the 
predominantly used engine types, both of them most commonly fuelled by fossil 
fuels. Nowadays, most people agree that the utilisation of fossil fuels is problematic 
in several ways.  

Often the first issue raised when discussing the flaws of fossil vehicle fuels, is 
concern for the climate and the anthropogenic greenhouse gas (GHG) emissions. 
The Intergovernmental Panel on Climatic Change (IPCC) has stated that most of 
the global anthropogenic GHG emissions derive from the use of fossil fuels and, 
further, that the transport sector alone accounts for about 13% of the total. The 
transport sector, together with industry and energy supply sectors, is also the one 
with the largest growth in GHG emissions between 1970 and 2004 (IPCC, 2007). 
Other topics speaking in favour of a decrease in vehicle fossil fuel use are reduced 
dependency on imported fossil fuels (especially important for a country, like 
Sweden, with little or no fossil resources) and diversification of the energy supply. 
With these issues in mind, the European Union (EU) in 2008 set targets of reducing 
GHG emissions by 20% and increasing the share of renewable energies in the EU’s 
consumption to 20% by 2020. For the transport sector, seen as particularly 
problematic, special efforts are being made with a target of increasing sustainable 
biofuels1 to a level of 10% by the same year (European Commission, 2008). 
                                            

1 The term “biofuels” is not defined in the EU targets. In this thesis, the term biofuel is defined as a 
renewable gaseous or liquid vehicle fuel derived from organic matter and/or via renewable electricity.  
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Because of these targets, biomass is promoted as one of the solutions, not only in 
the transport sector but also for stationary applications such as heat and power 
generation (Faaij, 2006, Gustavsson et al, 2007). Even though biomass resources 
may seem abundant, especially in a Swedish perspective, it is a highly limited 
resource, which will by no means be able to cover replacement of fossil energy in 
the transport sector, let alone all sectors.  

Ethanol, fatty acid methyl esters (FAME) and biogas2 are the most widely spread 
biofuels on the market today and existing production belongs to the so-called first-
generation production of biofuels (the different biofuel generations will be 
thoroughly described in section 2.2). Ethanol and FAME are produced from 
agricultural feedstocks and are often considered to be constrained by climate, 
ecological, economic and/or social issues. To be able to reach the EU 2020 target 
the so-called second-generation biofuels, often based on woody biomass or various 
types of waste, are promoted as the solution (European Commission, 2008). Biogas 
is a biofuel that could be either first- or second-generation depending on the 
production route. The most commonly used method today is via anaerobic 
digestion of organic material, often different types of waste or sludge. When the 
technology for it becomes commercially available though, production will also be 
possible from, for example gasification of woody biomass (a second-generation 
technology).  

Taking these issues into consideration, this thesis applies a systems approach to 
investigate the possibilities for biogas as a renewable vehicle fuel to be used in a 
sustainable transport system.  

1.1 Aim and scope 

The overall aim of this thesis is to analyse the utilisation of and potential for 
biofuels, in particular biogas, in a future sustainable transport energy system. The 
aim is also to discuss the prerequisites for such a transport system and how biogas 
of different production generations, as well as other renewable fuels, can contribute 
to reduce climate impact and decrease dependency on fossil energy.  

This thesis is written with a focus on Swedish conditions but has a European 
energy systems perspective. The time frame is mainly mid-term future (2020-2030). 

                                            

2 Biogas is in this thesis defined as gas, containing mostly methane, which is upgraded to vehicle fuel 
quality. Biogas is the usual denotation for gas derived via anaerobic digestion, depending on 
production route, the terms synthetic natural gas or biomethane could also be used.  
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Economic issues are not considered here. The articles, upon which this thesis is 
based, are in different ways related to the overall aim as stated above. The most 
important relationships between the articles and the aim of the thesis can be 
summarised by the following questions: 

• What are the prerequisites for a sustainable transport system? 

• How, and to what extent, can biofuels of different generations, in particular 
biogas, contribute to this transport system? 

• How are biofuel production systems evaluated in a well-to-wheel 
perspective, especially concerning the effects of greenhouse gas emissions? 

The first question is most explicitly addressed in Paper I. However, it is of 
underlying importance in all the appended papers and will be discussed in chapter 4. 
The second question is addressed in Papers III-VI, in which it is the main focus, but 
to a certain extent also in Paper II. The issue will be further considered in chapter 5. 
The last question is mainly considered in Paper II and will be discussed in chapter 4.  

1.2 Research journey and brief paper overview 

When I began my doctoral studies in the spring of 2006, the development of 
cellulosic ethanol was high on the agenda, both in the research community and in 
the public media. System studies of cellulosic ethanol were therefore supposed to 
be the main focus of my coming research and biogas only a smaller sidetrack. In the 
first two papers I wrote, in collaboration with colleagues, biogas was thus not the 
main focus. Paper I has an overall system focus and considers the strategies for an 
import-independent transport system in Sweden by 2025. In this paper, biofuels in 
general are discussed together with other factors for sustainable transport. In Paper 
II, methodological issues for well-to-wheel analyses are analysed, in particular 
system expansion. In this paper, cellulosic ethanol, being my focus at the time, 
formed one of four cases showing the implications of the methodological choices. 
After these two papers, I took a break from my work and went on parental leave. 
After my return, biogas became of greater interest to me, partly because of new 
collaborations with colleagues and partly since the general debate on cellulosic 
ethanol had decreased somewhat. This collaboration resulted in Paper III, analysing 
biogas of three different production generations, and the role of renewable 
electricity for this production. While the ethanol path still lay fallow, the focus on 
biogas grew stronger in my further work in the form of Papers V and VI, where the 
biogas potential from the pulp and paper industry in Sweden was investigated in the 
form of introducing anaerobic wastewater treatment together with the traditional 
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treatment. During the work with papers V and VI, I was approaching my final 
period as a doctoral student and I had not completely discarded the role of 
cellulosic ethanol in my research. This resulted in Paper IV, where the integration 
of biogas and cellulosic ethanol production was considered.  
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2 Background 
A transition to a more sustainable transport system, that is less dependent on fossil 
energy, requires efforts on both the supply and the demand sides. Despite this, 
bioenergy and biofuels, derived from modern biomass conversion technologies, are 
often seen as one of the main contributors to this shift. Bringing new technologies 
to commercialisation often require massive political support, amongst other things 
in the form of tax reductions or subsidies, especially when considering a shift 
towards renewable energy where the existing alternatives are well-established and in 
many cases relatively inexpensive. The problem for the transport sector is not the 
absence of alternatives. A variety of biofuels, shown in Figure 1, via several 
different production routes, are today under development. However, most 
renewable fuels are more expensive and energy-demanding to produce and 
distribute than fossil-based fuels.  

 

Figure 1. Overview of options for renewable vehicle fuels: feedstocks, conversion technologies and energy carriers. 
Solid lines represent commercially available technologies, dotted lines represent technologies that are under 

development. Note that other fuels and production routes also exist (based on Grahn, 2009).  
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On both the European and the national Swedish level there are several policy 
instruments promoting renewable energy. In Sweden some of the support measures 
are tax exemptions for biofuels or for so-called clean vehicles raised taxes for fossil 
fuels, carbon dioxide tax for vehicles, incentives for introducing of more energy-
efficient technologies and an obligation for filling stations to provide their 
customers with renewable fuels (the so called “pump law”), see for instance bills by 
the Swedish Government (2005, 2009, 2010). Developing policies that give long-
term stable conditions for producers as well as users are of utmost importance. In 
this chapter, a background is given to biomass use and potential (section 2.1), 
followed by how biofuels can be produced (section 2.2) and used in the transport 
sector (section 2.3). 

2.1 Biomass 

Biomass has several uses globally, other than for energy, for instance for paper 
production, as construction material or in furniture. As a way of decreasing CO2 
emissions, however, biomass is most commonly discussed as a way of replacing 
fossil material in the energy sector, even though replacement of concrete with 
biomass in constructions also has the potential to reduce climate impact and oil use 
(Gustavsson et al, 2007). In the energy sector, biomass today (2010) accounts for 
about 10% of the total world energy supply and about one third of this biomass is 
used for non-industrial applications, such as household cooking and heating in 
developing countries. However, an increasing share is used in modern biomass 
conversion systems, either for heat and electricity or for biofuel production (IEA, 
2011a, FAO, 2012). As mentioned in the introduction biomass is, nevertheless 
renewable, a limited resource. Even though it is often promoted as one way of 
decreasing climate impact from the transport sector, the most efficient use of 
biomass is often debated. An important issue when discussing the use of biomass 
and its efficiency for greenhouse gas mitigation is the time perspective. Today, 
pelletising biomass and using it as a coal substitute is one of the most CO2-efficient 
use of biomass (Wahlund et al., 2004), but due to factors such as demand-side pull, 
biofuel-promoting policies and advances in technology this may not be an accurate 
prediction of the future situation (Gielen et al, 2002, Grahn et al, 2007, Andersson, 
2007).  

If used responsibly and efficiently, biomass is thus a good replacement for fossil 
energy but using biomass for bioenergy purposes also has other impacts on society 
and the environment than the direct effects on climate. Land use changes for 
production of biofuels, for instance converting native ecosystems to biofuel 
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production, may cause a large increase in GHG emissions when stored organic 
material is released in the clearing (Fargione et al, 2008). Using fallow land or waste 
biomass would, however not contribute to increased GHG. Further, depending on 
which types of lands are used, biofuel production could cause conflicts with food 
and feed production. As in the case of GHG emissions, this is not a risk if 
perennial crops are grown on degraded cropland for example (Fargione et al, 2008). 

The supply of biomass is on a global level rather large, but it is very much 
dependent on local conditions and what kind that is available will vary between 
different regions. The future potential supply of biomass for bioenergy could, 
however, be evaluated from different aspects but definitions of these potentials are 
not unanimous. The theoretical potential is limited to biophysical conditions alone and 
the technical potential is also limited depending on competing uses of the biomass, 
such as food, feed or forest products, as well as nature conservation and 
soil/water/biodiversity preservation. The market potential, or implementation potential, 
includes the part of the technical potential that could be produced with a specific 
level of cost competitiveness (Chum et al, 2011). A number of studies have been 
made that attempt to estimate the future global potential supply of biomass for 
energy. The Intergovernmental Panel on Climatic Change SRREN bioenergy report 
(Chum et al, 2011) contains a review of scientific literature on the subject, with 
results ranging from less than fifty to several hundred EJ annually, which can be 
compared with the world total primary energy use of 350 EJ3 in 2009 (IEA, 2011a). 
The report emphasises the difficulties of making such estimates, especially when 
trying to narrow down the potential and the supply potential that it presents is in 
the range of 100-300 EJ (~28-83 PWh) annually in 2050.  

Another issue concerning the biomass feedstock is the handling, transportation and 
distribution of the biomass. The energy needed for this, as well as the emissions 
because of it, is of course dependant on the type of biomass. For example, solid 
biofuels used in biofuel production that originate from the forest have a clear 
advantage over energy crops grown explicitly for biofuel production, since the solid 
biofuel may be seen as a by-product of the forest industry and the emissions 
associated with it could be allocated to the forest industry’s main product 
(Holmgren et al., 2007). How large emissions are and how much energy is needed 
for transportation, handling and distribution will also be dependent on the size of 
the biofuel production plant, and if it is possible to supply the plant with biomass 

                                            

3 Equivalent to 8400 Mtoe, or 97 PWh annually (IEA, 2011a). 
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from the local region or if biomass has to be transported from a larger area or even 
imported from another country. 

2.2 Biofuel production 

Biofuels and biofuel production are often discussed in the terms of different 
generations, often referring to development status and closeness to 
commercialisation. There is no unanimous definition of these generations, but 
some general aspects for the first three generations are listed below. Discussions are 
also going on regarding a fourth generation of biofuels, but these are not taken into 
consideration in this thesis.  

• First-generation biofuels: These biofuels are to a large extent commercially 
available today, mainly biogas, FAME (also known as biodiesel) and sugar 
cane ethanol. The production is often based on raw materials competing 
with food or feed production, for instance, grains, sugar beets or corn and is 
thus considered to have a limited capacity for climate reasons, as well as 
economic, social and ecological ones. First-generation biofuels are 
sometimes also referred to as conventional biofuels (Alvfors et al, 2010, IEA, 
2008). 

• Second-generation biofuels: The processes for production of these biofuels are 
typically not yet commercial although possible in the near-term. The raw 
materials for second-generation biofuels are lignocellulosic, such as solid 
biomass, agricultural residues or black liquor and the products include for 
instance methanol, dimethyl ether (DME), synthetic natural gas (SNG) and 
lignocellulosic ethanol. These biofuels may also be referred to as advanced 
biofuels (Alvfors et al, 2010, IEA, 2008).  

• Third-generation fuels: For the third generation, definitions are even less clear 
and unanimous, but it is generally agreed that these biofuels are at least one 
step further away from commercialisation compared to the second-
generation biofuels. Examples of these biofuels are fully synthetic fuels 
produced through a variety of chemical reactions, for instance methane (as 
described in Paper III) or hydrogen, but could also be algae-based fuels 
(Dragone et al, 2010, Singh et al, 2011).  

This section gives a short introduction to different routes of biofuel production. 
The main focus is on anaerobic digestion, but brief descriptions of the technologies 
for fermentation, gasification and catalytic reduction of carbon dioxide are also 
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found, since these technologies are touched upon both in this thesis and the 
appended papers.  

2.2.1 Anaerobic digestion 

Anaerobic digestion (AD) of organic material to produce biogas is a process that 
belongs to the first generation of biofuel production and is thus currently used on a 
commercial scale. All types of organic material can be subjected to AD, which is a 
process where the material is degraded without access to oxygen. Among the most 
commonly used substrates are food waste, sewage sludge, manure and agricultural 
waste. The conditions for the AD process depend on the type of substrate used, 
but the main stages are the following: collection of the substrate, pre-treatment, 
digestion and, depending on end-use, upgrading (see Figure 2). Biogas can be 
produced in digestion facilities of varying sizes, ranging from small-scale farm-
based facilities to large-scale municipal sewage treatment plants. It is also produced 
at landfills, but in this case under less-controlled conditions. This type of biogas 
production is decreasing in Sweden due to a prohibition of organic material landfill 
since 2005; it is, however, more common in some other countries. 

 

Figure 2. Schematic view of the main stages in the digestion process.  

The material subjected to AD has to go through several stages of pre-treatment 
prior to digestion; the types of pre-treatment vary depending on the substrate used. 
After collection, foreign objects such as paper, plastics and stones, are separated 
from the substrate. The different types of pre-treatment methods used, such as 
mechanical (grinding), chemical (addition of alkali or acid) and thermal 
(hygienisation), are used to size the substrate, to make it more susceptible to 
microbial degradation and to remove contaminating substances (Dewil et al, 2007, 
Yadvika et al, 2004). The AD itself is a complex series of reactions in which the 
substrate is degraded in four stages: hydrolysis, acidogenesis, acetogenesis and 
methanogenesis. Hydrolysis is seen as the rate-limiting step where enzymes break 
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down the organic substrate. Intermediate products are formed in the acido- and 
acetogenesis and in the last step of the AD these intermediates are converted into 
the main products, i.e. methane and carbon dioxide (Appels et al, 2008, Dewil et al, 
2007, Nordberg, 2006). Besides methane and carbon dioxide, small traces of other 
gases, among others hydrogen sulphide, ammonia and water vapour, are generated 
as well. The ratio between methane and carbon dioxide is dependent on the 
feedstock and process used but, typically, the methane content is somewhere 
between 45% and 75%, with the remainder mainly consisting of carbon dioxide (de 
Mes et al, 2003, Nordberg, 2006). This gas is often referred to as raw gas or raw 
biogas, as opposed to the upgraded biogas used as vehicle fuel. In the upgrading, 
the methane concentration is increased and most of the CO2 is removed, along with 
other compounds, giving a gas with a methane content of 97% or higher (Åhman, 
2010). The by-products of the digestion in addition to the carbon dioxide, consist 
mainly of wastewater and a solid fraction called digestate, which is commonly used 
as fertiliser (Gode et al, 2007, Nordberg, 2006).  

There are several parameters influencing the digestion and the rate of the different 
stages; among these are the temperature, the number of fermentation steps, the pH, 
the retention time, and the moisture content of the substrate. These parameters are 
specific for each process and can be adjusted to enhance the biogas production. 
There are three temperature intervals where the methane-producing bacteria can 
live optimally; the psychrophiles/cryophiles act at 0-20°C, the mesophiles at 30-
40°C and the thermophiles at 50-60°C. Industrial digestion is most commonly 
performed at the two higher intervals. Generally, a higher temperature gives a faster 
reaction rate, which is an advantage since smaller reactor volumes are needed. 
However, the thermophilic digestion is more sensitive when it comes to 
temperature and concentration variations and needs more process control, whereas 
the mesophilic digestion is a more stable process. Whether mesophilic or 
thermophilic, the process demands energy to keep the reactor at the appropriate 
temperature. A common way of covering the heat demand is to use some of the 
produced gas, but if district heating or excess heat from other industries is available, 
this might be a more suitable option (Appels et al, 2008, Nordberg 2006). 

2.2.2 Fermentation 

Ethanol has been produced by fermentation of different types of sugar-based raw 
materials for several hundreds years. Using fermentation to produce biofuels is 
presently a commercial technology using sugar and starch crops, but the future 
potential is in lignocellulosic raw materials. Where the two former raw materials are 
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considered to produce biofuels of the first generation, cellulosic ethanol belongs to 
the second-generation biofuels and is thus not yet a commercial process.  

The main process stages included in ethanol production are the same regardless of 
the raw material used: pre-treatment, fermentation, distillation and dehydration. For 
sugar-based materials, the pre-treatment is rather simple, but when it comes to 
starch and cellulose, hydrolysis or pre-hydrolysis and hydrolysis respectively is 
required (see Figure 3). For detailed process descriptions see for instance Cardona 
& Sánchez (2007), Hahn-Hägerdahl (2006) and von Sivers & Zacchi (1995). 
Ethanol produced from lignocellulosic material has several advantages compared to 
ethanol based on sugar and starch, despite the more complex conversion process 
(Barta et al, 2010, Galbe and Zacchi, 2002).  

 

Figure 3. Main stages in cellulosic ethanol production.  

Cellulose based materials, as opposed to sugar or starch-based, is abundant, 
relatively cheap, and does not compete with food or feed production. However, 
lignocellulosic materials is also a limited resource and it is therefore essential to 
make use of as much as possible of the raw material. Due to its composition of 
cellulose (35-50%), hemicellulose (20-35%), and lignin (15-30%), wood will as a raw 
material for ethanol production give a fairly low ethanol yield, since only the 
cellulose and part of the hemicellulose are convertible to ethanol, while lignin is not 
(Kaparaju et al 2009, Sassner, 2007). Because of the relatively low wood-to-ethanol 
yields, process integration and proper use of by-products are essential, both in 
terms of energy and cost efficiency. A biorefinery concept is often discussed when 
it comes to ethanol production and this includes internal process integration as well 
as integration (of both energy and material flows) with other industries and/or 
facilities, for instance, combined heat and power (CHP) plants, district heating 
(DH) networks or pulp and paper industries (Eriksson and Kjellström, 2010, 
Fornell, 2012, Wingren et al, 2008) 
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2.2.3 Gasification 

The gasification technology, thermochemical conversion of carbon-based material 
into an energy-rich gas, is used on a commercial scale with, for instance, coal or 
other fossil-based raw materials. Biomass-based gasification exists in small-scale 
applications where the produced gas is burned for example in gas engines to 
produce electricity or heat. Gasification of biomass, with the aim to produce 
biomass-based second-generation vehicle fuels or large-scale electricity4, based on 
raw materials such as black liquor and solid biomass is, however, still under 
development (Alvfors et al, 2010, Åhman, 2010). The basis for the process is similar 
when solid biomass gasification (BMG) or black liquor gasification (BLG) is 
considered, although different process concepts are under development for black 
liquor and solid biomass respectively. The main stages in the process are pre-
treatment, gasification, gas cooling and cleaning and, if used for biofuel production, 
upgrading5 and biofuel synthesis (see Figure 4). Detailed descriptions of gasification 
based biofuel processes may be found elsewhere, for instance in Pettersson (2011), 
Wetterlund (2012) and references therein. 

 

Figure 4. Schematic view of the gasification process.  

Gasification is in many ways a flexible route for biofuel production, both when it 
comes to the raw material and the type of fuel produced. As feedstock, most types 
of carbonaceous materials are possible, including waste flows from forestry, 
agriculture, or households for instance (IEA, 2008). The flexibility as regards the 
end-product derives from the fact that the biomass is completely broken down into 
a gaseous mixture of different components. The exact composition is dependent on 
which process, feedstock and gasification agent that are used, but typically it 
consists of hydrogen, carbon monoxide, carbon dioxide, methane, water, heavier 
hydrocarbons and possibly also nitrogen (Alvfors et al, 2010, Gode, 2007). Because 

                                            

4 So-called biomass integrated gasification combined cycle, BIGCC.  
5 Upgrading could include reforming, H2/CO shift and CO2 separation. 
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of this, it is, in the subsequent synthesis of the so-called syngas, possible to produce 
several different fuels. Among the most commonly discussed are DME, Fischer-
Tropsch diesel (FTD), methanol, or methane (often referred to as SNG) (Faaij, 
2006, IEA, 2008). The gasification process requires heat/steam at several stages, 
but it also gives a relatively large amount of steam surplus, which can for instance 
be used for DH or other types of integration (Hamelick & Faaij, 2002). 

2.2.4 Catalytic reduction of carbon dioxide 

Another way of producing renewable fuels is synthetically, for instance from carbon 
dioxide and hydrogen. All of the above-described biofuel processes produce carbon 
dioxide as a by-product. In most cases, especially when vehicle fuels are the 
purpose of production, the carbon dioxide is separated at some stage during the 
process. The carbon dioxide could either be vented it to the atmosphere, collected 
for utilisation elsewhere (such as in the food industry), or collected it for carbon 
capture and storage (CCS). The CCS technology is generally considered for fossil 
electricity of fuel production, but could also be used in biofuel production, where 
applicable (Azar et al, 2006, Grönkvist et al, 2006, Kheshgi & Prince, 2005). 
Another option, however, is to use the carbon dioxide produced in the biofuel 
process for synthetic biofuel production, for instance via catalytic hydrogenation to 
methane, as described in Paper III. Other types of fuels can also be produced 
synthetically from CO2, for instance, methanol, DME or ethanol (Centi & 
Perathoner, 2009). All of these, together with synthetically produced methane, have 
the double positive climate effect of producing climate neutral fuels as well as re-
using a greenhouse gas for this production.  

The chemical reaction for catalytic hydrogenation to methane is called the Sabatier 
reaction and is the reverse reaction of steam reforming, a common way of 
producing hydrogen (Lunde & Kester, 1974). In addition to carbon dioxide, 
hydrogen is needed for the reaction, which is highly exothermic and is facilitated 
using a catalyst; both noble and non-noble metals could be used, for instance 
rhodium, ruthenium or nickel (Lunde & Kester, 1974, Hu et al, 2007). Water is 
produced together with the methane; see Figure 5 (next page) for a simplified 
process scheme. The hydrogen needed for the reaction could be produced, for 
instance, by electrolysis of water preferably driven by electricity from a renewable 
source.  
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Figure 5. Overview of the catalytic reduction of carbon dioxide, including hydrogen generation.  

The Sabatier reaction is well-known and has a favourable chemical equilibrium 
towards the end products. However, it requires rather large amounts of hydrogen 
and this might be one of the reasons no large scale implementation has occurred as 
of yet (Centi & Perathoner, 2009, Lunde & Kester, 1974). Producing hydrogen for 
the reaction by electrolysis driven, for instance by wind power or photovoltaics 
(PV) would be an advantageous solution to the problem of intermittent power 
production in the future electricity system with an increasing share of renewable 
power sources (Mohseni et al, 2011, Saxe & Alvfors, 2007). The electrolysis also 
gives the valuable by-product oxygen, which could be sold to provide additional 
income. Since the Sabatier reaction is highly exothermic and the process occurs at 
temperatures in the range of 250-400°C, a large amount of excess heat will be 
available and could among other things be used for DH or in other processes 
(Mohseni et al, 2011).  

2.3 Biofuel use 

Biofuels are today used to a varying extent in Sweden and the rest of the world. On 
a world total basis, energy consumption in the transport sector was 27,000 TWh per 
year in 2009 (IEA, 2011a). Globally, the share of biofuels in the road transport 
sector is today (2010) around 3% and about the same on the EU level, where 
ethanol is the biofuel with the largest market share, followed by FAME (IEA, 
2011b, SEA, 2011a). Many countries have ambitious targets for increasing the share 
of renewables either as a total of the energy use in the transport sector or as blend-
in conventional fossil fuels (IEA, 2011b). As mentioned in the introduction to this 
thesis, the target for the EU is a share of 10% sustainable biofuels by the year 2020 
(European Commission, 2008). In Sweden, the share of biofuels in the transport 
sector as a whole has increased steadily over the last few years and now stands at 
5 TWh per year (2010), which is equal to 4% of the total energy use (96 TWh/year) 
in the transport sector. Considering the use of biofuels for road transport in 
Sweden, the share is 5.7%. Of this, about half is ethanol, a little less than half is 
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FAME and the rest (~10%) is biogas (SEA, 2011a). 2020 is undeniably approaching 
quickly and Sweden, as well as the rest of the EU, is still far from covering the 10% 
target. A substantial part of this will naturally be covered by biofuels commercially 
available today, for instance, the above-mentioned (sugar and starch-based) ethanol 
and FAME. To reach the target of 10% (and even further) it is generally agreed that 
great efforts must be put into developing the second-generation of biofuels to 
commercialisation see for instance the Renewable Energy Directive (European 
Parliament, 2009a). One of the reasons for this are the shortcomings often 
associated with the first-generation biofuels. Besides competition with food and 
feed production, the conventional biofuels produced today are criticised for non-
sustainable production where large amounts of fossil fuels are used in the 
harvesting and production chain, thus causing the net GHG emissions from this 
production to cause an increase instead of the opposite (Larson, 2006). As 
described in the previous section (2.2), the production routes for second-generation 
biofuels make it possible to produce a variety of biofuels, of which the most 
commonly discussed are briefly presented below. It is important to note that many 
of these fuels, particularly those derived via gasification, can be produced from 
fossil feedstock. The focus here, however, is biomass-based production. An 
important issue concerning the use of vehicle fuels is the distribution of the fuel to 
the filling stations. For liquid fuels, such as petrol, diesel or ethanol, distribution is 
generally not seen as a problem since they can easily be delivered to filling stations 
by tanker. The distribution of gaseous fuels is more problematic, and usually also 
more expensive, because pressurisation is required. Gaseous fuels can also be 
distributed in a gas-grid, if available. 

• Methane: Methane is the chemical compound that is main constituent in the 
gaseous fuel, its denotation commonly depending on the production route: 
biogas when produced by digestion (see 2.2.1), synthetic natural gas (SNG) if 
produced via gasification (2.2.3) or reduction of carbon dioxide (2.2.4) and 
natural gas (NG) if of fossil origin. Since it is a gaseous fuel (at normal 
temperatures) it is impossible to mix with petrol or diesel. However, it can be 
run in both otto and diesel engines, often in so-called bi-fuel or dual-fuel 
vehicles, and is thus suitable for both light and heavy vehicles. If there is an 
existing gas-grid, biogas and SNG can be mixed with fossil gas in this, under 
the common name of vehicle gas. Otherwise, pressurised or cryogenic 
bottles are the options for compressed (natural gas/biogas, CNG/CBG) or 
liquefied gas (natural gas/biogas, LNG/LBG) (Gode, 2007, Åhman, 2010). 
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More details on the use of methane as a vehicle fuel can be found in section 
5.1.  

• Ethanol: Ethanol is a liquid fuel commonly produced by fermentation (see 
2.2.2). Since it is mixable with petrol, and thus suitable for the otto engine, it 
is used for low blend in Sweden and many other European countries. The 
EU allows a low blend of 10%vol, but in Sweden the share is today only 
about 5%vol although ethanol is also used as E85, which contains 85%vol 
ethanol. In the latter case the engine has to be slightly modified. Pure ethanol 
(E100) is used in otto engines (adapted for the purpose), mainly in Brazil. 
Ethanol can also be used in diesel engines but then not mixed with diesel, 
only as “pure” fuel, ED95 (including a small share of ignition improver) 
(Ahlvik & Brandberg, 2002, European Parliament, 2009b, Gode et al, 2008). 

• Fatty acid methyl esters: FAME, often referred to as biodiesel, is a liquid fuel 
produced from pressing vegetable or animal oils with subsequent 
esterification with methanol. The most common FAME on the market today 
is rapeseed methyl ester (RME). As is implied in the alternative denotation, it 
is a fuel of diesel-type, possible to mix with fossil diesel and thus suitable for 
the diesel engine. The EU fuel quality directive allows for a low blend of 
FAME in diesel of 7%vol (European Parliament, 2009b, Gode at al, 2008, 
SEA, 2011a).  

• Dimethyl ether: DME is a gaseous fuel very well suited to the diesel engine, 
partly because of its excellent emission properties, but the engine has to be 
modified. It is not possible to mix DME with diesel though; it therefore has 
to be used as a pure fuel. DME would also be suitable for use in fuel cells, 
if/when this type of converter becomes commercially available for vehicles. 
One advantage of DME, contrary to most other gaseous biofuels, is that it 
can be liquefied at room temperature if pressurised, which would make 
distribution easier. There is currently no commercial production of DME 
whereas the main production route is via gasification and subsequent 
synthesis (Ahlvik & Brandberg, 2002, Gode et al, 2008).  

• Fischer-Tropsch diesel: The production route for FTD is, as for DME, via 
gasification followed by synthesis of the produced gas. The composition of 
FTD is very similar to fossil diesel, however, with higher quality, and thus 
possible to use in the diesel engine, either pure or mixed with other types of 
diesel. FT-diesel is sometimes also referred to as biodiesel (Ahlvik & 
Brandberg, 2002, Gode et al, 2008).  
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• Methanol: Another biofuel produced via gasification and subsequent synthesis 
is methanol, a liquid fuel. As with ethanol and other alcohols, methanol is 
mixable with petrol and could thus be used for low blend purposes in the 
otto engine, or used as pure fuel in the diesel engine. It could also be 
possible to use in a fuel cell vehicle. Methanol has over the years 
encountered resistance due to its toxic properties (particularly in contact with 
human skin), which would require specific measures, for instance at filling 
stations, to reduce the risk of exposure (Ahlvik & Brandberg 2002, Faaij, 
2006, Gode et al, 2008).  

• Hydrogen: Hydrogen could be produced either via gasification and subsequent 
synthesis (if using biomass as feedstock) or by electrolysis of water. For the 
electrolysis to be considered climate-neutral the production should be driven 
by a renewable resource, such as wind power. Hydrogen could be mixed with 
methane, resulting in a gas mixture that can be used in the otto engine in the 
same manner as methane is currently. It is also excellent for use in fuel cell 
driven vehicles and in this application, it is possible to achieve higher 
efficiencies than in the otto engine. Distribution is, however, is even more 
complicated for hydrogen than for other gaseous fuels since compression to 
high pressure (~700 bars) is required because of the low energy density of 
the gas, thus making the distribution expensive (Ahlvik & Brandberg, 2002, 
Faaij, 2006, Gode et al, 2008).  
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3 Methodologies 
As the title of this thesis, “Energy system studies of biogas”, implies, the work on 
which the thesis is based, was done with a systems perspective or a systems 
approach. A system may be defined as a set of objects or components and relations 
between these components. The objects and their relations form a unity, which is 
delimited from the surroundings (the rest of the world) by a system boundary 
(Ingelstam, 2002). The system may interact with the surroundings, either in the way 
that the surroundings affect the system, the opposite, or both. The systems studied 
in this thesis are biofuel production systems and their relations to surrounding 
energy systems, as well as the transport system in which the biofuels are intended to 
be used. Rather than studying a single part of the production or process, a systems 
approach as used in this thesis implies using a more holistic view that considers the 
full production chain in a broad perspective and its relation to and interactions with 
surrounding systems. Besides this general systems approach methodologies 
appropriate for each study have been applied in the appended papers.  

All of the papers aim to evaluate the aspects of renewable vehicle fuels in a future 
transport system. This evaluation and further analysis is based on literature, 
assessments and calculations. Paper I uses a holistic approach, investigating the 
strategies for a sustainable transport system by means of backcasting. Backcasting is 
to a certain extent also used in Paper IV. This methodology will be further described 
in section 3.1.1. Another way to have a future perspective is to perform scenario 
studies. This methodology is used in Papers III-IV and is described in section 3.1.2. 
The last methodology presented here (in section 3.2) is well-to-wheel analysis, used 
in Paper II.  

3.1 Future studies 

All papers appended in this thesis are, strictly speaking, future-oriented studies. 
According to Höjer (2000, p. 11), the aim of a future study “is to get a better 
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understanding of future opportunities” and this understanding could be used in two ways: 
“either to adapt to the future or to try to influence the future”. One approach to 
understanding the future opportunities could be by trying to make predictions of 
how the future might develop. Such a prediction could be seen as a forecast, 
traditionally used within the field of energy-related studies as a means of evaluating, 
for instance, the future demand of energy in the transport sector (Robinson, 1982). 
Predicting the future, by forecasting or in some other way, is nevertheless a difficult 
matter and particularly forecasts have attracted criticism as being deterministic and 
lacking in accuracy (Höjer, 2000, Robinson, 1982, Smil, 2003). However, there are 
several methods or approaches for analysing the future, including backcasting, 
scenario techniques, Delphi-studies, causal analyses and modelling (Höjer & 
Mattsson, 2000). Depending on the aim of the study, one of these methods 
(including forecasts), or a combination of two or more of them might be 
appropriate. In the appended papers, two of the approaches are used more 
explicitly: backcasting and scenario techniques. These will be further described in the 
following sections.  

3.1.1 Backcasting 

While forecasting might be seen as a means of predicting the future, for instance, by 
prolonging an existing trend to explore what may come, backcasting is on the other 
hand rather an approach to how to attain a desired future and which measures 
would need to be taken to do so (Höjer & Mattsson, 2000, Robinson, 1982). 
Concerning what distinguishes backcasting from forecasting, Robinsson (1982, p. 
337) states that “the major difference is that backcasts are not intended to indicate what the 
future will likely be, but to indicate the relative implications of different policy goals”; the focus is 
thus more on the actions taken than on a certain value for the future. Backcasting 
studies are considered to be more useful when an action of change is required to 
break a trend, rather than continue with a “business as usual” approach, especially 
in the field of energy end environmental issues (Dreborg, 1996, Heinonen & 
Lauttamäki, 2012, Höjer & Mattsson, 2000). Backcasting studies, however, in some 
way rely on forecasts. If it becomes obvious that the trend in a forecast is 
impossible to meet, this can be seen as a notion of the need for a backcast. They are 
also often used in combination with other approaches for scenario studies (used as 
tools in setting the directions for the desired future), for example Delphi-studies or 
Monte Carlo simulations (Heinonen & Lauttamäki, 2012, Mattila & Antikainen, 
2011). Backcasting studies are normative and typically applicable for long-term 
targets of a complex nature, for instance, transport studies aimed at CO2-lean 
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energy use or analyses of reaching climate targets (Heinonen & Lauttamäki, 2012, 
Höjer & Mattsson, 2000).  

The backcasting method was introduced by Robinsson (1982) and further 
developed by, among others, Höjer (2000) and Höjer & Mattsson (2000). The two 
latter identify four steps to the approach of performing a backcasting study. The 
first task is to define a vision or set one or a few long-term targets: the desired 
future. These targets are then compared to the current state and to forecasts or 
directional studies and indications of whether the goals will be reached with these 
are evaluated. If existing forecasts are not expected to fulfil the targets, the next 
action taken is to generate scenarios for attaining them. The last step is to evaluate 
how the scenarios may be constructed and which strategies are to be taken to reach 
the goal set in the vision (Höjer, 2000, Åkerman & Höjer, 2006). A similar approach 
to the backcasting methodology is described by Banister & Hickman (2012).  

In Paper I, backcasting is used to visualise the possible strategies for an import-
independent road transport system, based on renewable resources, in 2025 using 
Sweden as an example. Both supply and demand side strategies (of a technical and a 
non-technical nature) are investigated and two scenarios are construed where fossil 
fuels are gradually phased out. Similar approaches for Sweden, or different regions 
of Sweden, are used for instance in Dahlquist et al (2007), Robèrt et al (2007) and 
Åkerman & Höjer (2006). In Paper IV, the methodology of backcasting is not 
explicitly used, but the idea of the approach is similar. The target of domestically 
producing the ethanol required for fulfilling a 10%vol blend in petrol by 2020 is set 
and from this the potential for producing biogas integrated with the ethanol 
production is investigated.  

3.1.2 Scenario techniques 

Scenario techniques, or scenario studies, is a rather vague concept which may 
include several similar approaches to future studies. According to Börjesson et al 
(2006, p 723), scenarios “can denote both descriptions of possible future states and descriptions 
of developments”, but scenario studies could also be expressed as studies aiming to 
visualise a development to a possible future (Höjer, 2000). Börjesson et al (2006), 
further divide scenarios into three different types: predictive, explorative and 
normative. The backcasting methodology, described above, is of the normative 
type, trying to answer the question of how a specific target can be reached. Scenario 
techniques, as defined in this thesis, are of the predictive type, rather answering the 
question of what will happen given a certain condition. Another type of predictive 
scenarios, according to the categories by Börjesson et al (2006), is forecasts, which 
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are distinguished from scenario techniques by giving a prediction of what will 
happen if the most probable future development occurs.  

The way in which scenario techniques are used in Papers III-VI are thus of the type 
that attempts to answer the question “what if” and doing this by estimating the 
potential for producing biogas from various substrates. The scenario studies in two 
of the papers (III and V) are based upon case studies, describing a possible future 
production concept, used as a basis for estimating the total potential for biogas 
production. Paper VI is based on Paper V and can thus also be considered to use a 
case study (the one in Paper V) to give the future biogas potential, while Paper IV, 
as described above, uses a simple form of backcasting as the basis for the potential.  

3.2 Well-to-wheel analysis 

A well-to-wheel analysis is a method often used when evaluating the environmental 
impacts, especially climate impact, of biofuels (or other fuels). WTW analysis can be 
said to be a simplified form of a life cycle analysis (LCA), where the former mainly 
take into consideration the fuel cycle, including feedstock, conversion system, 
distribution and vehicle operation but excludes factors such as energy and/or 
emissions concerning building of facilities, equipment and vehicles as well as end-
of-life or social aspects (Edwards et al, 2007, MacLean & Lave, 2003). Depending 
on the objective of the analysis, it might be relevant to evaluate only the part of the 
fuel cycle ranging from feedstock to the vehicle tank, a so-called well-to-tank 
(WTT) analysis. The latter part of the fuel chain, basically the vehicle operation that 
typically focuses on air emissions and energy efficiency, could also be evaluated in a 
tank-to-wheel analysis (TTW).  

Compared to a complete LCA, where the procedure for the evaluation is 
standardised by an ISO standard (ISO, 2006), a WTW analysis is not regulated in 
the same way. However, when evaluating biofuels from a well-to-wheel perspective, 
as in Paper II, some issues are particularly important to bear in mind, just as in the 
case of an LCA. As in any study with a systems approach, the system boundaries, 
and how these are set, are important for a well-to-wheel analysis. There are several 
approaches to setting the system boundaries: a) between the technical system and 
the environment, b) between the technical system under study and other technical 
systems or c) between significant and insignificant processes (Finnveden et al, 
2009).  

For well-to-wheel analyses of emerging technologies, such as second-generation 
biofuels, both the direct and the indirect effects of the production system should be 
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evaluated and thus setting the system boundaries between significant and 
insignificant processed, as in the third category above, would be preferred (Ekvall & 
Weidema, 2004, Finnveden et al, 2009, Wetterlund, 2012). The second matter for a 
WTW study is highly related to that of setting the system boundary, namely the 
allocation method used. Allocation mainly concerns the production of co-products 
(or by-products) and the difficulty lies in how the effects (for example CO2 
emissions) of production should be distributed between the main and co-products 
of the system (Finnveden et al, 2009). This becomes increasingly delicate when 
analysing multifunctional processes, for instance so-called biorefineries, which have 
two or more main products as well as several co-products, and where production is 
highly integrated with other facilities or industries. There are several approaches to 
dealing with the allocation issue. One is by using distribution between the products 
based on energy content or economic value, while another is by making no 
allocation to by-products at all, placing the full load on the main product (the 
biofuel) (Börjesson et al, 2010, Weidema, 2000). Another option and the one 
suggested for WTW analyses, for instance by Ekvall & Weidema (2004) and the 
ISO standard for LCA (ISO, 2006), is to expand the system studied, to include 
affected processes (see example in Figure 6, next page). It should, however, be 
pointed out that expanding the system might not be practicable in all cases. System 
expansion is the method used in Paper II, where electricity production, district 
heating systems, CCS and alternative biomass use are included in the analysis, in 
addition to the biomass conversion system.  
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Figure 6. Example of a biofuel production chain and its interactions with the surrounding systems (adapted 
from Wetterlund (2012)). 

The functional unit (the reference measure to which inputs and outputs are related) 
used in the analysis is also of utmost importance as it enables comparisons between 
different systems. When a biofuel production system is studied, the functional unit 
might for instance be environmental impact per energy equivalent of vehicle fuel, 
environmental impact per distance travelled or environmental impact per area of 
arable land and year (Börjesson et al, 2010). The time frame of the analysis is the 
third issue of importance, and this factor includes the technologies described in the 
study, both the actual biofuel production technology and the technologies 
concerning the support systems, such as production of heat and electricity. Here it 
is important that the time frame as regards all included technologies is consistent. 
Finally, a prerequisite for WTW studies is transparency and this is something that 
should be considered in all stages and issues discussed above. Failing in 
transparency makes comparisons between different studies difficult.  
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4 A sustainable transport system 
Sustainability and sustainable development are concepts with broad meanings. The 
most commonly used definition of sustainable development is the one stated by the 
United Nations World Commission on Environment and Development (UN, 
1987): “Sustainable development is development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs”. This definition is 
general but truly captures the essence of how we need to envision our future 
considering the climate and the resources of the world. In the sustainability 
concept, not only environmental aspects are included, but economic and social 
aspects are equally as strong as the environmental aspects. When discussing a 
sustainable transport system in particular, CO2 emissions are a significant factor 
(Åkerman & Höjer, 2006). Grahn (2009) states four prerequisites for a less 
unsustainable transport system considering CO2 emissions and similar strategies 
have been proposed by, for instance, Woodcock et al (2007) and Kahn Ribeiro et al, 
2007.  

• Change to more energy efficient vehicles. 

• Modes of transport that emit less CO2 per person, for instance bicycles or 
public transport instead of cars. 

• Infrastructure that reduces transport needs. 

• Use of low CO2 emitting transport fuels. 

To reach a sustainable transport system, and achieve the changes needed, policy 
instruments (as mentioned in the introduction to chapter 2) are required. Both as a 
way of promoting new, energy-efficient technology and CO2-lean fuels and to 
encourage behavioural changes to reduce the total transport energy need. The 
current use of energy in the transport sector in Sweden is 96 TWh (2010) and this 
corresponds to about 15% of total energy use in Sweden (SEA, 2011a). The 
transport sector can be divided into four subsectors depending on the type of 
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transport: road transport, rail, aviation and waterborne traffic. The transport energy 
use includes all domestic transport, both personal and freight transport by all 
transport subsectors, but not foreign aviation and waterborne traffic. In 2030, 
energy use for domestic transport is expected to decrease somewhat, to 89 TWh, 
whereas foreign aviation and waterborne traffic are expected to increase, from 
33 TWh (in 2007) to 37 TWh in 2030 according to the Swedish Energy Agency’s 
(SEA) long-term forecast “main scenario” (SEA, 2011b).  

According to the SEA’s long-term forecast (SEA, 2011b), the demand for 
transport, and thus the energy use for transport, is highly dependent on economic 
development. In the road transport sector, where private transport accounts for a 
substantial part, the energy use is assumed to decrease, first and foremost because 
of more energy-efficient vehicles and rising oil prices over the period. For private 
transport, petrol-fuelled cars are expected to decrease to the advantage of diesel-
fuelled cars, gas-driven cars and vehicles with electric engines6. Renewable fuels, in 
particular ethanol and biogas, are assumed to increase until 2030. For ethanol, 
growth is mainly dependent on the level of low blend into petrol, from today’s 
5%vol up to 6.5%vol. As was mentioned in section 2.3, the EU allows a low blend of 
10%vol, whereas in Sweden the present tax exemption on ethanol blend only covers 
6.5%vol and is expected to stay at this level until 2030. There is today a high demand 
for biogas and the production is estimated to rise by about 1 TWh from today’s 
level of 0.6 TWh (for vehicle use). However, this increase will not be sufficient to 
cover the full demand and natural gas is thus supposed to account for a fairly large 
share of vehicle gas, as it does currently. Vehicles with electric engines, in particular 
hybrid vehicles, are expected to increase but to a certain extent also BEVs. In the 
SEA’s forecast, plug-in hybrid vehicles are not expected to come onto the Swedish 
market until 2015 and thus not gain a large share before 2020. These vehicles have, 
however, recently become available though Toyota’s introduction, so compared to 
the forecast, plug-ins might reach a higher share by 2030 (Toyota, 2012).  

While the SEA’s long-term forecast forms part of Sweden’s climate reports to the 
EU and can thus be seen to reflect a “business as usual” scenario, other transport 
studies describe bolder future scenarios. In recent years, a number of studies have 
been published concerning sustainability and climate impact of the transport sector 
as well as biofuel use in this sector. Several investigate a specific country, region or 
city, and the prerequisites for a sustainable transport sector within this limited area. 

                                            

6 Includes battery electric vehicles (BEVs), plug-in hybrid vehicles and hybrid vehicles (with both 
electric and combustion engine).  
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In many studies, as in Paper I, a backcasting approach is used where long-term 
targets for energy use in the transport sector are set, for instance for 2030 or 2050. 
Åkerman & Höjer (2006) investigate a sustainable transport future for Sweden in 
2050, where the level of CO2 in the atmosphere is used as a sustainability criterion. 
The main conclusion from the study is that technology solutions, even in 
combination with renewable fuels, are not enough to reach the sustainability target 
but that substantial infrastructural changes are needed to drastically reduce total car 
travel. Robèrt et al (2007) have a similar approach to Åkerman & Höjer (2006), but 
investigate energy demand in the Stockholm transport system in 2030. The study 
has a more explicit focus on biofuels and emphasises the importance of supply as 
well as demand side measures, but does not explicitly discuss which types of 
renewable energy are meant to be used. In a study by Dahlquist et al (2007), the 
Swedish region of Mälardalen is used as an example of how a region can be made 
fossil-fuel free by alternative pathways to resource management, technology 
advances, and behaviour change in energy use. The focus is on the present day and 
very near-future situation and taking the entire energy sector for the region in 
consideration; the transport sector is thus only one part of the study. Auvinen et al 
(2011) argue that not only short- to medium-term outlooks are needed, but also 
visions for the long-term transport future and a methodology for constructing such 
visions are introduced. In their study, a “test-vision”, according to the 
methodology, is created which discusses the visions for a Finnish transport system 
in 2100. A few of the main issues of this test vision are that Finland is assumed to 
have evolved into a “metropolitan nation”, where the majority of the population 
live in a few urban centres. Both infrastructural changes and changes of transport 
mode as well as a shift to renewable fuels are believed to contribute to the 
sustainable structure of the transport system. 

In this chapter, issues concerning a sustainable road transport system, related to the 
findings in Paper I, will be discussed. As a part of this, the well-to-wheel approach 
studied in Paper II will also be addressed. The main findings from these two papers 
can be found in the last section (4.2) of this chapter.  

4.1 Strategies for sustainable road transport 

The road transport sector attains most emphasis in the discussions on sustainable 
transport in this thesis, since biogas (primarily used in road traffic) is the main focus 
among the renewable vehicle fuels. In Sweden, the road transport accounts for 68% 
of the total energy use in the transport sector, but its share of the total has been 
decreasing since 1990 (SEA, 2011b). Climate mitigation strategies and security of 
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supply are the most discussed issues concerning sustainability in the transport 
system today. However, local and regional problems, such as particles and noise, 
have historically been in focus when discussing environmental problems from 
transport and still are in many parts of the world (Folkesson, 2008). For road 
transport in particular, concerns of traffic space and congestion are also of high 
importance for sustainability in the wider sense, especially in urban areas. Health 
effects are another question of significance for road transport. Not only the direct 
effects, such as hazards from car accidents and dangerous traffic situations as well 
as the local pollution, but also more long-term health issues in connection to 
reduced physical activity because of the increase in motorised transport. This is also 
reflected on by Woodcock et al, (2007, p. 1081), who say that “over the past century, oil 
has increasingly displaced food as the energy source for human movement”. Sustainable road 
transport is thus a highly complex matter, with not one but several possible 
solutions in making a transition from less to more sustainability. In the following 
sections a few of the possible strategies concerning the demand and the supply 
sides of road transport are discussed.  

4.1.1 Demand side measures 

A key issue for reducing transport energy is to decrease the demand for transport. 
This could be achieved in various ways, for instance by making people change their 
way of travelling by pricing or regulations, or by encouraging decreased road 
transport by means of attractive public transport, local environments suitable for 
walking and biking and structural changes in society. Taxes and other economic 
regulations are in general efficient measures for changing people’s habits. While 
taxes on fuels, leading to increased fuel prices, have been shown to have an indirect 
effect on the choice of transport, charges have a more direct impact (Trafikanalys, 
2011). When a charge, such as a road toll has to be paid by the car commuter, the 
willingness to change to other means of transport is rather high. An example is that 
when parking is free or for instance paid by the employer, the car is used more 
frequently (SIKA, 2007). The tendency in the infrastructural changes is at present 
unfortunately, that daily services such as grocery stores are being located further 
away from living areas, which increases the number of car trips. Much may be 
gained by structural changes in society towards satellite centre-based workplaces, 
schools and shops, making most of the daily trips short ones (Trafikanalys, 2011). 
However, most of the trips made by car today are short-distance trips used for 
transport to work or school, but replacing short trips by walking and cycling would 
not only give positive health effects. It would also contribute to better local and 
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global environment, since shorter car trips have a relatively higher impact (per 
distance travelled) than longer trips (Woodcock et al, 2007). Telecommuting7 could 
also contribute to reduced travel demand as well as inexpensive and reliable public 
transport.  

Another way of decreasing transport energy is though improved fuel economy, 
which can be achieved by technical or non-technical means. In both these 
categories, the measures to reach better fuel economy are rather different 
considering short-distance travel (predominantly personal transport by cars or 
urban bus) or long-distance travel (mainly freight transport and long-distance 
coaches).  

Considering technical improvements for cars and buses used in urban areas where 
most of the trip consists of driving at moderate speeds and with perhaps many start 
and stops, the efficiency of the drivetrain is an important factor. For regular otto 
and diesel engines, also referred to as internal combustion engines or ICEs, 
operation at partial load, at low vehicle speeds or when idling is a disadvantage 
since the highest efficiency is achieved at high load (Åhman, 2001). The regular 
ICEs, used in most vehicles today have been developed over many years and the 
potential for improvement of the engine itself is limited. However, hybridisation of 
cars or buses with batteries, or super-capacitors and an electric motor could lower 
fuel consumption substantially for both cars and buses. This is due to the fact that 
hybridisation enables controlled shutdown at stops, recovery of braking energy, 
power boost during acceleration and electric operation at low loads (Åhman, 2001, 
Kahn Ribeiro et al, 2007). Lowering the weight of cars and urban buses, by using 
lighter and stronger materials for engine and chassis, is also an important factor in 
decreasing the energy use (Dahlquist et al., 2007). Unfortunately, the trend hitherto 
in industrialised countries has been towards bigger and heavier vehicles with 
stronger engines and increased average fuel consumption (IPCC, 2007). This is a 
trend that has to be reversed in order for the efficiency improvements to have 
effect. There is also there is a need to adjust fuel prices to avoid rebound effects, i.e. 
the improvements in vehicles’ energy-efficiency lead to lower fuel consumption and 
hence a lower kilometre cost, causing car owners to use their cars more (Greening 
et al, 2000).  

                                            

7 Using information and communication technology to work from home or a location closer to home 
than the regular workplace. 
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For heavy-duty vehicles, such as freight transport and buses mostly travelling long 
distances, the key factors for better fuel economy are different to those for urban 
vehicles. For example, aerodynamic drag is more important at higher speeds. For 
heavy-duty lorries, primarily operated on uncongested highways, aerodynamic 
improvements are an important factor. For better fuel economy, the dead weight of 
the vehicle is also important (Kahn Ribeiro et al, 2007). 

The other category for improving fuel economy is by non-technical means. For 
personal transport (urban traffic by car or bus), one possible way is to change 
driving patterns through so-called eco-driving, a support tool used to change driver 
behaviour and increase fuel efficiency (van der Voort et al, 2001, Trafikanalys, 
2011). The occurrence and duration of stops in the driving pattern have a 
significant effect on fuel consumption. Hence, street characteristics and traffic 
situation are important factors for lowering fuel consumption. For buses, traffic 
signal priority and dedicated bus lanes are two ways of lowering fuel consumption 
(Trafikanalys, 2011). For private cars, introduction of real-time displays of traffic 
information and maps could help drivers avoid congested areas and hence decrease 
fuel consumption (Trafikanalys, 2011). In addition, all the measures for lowering 
the demand for road transport discussed above, such as tolls and inexpensive public 
transport help minimize traffic congestions, thus lowering fuel consumption. The 
savings for cars and urban buses by non-technical means, however, are to a large 
extent counteracted by the technical savings potential. If the car is hybridised, the 
fuel consumption would for example be less influenced by driving patterns. 

Eco-driving principles are also of great importance for heavy, long-distance 
vehicles, such as for freight-transport, and tools that help the driver to follow these 
principles could improve fuel economy (SEA, 2007). Concerning speed, heavy 
lorries consume 24% more fuel at 90 km/h than at 70 km/h and hence the 
potential saving with a lowered, enforced speed limit is high (SEA, 2007). Another 
strategy to decrease fuel use by a few per cent is to increase lorry load factors, for 
instance by using better logistics systems and routing software. Such measures can 
usually be implemented at a low or even negative cost (SEA, 2007). The non-
technical savings for lorries and non-urban buses are not counteracted by the 
technical means of improving fuel economy to the same extent as for urban 
vehicles.  

4.1.2 Supply side measures 

On the supply side, the fuels used for road transport are, evidently, the main factor. 
The heavy dependence on fossil fuels, touched upon in the introduction to this 
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thesis, must be broken if a reduction of the climate impact from transport is to be 
achieved. A major factor in ending this dependence is the production and use of 
biofuels, to which a background was given in chapter 2. The potential for biofuels is 
as hard to estimate as the potential for biomass available for energy purposes (see 
section 2.1), especially when it comes to second- and third-generation biofuels, 
where technologies are still under development. The question of which biofuel (if 
any) will dominate the future market is not obvious either and several future 
studies, including Paper I, leave this question open in the scenarios created. One of 
the difficulties concerning biofuel potential is the feedstock-to-fuel efficiency for a 
full-scale biofuel plant. This is partly because of the immaturity of the biofuels not 
available on the market today, and partly because the efficiency may be defined in 
several ways, which makes comparisons between different studies difficult. In Paper 
I, biogas is treated separately from other biofuels since production of biogas from 
municipal solid waste and sewage treatment plants is population-dependent. For a 
country or regional specific study like Paper I, the maximum potential of biogas 
from these sources will therefore be according to the residents of the 
country/region, whereas the potential for biogas from other sources, as well as the 
potential for other biofuels will depend on other factors.  

For a sustainable road transport sector, where a reduced climate impact is desirable, 
the whole life cycle of biofuel production will be important to consider, since tail 
pipe emissions are only part of the climate change contribution (Woodcock et al, 
2007). In this perspective, as well as when discussing biofuel production 
efficiencies, WTW analyses (as described in section 3.2) are efficient tools for 
illustrating the benefits and drawbacks of different biofuels. When the whole 
production chain as well as the vehicle efficiency, are evaluated in a WTW 
perspective, a more accurate view of the (possible) climate benefits of a biofuel is 
obtained. This issue is more explicitly discussed in Paper II and in the summary of 
this paper in section 4.2, below.  

Renewable electricity will probably play a growing role in the future road transport 
sector. Electricity could be used directly in battery BEVs, or be converted into 
some kind of fuel. If advanced batteries become available, the use of BEVs or plug-
in hybrids could be an attractive and highly energy-efficient solution for future 
transport. Today, the development of sufficiently inexpensive and high-
performance batteries for BEVs is uncertain and even though plug-in hybrids have 
recently begun to be introduced onto the market, any deep impact from these 
vehicles will take several years more. The other option for renewable electricity in 
the transport sector is thus conversion to some other fuel. This fuel could either be 



ENERGY SYSTEM STUDIES OF BIOGAS 

 32 

hydrogen for use in fuel cell vehicles (FCVs) or synthetic fuels (or hydrogen) for 
use in modified conventional hybridised vehicles. The possibility of synthesizing 
fuels from renewable electricity is an interesting alternative to the biofuels of today 
and the future. Synthetic fuels may, for example, be obtained from captured carbon 
dioxide combined with hydrogen, creating fuels such as methanol, methane (for 
instance as described in section 2.2.4), DME or Fischer-Tropsch diesel (Centi & 
Perathoner, 2009). Hydrogen and synthetic fuels may be considered climate-neutral 
whenever the feedstock and the necessary process energy are renewable. Energy 
sources such as hydropower and solar, and wind power are therefor perfectly suited 
to this.  

4.2 Main findings from Papers I and II 

To reach a sustainable transport system several different components, as discussed 
in this chapter, are required. In Paper I, the strategies for an import-independent 
Swedish road transport system based on renewable fuels by 2025 are discussed and 
in line with supply and demand side measures, as illustrated above, two different 
future scenarios are designed: Attainable and Optimistic. These two fossil-free 
scenarios are shown in Figure 7, together with the transport energy demand for 
2006 and the business as usual scenario (meaning that no forceful implementations 
on the supply or demand side are introduced).  

The Attainable scenario consists of components (e.g. biofuel production and 
vehicle efficiency improvements) that are assessed to be within reach, although by 
no means easily achievable. As can be seen, the supply and demand side measures 
cover only part of the transport energy demand and renewable electricity will not be 
enough to fill the gap. Depending on how the renewable electricity is used, directly 
in BEVs or for production of synthetic fuels, the gap could be filled to a smaller or 
larger extent (illustrated by the varied colouring in the figure), however, there will be 
a deficit that needs to be met in some other way, for instance through import of 
biomass.  

It would be more difficult to fully implement the strategies constituting the 
Optimistic scenario, but with great commitment, it could be possible. Here, a larger 
part of the supply is covered by biofuels (due to the assumption of higher 
conversion efficiencies) and measures that are more forceful are taken on the 
demand side. Together, these make the gap between supply and demand smaller 
and, thus, possible to cover with fuels from renewable electricity or using renewable 
electricity directly in a BEV. In this scenario, the Swedish road transport system 
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could thus be considered import-independent and fossil fuel free. Details on the 
input data and the design of the scenarios can be found in Paper I.  

 

Figure 7. Swedish annual road transport energy supply, including demand side reductions (from Paper I). 

In Paper I, biofuels are assumed to form the basis of the renewable fuel supply for 
the transport sector. However, detailed studies on the production systems are not 
within the scope of the paper although as efficient production as possible is 
considered to be a prerequisite. To be able to evaluate how efficient (for instance, 
regarding CO2) different biofuel production systems are, a WTW perspective, as 
described in section 3.2, is often applied.  

In Paper II the impact of expanding the system to include the systems surrounding 
the biomass conversion system when evaluating CO2 emissions from a WTW 
perspective is shown (see Figure 6). Four cases for biomass-based transport fuel 
production are used to illustrate the method for WTW system expansion and 
further, to show the effects of failing to expand the system boundary. The four 
cases used as examples are: 1) black liquor gasification with DME synthesis, 2) 
gasification of solid biomass with methanol synthesis, 3) lignocellulosic ethanol and 
4) biomass gasification-based electricity production. All systems are considered 
both with and without CCS from the biofuel production and comparisons are made 
with another WTW study (denoted “EU study”), by Edwards et al. (2007). The 
results show that the net CO2 emissions from the systems varies significantly, 
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depending on which assumptions are made about the surrounding systems, in some 
cases even giving a net increase in CO2 (see Figure 8 and Figure 9).  

 

Figure 8. Results from Paper II showing the net CO2 effect for the studied cases when the alternative biomass 
use is assumed to be co-firing with coal (from Paper II). 

Of particular interest are the effects of alternative use of biomass (either co-firing 
with coal in a power plant or no alternative biomass use), since failure to take 
alternative biomass use into consideration might result in an overestimation of the 
potential for biomass energy in the transport sector. For detailed descriptions and 
assumptions on the biofuel systems and surrounding systems, see Paper II. 
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Figure 9. Results from Paper II showing the net CO2 effect for the studied cases when no alternative biomass 
use is assumed (from Paper II).  
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5 Biogas in the transport sector 
Biogas today accounts for a minor share of the energy use in the transport sector in 
Sweden (as mentioned in section 2.3); the share is about 0.5% (0.6 TWh) of the 
total 128 TWh in 2010 (SEA, 2011a). On a European level, the biogas use for 
transport is even lower, only about 0.01 % (2009) of the total energy use 
(AEBIOM, 2011). The total European biogas use in the transport sector was in 
2009 0.5 TWh, and of this, Sweden represents the largest share with 0.4 TWh 
biogas for transport in 2009 (AEBIOM, 2011, SEA, 2011a). It is thus obvious that 
Sweden may be seen as a forerunner when it comes to biogas use as vehicle fuel, 
even though countries like Germany and the Netherlands have also recently begun 
to show interest in using biogas in this way (EurObserv’ER, 2010). On a European 
level, the raw biogas used for conversion to electricity and heat is the predominant 
form and this was also the case in Sweden until the beginning of the 21st century, 
but since then there has been a rapid increase in upgrading to vehicle fuel standard. 
In other parts of Europe, as well as outside Europe, gas-driven vehicles are 
relatively common but mainly run on natural gas (Åhman, 2010).  

When it comes to total raw biogas production the main contributors to the 
European biogas market are Germany and the United Kingdom. Germany is by far 
the major producer and accounts for just over half of the total European raw gas 
production, which in 2009 was 97 TWh8 (EurObserv’ER, 2010). Other European 
raw biogas producers of significance are France, Italy and the Netherlands, while 
Sweden is only the 10th largest producer, despite its dominant position regarding 
biogas production for the transport sector. In Europe, most of the raw gas is 
produced at municipal solid waste digestion plants, decentralised agricultural plants 
and centralised co-digestion plants (52%), a substantial part is produced at landfills 
(36%) and the rest comes from sewage treatment plants (EurObserv’ER, 2010). In 

                                            

8 This is only biogas intended for recovery and excludes biogas flares. 
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Sweden, the distribution is somewhat different (se Table 1), where most of the raw 
biogas is produced at sewage treatment plants while co-digestion and industrial 
plants together are the second largest producers. The share of raw gas production at 
landfills has been decreasing and this is expected to continue because of the 
Swedish prohibition on landfill of organic wastes introduced in 2005 (SEA, 2011c). 
Production at the other types of digestion plants will consequently be expected to 
increase over the coming years. 

Table 1. Biogas plants in Sweden and their production, 2010 (SEA, 2011c). 

Type of plant Number of plants  Raw gas production (GWh) Production share (%) 
Sewage treatment plants 135 614 44 
Co-digestion plantsa 18 344 25 
Farm-based plants 14 16 1 
Industrial plants 5 114 8 
Landfills 57 298b 22 
Total 229 1,387 100 
a Common substrates used in co-digestion plats are household waste, food industry waste 

and manure. 
b Energy of collected biogas, actual production is not measurable. 

 

The share of upgraded biogas is, as mentioned, large in Sweden (almost half) and 
about the same amount is used for heating. The rest is used for electricity 
production (4%) and about 8% is flared. Of the upgraded biogas, the major share 
(94%) is used as vehicle fuel, the remainder being either sold and used for heating, 
or flared (SEA, 2011c). Sweden does not have a well-developed gas grid in the 
whole country, but only in the southwest part. In this grid, the main constituent is 
natural gas, but biogas is injected at eight different places and the total amount of 
biogas injected to the grid was 170 GWh in 2010 (SEA, 2011c). At other locations 
in Sweden, gas is delivered to filling stations by tanker. The relation between natural 
gas and biogas used in vehicles has shifted since 2006: before this natural gas 
represented the major share but biogas now represents almost two thirds of the 
vehicle gas is biogas (SGC, 2012).  

Biogas has had a special position amongst other biofuels because of the production 
from waste-based substrate, giving biogas production a double positive impact in its 
way of closing the biological cycle, for instance when nutrients are returned to the 
cropland. Because of this, biogas and other biofuels produced from waste are of 
special interest and have gained extra priority on both the European and the 
Swedish level (SEA, 2010). Even though biogas can be produced from various 



CHAPTER 5. BIOGAS IN THE TRANSPORT SECTOR 

 39 

substrates, it should, according to the Swedish Energy Agency (2010), be promoted 
to increase production from waste-based substrates such as the organic fraction of 
municipal solid waste, other types of food waste and manure. There should also be 
a focus on increasing the efficiency at facilities using these types of substrates (SEA, 
2010).  

5.1 Biogas as vehicle fuel 

Biogas can, as mentioned, be used both for light-duty and heavy-duty vehicles. The 
number of gas-driven vehicles has increased on the Swedish market over the last 
few years. There are more gas-driven cars and light-lorries than heavy vehicles 
(including buses) and it is also among these that the largest increase has been. In 
2009, there were almost 22,000 gas-driven cars and light lorries, just under 1,000 
heavy lorries and a little over 400 buses running on gas (Kågeson & Jonsson, 2012). 
In light-duty vehicles, mainly cars and light lorries, the engine is of otto-type in so-
called bi-fuel cars, which can also be run on petrol. For heavy-duty vehicles the use 
of gas vehicles is most common in urban traffic; in this case the engines used are 
similar to the otto engine and thus has a lower energy efficiency compared to the 
diesel engine. Since gas is more space-demanding than liquid fuels, the range for 
heavy vehicles is seen as a problem and engines used in urban traffic are not 
suitable for long-distance traffic. For heavy vehicles used in long-distance traffic, 
the use of liquefied gas (LBG/LNG) is a better alternative. This increases the 
energy density and thus the range of the vehicle (Åhman, 2010). In this case, the 
diesel engine is standard and a gas/diesel blend9 is used together with a so-called 
dual-fuel technology for the engine (Kågeson & Jonsson, 2012).  

Biogas is seen as a very good replacement for petrol or diesel, achieving a high total 
environmental benefit, not only CO2-related but also because of the reduction of air 
pollutants such as hydrocarbons, nitrogen oxides and particles (Lantz et al, 2007). 
This has been of particular significance when replacing fossil fuels for heavy traffic 
in urban surroundings (SEA, 2010). Kågeson & Jonsson (2012) recently published a 
report on the aspects of where in the transport sector biogas would be of best use 
from the point of view of climate issues. The main conclusion of the report is that 
the largest climate effect would be achieved by replacing diesel in heavy vehicles 
used for long-distance traffic or replacing diesel in ships. The common 
denominator for these alternatives is partly the use of biogas in a diesel engine, 

                                            

9 This blend could typically consist of 80% gas and 20% diesel (Kågeson & Jonsson, 2012). 
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which causes a higher CO2 reduction than using the biogas in an otto engine. 
Another reason is that distribution would be less costly if vehicles filled up at large 
fuel depots rather than at a number of filling stations where private users can fuel 
their cars. Even though most gas vehicles on the Swedish market today are cars, 
they are also common in local fleets of, for example, buses or refuse collection 
trucks. One reason for this is that bus traffic authorities choose gas vehicles over 
(sometimes cheaper) vehicles of other kinds. Several incentives and subsidies like 
tax relief, “green car bonuses” and relief from parking charges, have also 
contributed to the broad expansion of gas-driven cars. 

Distribution of the fuel may be seen as one of the more problematic issues 
concerning the use of biogas. As was mentioned in the background chapter, biogas 
can be distributed to filling stations either by tankers or local pipelines, in the 
absence of a well-developed gas grid (Åhman, 2010). In either case, the gas needs to 
be pressurised, to facilitate filling the vehicle. Distribution costs for biogas are 
rather high compared to liquid fuels. The costs are dependent on both distributed 
volume and the distance the gas needs to be transported. In general, it can be seen 
that it is more economically beneficial to use a gas grid when the volumes are larger 
and the distances are shorter, compared to distribution by lorries (Kågeson & 
Jonasson, 2012).  

5.2 Biogas potential in Sweden 

As has been stated earlier in this thesis, biogas, and other renewable vehicle fuels, 
are strongly promoted on both a European and a national Swedish level through 
targets, incentives and policies. Looking at biogas produced via AD, there is 
evidently a potential for increased production compared to today, but how large 
this potential might be is not as clear. When it comes to the potential for producing 
biogas of the second and third generations, the situation is even more uncertain. 
One of the reasons for this is that the raw material for gasification, for instance, is 
subject to tougher competition from other potential areas of utilisation. When 
considering gasification, the question of the end product is also more diversified.  

A number of studies have been published in recent years that give estimates of the 
Swedish potential for biogas production and most point to potentials in the same 
range. Nordberg et al (1998) estimate the future potential to be 17 TWh, of which 
most is assumed to be based on agricultural wastes and crops. The study is rather 
old, though, and the horizon for the estimated potential was only 10 years ahead: 
we can see today that this estimate was not realised in production. However, it is 
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interesting to see that more recent estimations give more or less the same 
potentials, although with different time frames. Nordberg (2006) estimate the 
potential for digestion to biogas to about be 14 to 17 TWh in 2050, a substantially 
different time frame than in the former study. The potential in the study, however, 
is believed to come from the same substrates as in the earlier study: the main part 
from the agricultural sector and a smaller part from waste from households and 
industry. Linné et al (2008) give a biogas potential from digestion of 
15.2 TWh/year. This potential assumes that all available organic material (excluding 
forest-based feedstocks) can be digested, a technical potential that does not 
consider economic or practical issues. A so-called limited potential is therefore also 
given, taking these issues, as well as competition from other uses, into consideration 
and this potential amounts to 10.6 TWh/year. Linné et al also estimate the potential 
methane production via gasification of forestry waste (including black liquor) to be 
74 TWh in 201510, but it is emphasised that this potential should be seen as 
uncertain. Some reasons for this are the broad spectra of applications for forestry 
waste, the wide range of fuels that can be produced via gasification and the 
development status of the gasification technology. The Swedish Energy Agency 
(SEA, 2010) estimates the potential for biogas production to be 16 TWh/year; here 
again most is assumed to derive from the agricultural sector, either as wastes or 
crops. An issue to keep in mind is that the potentials discussed above all consider 
production of raw biogas, not specifically intended as vehicle fuel. Since other uses 
for the biogas are also possible, the potential for biogas in the transport sector will 
doubtlessly be smaller.  

In the following sections, the future potential to produce biogas from different 
sources will be discussed in relation to the different generations.  

5.2.1 First-generation biogas 

First-generation biogas, the biogas available on the market today and produced via 
AD of organic material is paid most attention in this thesis. Looking at the 
substrates for AD, they can be divided into two main categories: waste-based 
substrates and other substrates. It can be relevant to separate these two categories 
when discussing the potential for biogas production, since waste-based substrates 
are materials that will be produced, whether demanded by AD or not. If not 
processed in anaerobic digestion, these substrates will need to be handled by other 
means. Nevertheless, this does not mean that there is no competition for the waste. 

                                            

10 The time frame for the digestion potential is not explicitly stated.  
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As an example, the organic fraction of municipal solid waste is today used both for 
incineration in CHP plants and for composting, in addition to digesting it to 
produce biogas. The potential from waste-based substrates is also somewhat easier 
to estimate, than for other types of substrates, since they are related to the 
population of a country or region (Lantz & Börjesson, 2010).  

Waste-based substrates can also be divided into two categories: municipal and 
agricultural or industrial waste. To the former category belongs sewage sludge, 
household waste, manure and crop waste such as straw, stems and tops. The 
industrial waste includes waste from different types of food industry (slaughterers, 
dairies, breweries and grain mills for example), sugar, starch and alcohol production, 
waste from airports11 and wastewater and/or biological sludge from the pulp and 
paper industry. According to Lantz & Börjesson (2010), the largest potentials for 
biogas production from waste can be found in the agricultural sector where crop 
waste accounts for the main part, slightly above 3 TWh/year and manure almost 
the same amount, just below 3 TWh/year. The potential from industrial waste 
corresponds to about 1 TWh/year and here the main fractions come from dairies, 
sugar, starch- and alcohol production, grain mills and sludge from the pulp and 
paper industry (Lantz & Börjesson, 2010). A potential substrate that is not taken 
into consideration in either the study by Lantz & Börjesson or the one by Linné et 
al (2008) mentioned above, is the treatment of wastewater in the pulp and paper 
industry anaerobically (as discussed in Papers V and VI), thus using more than only 
the biological sludge from the industry. These effluent flows have not been 
considered to be possible to treat anaerobically earlier, but have recently attracted 
new interest, see for example Ekstrand et al (2012) and Sivard & Ericsson (2011), as 
well as Papers V and VI (and summaries thereof in section 5.3 below). The pulp 
and paper effluents could potentially contribute as much as 1 TWh/year, but it 
should be emphasized that this potential is related to rather large uncertainties, 
which are discussed in detail in Papers V and VI.  

Another waste-based substrate, not included in the studies mentioned in the 
preceding paragraph, is the future potential from cellulose-based ethanol 
production, which was studied in Paper IV. The potential source is the distillation 
stillage from the ethanol production and even though cellulosic ethanol is a process 
that is not yet commercialised, treating distillation stillage from other types of 
ethanol production anaerobically is considered to be a proven technology (Linné et 

                                            

11 De-icing liquids, commonly mono propylene glycol (MPG) (Linné et al, 2008).  
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al, 2008). Since lignocellulosic ethanol is a second-generation biofuel process still 
under development there is of course an uncertainty in the potential from these 
facilities, see the summary of Paper IV in section 5.3 below.  

The non-waste-based substrates for biogas production mainly consist of energy 
crops, for instance grain, maize, sugar beets and ley crops. The potential for these 
substrates is limited by the area of arable land available for their cultivation and is 
thus more difficult to estimate because of several factors, such as land use effects 
and competition from other sectors. In Lantz & Börjesson (2010), an example of 
biogas production from crops is given where the potential is estimated to be about 
7 TWh/year.  

5.2.2 Second-generation biogas 

Section 2.2.3 described the basics for the gasification technology, and as mentioned 
in that section, the process is highly flexible concerning both feedstock and end 
product. To achieve SNG as the end product in a large-scale facility, the preferred 
route for the process would be an air blown circulating fluidised bed reactor with 
low temperature gasification, partly because of the reactors high efficiency but also 
due to the low temperature that yields a relatively high share of methane in the 
syngas. After separation of the methane, the remaining gas (consisting mainly of 
CO, H2 and CO2) can be further cleaned and synthesised into methane (Alvfors, 
2010, Åhman, 2010). The potential for gasification-based SNG is highly related to 
the availability of biomass, which has been discussed in section 2.1, and the 
uncertainties considering the limitations and competing uses are an important 
factor. Åhman (2010) estimates the technical potential for biomethane production 
(SNG and biogas) for the EU in 2030 to be just below 3,000 TWh, an amount that 
would not meet the transport energy demand, unless forceful measures concerning 
vehicle efficiency are implemented. Of the 3,000 TWh, the lion’s share consists of 
SNG produced by gasification of woody biomass, which is in line with the 
potentials for biogas for Sweden, discussed in the introduction to this section (5.2). 
In the study by Linné et al (2008), the Swedish potential for forest based SNG 
production in 2025 is estimated to be 89 TWh, of which liquors from the pulping 
industry represent almost half. Considering the uncertainty of the availability and 
the immaturity of the gasification technology, however, SNG can probably not be 
considered a major contributor to sustainability in the transport sector for several 
years yet, despite the seemingly large potential.  
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5.2.3 Third-generation biogas 

In this thesis, the third-generation biogas discussed is biogas (or SNG) produced 
via catalytic reduction of carbon dioxide, as described in section 2.2.412. Even 
though the process is well known, the process has only recently attracted more 
interest for vehicle fuel applications, as discussed in Paper III. As discussed 
previously, several industrial applications, not only biofuel production processes, 
generate CO2 as a by-product. In the case of AD where the aim is to use the gas as 
a vehicle fuel, the CO2 has to be separated and would thus be available for further 
use. There is of course certain competition from other sectors (food or beverage 
industries for example) for the CO2 as well, but not as tough as for other feedstocks 
for biofuel production. It is difficult, not to say impossible to estimate the potential 
availability of CO2. All large-scale power production facilities (based on incineration 
of carbon-based material) will generate (in most cases) unwanted CO2. The main 
strategy for this CO2 (wheather fossil- or biomass-based) is at present to capture 
and sequester it in underground aquifers (Azar et al, 2006). To instead implement 
the production of methane via catalytic reduction of the CO2 where applicable, 
would mean making further use of the carbon. The potential for implementing this 
technology was investigated in a study by Mohseni et al (2013) where the electricity 
price and the selling price of the SNG were considered the main factors for 
economic viability of a full-scale facility producing 9.6 GWh/year. The authors 
conclude that it is more a question of “when”, than “if” this technology will 
become feasible. However, specifying this “when” and also to what extent the 
process will be implemented, and thus estimating the potential amounts of biofuel, 
is difficult. In time, it will hopefully give a substantial contribution of non-fossil 
biofuel to the transport sector, though.  

5.3 Main findings from Papers III-VI 

As discussed earlier in this chapter, several sources exist for increasing the 
production of biogas for vehicle use and a few are investigated in Papers III-VI. 
Paper III combines the three generations of biogas production and proposes that 
renewable electricity is used to produce biogas13 via catalytic reduction of carbon 
dioxide in addition to biogas produced via digestion and gasification. A base case 
                                            

12 Third-generation biogas could also be derived from microalgae. This route, however, is not 
considered in this thesis.  
13 Here, as well as in Paper III, the term biogas is used for the methane-rich product gas from all three 
processes, even though it is commonly referred to as SNG when the production route used is 
gasification or catalytic reduction of carbon dioxide.  



CHAPTER 5. BIOGAS IN THE TRANSPORT SECTOR 

 45 

scenario including a digestion and a gasification plant is used to exemplify how the 
biogas production can be enhanced by using the carbon dioxide formed as by-
products in both processes (see Figure 10).  

 

Figure 10. Biogas production from the base case scenario processes and from the subsequent catalytic reduction 
of the separated CO2 (from Paper III). 

The enhanced scenario thus combines the three generations of biogas production 
where digestion belongs to the first, gasification to the second and the catalytic to 
the third-generation biofuel production. With digestion being a commercial process, 
the size of this process was chosen in accordance with typical industrial digestion 
facilities present in Sweden. In this case, process improvements are also suggested 
to be implemented, assuming a plant using best available technology compared to 
the typical industrial process existing today. As for the gasification process, not yet 
commercial, the size chosen is in line with existing biomass-fired CHP plants. The 
production data and resulting biogas production for the base case and enhanced 
scenario can be found in Table 2 and detailed descriptions can be found in Paper 
III.  

Table 2. Biogas production: base case and enhanced production (from Paper III). 

 Digestion (MW) Gasification (MW) 
Base case 5 100 
Process improvements 1.5 - 
Sabatier 2.2 110 
Total 8.7 210 

 

In Paper III, the substrate for the digestion is not specified and neither is the 
feedstock for the gasification, other than being biomass-based. Papers IV-VI, 
however, investigate the potential for anaerobic treatment of specific substrates. In 
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Paper IV the potential for producing biogas from the distillation stillage of future 
cellulosic ethanol facilities is considered (see Figure 11), thus combining biofuel 
production of the first and second-generations.  

 

Figure 11. The integrated ethanol and biogas process (from Paper IV).  

Two cases are created in the study, where it is assumed that the Swedish level of 
low-blend ethanol into petrol is increased from todays 5%vol to 6.5%vol or 10%vol 
respectively by the year 2020. As mentioned earlier (see section 2.3), the EU fuel 
quality directive allows for a blend of 10%vol but the Swedish government only 
gives energy and CO2 tax exemption up to 6.5%vol. It is assumed that these ethanol 
levels, as well as the use of E85 at the present level, will be fulfilled with domestic 
production, including already existing production. From the cellulosic ethanol 
facilities required for this, the potential biogas production is estimated. Table 3, 
summarises the results from Paper IV.  
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Table 3. Production data for one ethanol facility and corresponding biogas production, together with the results 
for the two cases (from Paper IV).  

For one production unit   
Ethanol production, TWhLHV/year (1,000 m3/year) 0.3 (49)  
Biogas production, TWhLHV/year (1,000,000 Nm3/year)  0.2 (23)  
   
For the case of 2020 6.5%vol blend 10%vol blend 
Use of petrol, excl. ethanol, TWhLHV/year (1,000 m3/year)  32.7 (3,565) 32.7 (3,565) 
Use of ethanol for blending, TWhLHV/year (1,000 m3/year)  1.5 (248) 2.4 (396) 
Use of pure ethanol, TWhLHV/year (1,000 m3/year)  1.3 (219) 1.3 (219) 
Total ethanol production needa, TWhLHV/year (1,000 m3/year)  1.5 (256) 2.4 (405) 
Number of production units 6 9 
Corresponding ethanol production, TWhLHV/year  
(1,000 m3/year) 

1.8 (297) 2.6 (445) 

Corresponding biogas production, TWhLHV/year  
(1,000,000 Nm3/year)  

1.3 (139) 2.0 (208) 

a Including the need for pure ethanol, excluding current production.  

 

In Paper V, the biogas potential from the Swedish mechanical pulping industry is 
investigated and Paper VI extends the investigated potential to include the whole 
Swedish pulp and paper industry. In the pulp and paper industry large amounts of 
effluent water, containing organic material are generated in the process. These 
effluents are commonly treated by aerobic methods in Sweden, but introducing an 
anaerobic treatment stage, thus producing biogas from the effluents, could 
contribute to the total Swedish biogas potential.  

The pulp and paper industry is one of the most important base industries in 
Sweden. The purpose of the pulping process is to separate the cellulose fibres from 
each other and this could be done either chemically or mechanically. The largest 
share, about 70%, of the Swedish pulp is produced in chemical processes, mainly by 
the kraft pulp process. All stages in the pulp and paper processes generate 
emissions to water that contain organic matter (see Figure 12, next page), but 
depending on the process conditions, some of the streams may be more difficult to 
treat anaerobically due to substances which could be toxic to the anaerobic flora.  
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Figure 12. Overview of the main wastewater flows in the pulp and paper industry (From Paper VI). 

In Paper V, a case study of a Swedish mechanical pulp mill is used as an example to 
show how the anaerobic treatment could be implemented (see Figure 13). With this 
as a basis, data for all Swedish mechanical pulp mills and assumptions regarding the 
present and suggested anaerobic treatment is used to estimate the potential for 
biogas production at all Swedish mechanical pulp mils.  

 

Figure 13. Example of present aerobic wastewater treatment in a Swedish pulp mill (top) and suggested 
anaerobic wastewater treatment (bottom) (from Paper VI).  
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In Paper VI, a broader view is applied and the biogas production for all Swedish 
pulp and paper mills is estimated. Assumptions of the different grades of pulp and 
papers similar to those in Paper V are made and a total potential is estimated. 
Assumptions and details for the calculations can be found in Paper VI and the 
resulting potential can be seen in Table 4, where the pulp and paper production is 
divided into different grades of pulp and paper.  

Table 4. Potential biogas production from Swedish pulp and paper mills (From Paper VI).  

 Pulp/Paper grade Biogas production (GWhLHV/year) 
Sulphate pulp, unbleached  158 
Sulphate pulp, bleached 198 
Sulphite pulp 89 
Neutral sulphite semi chemical pulp 19 
Chemi-thermomechanical pulp 91 
Thermomechanical pulp 156 
Groundwood pulp 44 
Recycled fibre pulp 94 
Paper/board 109 
Tissue 12 
Total 971 

 

It is important to keep in mind as regards the potentials in Paper V and VI that the 
estimations are very rough. The circumstances at Swedish pulp and paper mills 
varies greatly and an actual implementation of anaerobic treatment at a mill would 
require thorough investigations of the mill in question. Also worth mentioning is 
that even though anaerobic treatment of wastewater, for instance at sewage 
treatment plants, is common practice, effluent water from pulp and paper mills is 
more difficult, in some cases maybe even impossible, to treat. Trials on actual 
effluents have been made in some cases but certain types of effluent streams are 
probably not suitable for anaerobic treatment at all. Another question is the 
upgrading of the gas, which might not be considered in all cases due for instance to 
internal use for replacing other fossil fuels at the mill, lack of biogas fuel markets 
close to the mill or lack of economic incentives for upgrading (especially for small 
mills).  
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6 Concluding discussion 
In the introduction to this thesis, one of the starting points for modern mobile 
society, the invention of the combustion engine, was briefly discussed. The 
transport system has since then developed to our present situation, with its 
advantages and disadvantages. As little as the people living in the end of the 19th 
century knew of how the means of transport would look today, just as little do we 
know of what the future will hold for us. One thing we do know is that a change 
will come – it has to. It is clear that further development of the transport system 
will not be sustainable, in the sense of meeting the needs of the future generations, 
unless a shift becomes reality. In this thesis, the role of renewable vehicle fuels in a 
sustainable transport system has been discussed. The overall aim was to analyse the 
potential for and utilisation of biogas, specifically, to achieve this shift towards a 
sustainable transport system. The prerequisites for such a transport system have 
also been discussed, in terms of both reducing the climate impact and decreasing 
dependency on fossil energy.  

Both when it comes to the climate issue and fossil dependency, biomass is highly 
promoted but the use of biomass in the transport sector is possibly not the most 
efficient way of mitigating greenhouse gases, even with the carbon capture and 
storage technology used for biofuel production. Biomass is also subject to 
competition from sectors other than the transport sector. In spite of this, biofuels 
will have an important part to play in reducing the transport sector’s climate impact 
and it is generally agreed that a variety of biofuels will be needed to achieve this. 
Biogas in particular has a somewhat different status than other biofuels, since the 
production of biogas often has its basis as a waste-handling strategy, a solution to 
another type of problem in society, where biogas is a positive “side-effect”. 
Additionally, biogas is considered a suitable fuel for both light and heavy traffic and 
in this thesis it has been shown that the potential for an increase in biogas 
production is large compared to today’s production. The potential from first-
generation biogas, produced by anaerobic digestion, is limited and could only 
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account for a relatively small share of the future transport supply. Alongside the 
potential substrates commonly considered for anaerobic digestion, the potential for 
producing biogas from pulp and paper wastewater as well as from distillation 
stillage from cellulosic ethanol has been discussed. It can be concluded that these 
two sources may contribute a substantial amount of biogas to the transport sector, 
if given the right prerequisites.  

For second-generation biogas, synthetic natural gas produced via gasification, the 
potential could be very large, but it is also more uncertain. Here, the competition 
with other uses of biomass is more pronounced and the end-product flexibility of 
the gasification production system might not favour production of biogas alone: 
other biofuels and/or electricity are also likely to be considered. The third-
generation biogas, synthetic natural gas produced via catalytic reduction of carbon 
dioxide, moves one step further, introducing renewable electricity to produce 
synthetic fuels. In the longer term, renewable electricity will probably achieve a 
greater break-through in the transport sector, especially if (when) batteries become 
a viable option in vehicles. Full-scale implementation of electricity in the transport 
sector, however, requires new infrastructure and additionally, might not be suitable 
for all types of vehicles, for instance heavy-duty vehicles. Producing third-
generation biogas thus gives a potential for introducing renewable electricity in the 
transport sector on a larger scale sooner and in this way contribute to reducing the 
need for fossil fuels.  

A changeover from fossil to renewable vehicles fuels is not a cure-all solution to the 
problems for today’s transport, however. It has been emphasised in this thesis that 
both supply and demand side measures are required to achieve a sustainable 
transport system. The measures discussed are of both a technical and a non-
technical nature, with the aim of decreasing the demand for transport as well as 
making the transport needed as efficient as possible. It is concluded that technical 
improvements, such as more efficient vehicles, could contribute to part of the 
demand reduction but also that non-technical measures will be needed to achieve a 
change. These non-technical measures include behavioural changes, such as 
encouraging people to change their means of transport, but also improved fuel 
economy in vehicles for example through eco-driving. The behavioural changes are 
possibly hardest to achieve, since people are normally creatures of habit. As a way 
of making people break their habits, policies, taxes and economic incentives are 
efficient tools. To be able to achieve a sustainable transport system, these tools will 
be of great importance, not only for introducing behavioural changes but also for 
promoting the fuels that are considered to be sustainable in the long term. 
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Governments and decision-making bodies thus have a prominent role to play in 
steering the world in a sustainable direction.  

All responsibility should, however, not be placed upon authorities. Even though 
measures taken on individual level might seem insignificant for the global situation, 
also small steps will, jointly, have a great impact to contribute to a more sustainable 
transport system.  
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7 Nomenclature 
%vol Per cent volume 

AD Anaerobic digestion 

BEV Battery electric vehicle 

BLG Black liquor gasification 

BMG Biomass gasification 

CBG Compressed biogas 

CCS Carbon capture and storage 

CHP Combined heat and power 

CNG Compressed natural gas 

DH District heating 

DME Dimethyl ether 

EJ Exajoule (1018 J) 

EU European Union 

FAME Fatty acid methyl ester 

FTD Fischer-Tropsch diesel 

GHG Greenhouse gas  

GWh Gigawatt hour (109 Wh) 

ICE Internal combustion engine 

IEA International Energy Agency 

IPCC Intergovernmental Panel on Climatic Change 

LBG Liquefied biogas 
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LCA Life cycle analysis 

LHV Lower heating value 

LNG Liquefied natural gas 

m3 Cubic meter 

Mtoe Million tonnes of oil equivalent 

MW Megawatt (106 W) 

NG Natural gas 

Nm3 Normal cubic meter  

ppm Parts per million 

PV Photovoltaics 

PWh Petawatt hour (1015 Wh) 

RME Rapeseed methyl ester 

SEA Swedish Energy Agency 

SNG Synthetic natural gas 

TTW Tank-to-wheel 

TWh Terawatt hour (1012 Wh) 

WTT Well-to-tank 

WTW Well-to-wheel 
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Though increasing the demands on our environment’s carrying capacity 

 – a capacity not known in advance – 

energy-intensive transport reduces its human-carrying capacity. 

Woodcock et al, 2007. 


