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ABSTRACT 
 
This thesis analyses two strategies for decreasing anthropogenic carbon dioxide (CO2) 
emissions: to capture and store CO2, and to increase the use of biomass. First, two concepts 
for CO2 capture with low capture penalties are evaluated. The concepts are an integrated 
gasification combined cycle where the oxygen is supplied by a membrane reactor, and a 
hybrid cycle where the CO2 is captured at elevated pressure. Although the cycles have 
comparatively high efficiencies and low penalties, they illustrate the inevitable fact that 
capturing CO2 will always induce significant efficiency penalties. Other strategies are also 
needed if CO2 emissions are to be forcefully decreased. An alternative is increased use of 
biomass, which partially could be used for production of motor fuels (biofuels). This work 
examines arguments for directing biomass to the transport sector, analyses how biofuels (and 
also some other means) may be used to reduce CO2 emissions and increase security of motor 
fuel supply. The thesis also explores the possibility of reducing CO2 emissions by 
comparatively easy and cost-efficient CO2 capture from concentrated CO2 streams available 
in some types of biofuel plants. Many conclusions of the thesis could be associated with 
either of three meanings of the word sense: First, there is reason in biofuel production – since it 
e.g. reduces oil dependence. From a climate change mitigation perspective, however, motor 
fuel production is often a CO2-inefficient use of biomass, but the thesis explores how 
biofuels’ climate change mitigation effects may be increased by introducing low-cost 
CO2 capture. Second, the Swedish promotion of biofuels appears to have been governed 
more by a feeling for attaining other goals than striving for curbing climate change. Third, it 
seems to have been the prevalent opinion among politicians that the advantages of biofuels – 
among them their climate change mitigation benefits – are far greater than the disadvantages 
and that they should be promoted. Another conclusion of the thesis is that biofuels alone are 
not enough to drastically decrease transport CO2 emissions; a variety of measures are needed 
such as fuels from renewable electricity and improvements of vehicle fuel economy. 
 
Language: English 
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SAMMANFATTNING 
 
Denna doktorsavhandling behandlar två strategier som kan få stor betydelse för att minska 
växthuseffekten: koldioxidavskiljning och -lagring, samt ökad användning av biomassa i 
allmänhet och biodrivmedel i synnerhet. Avhandlingen består av två delar där den första 
delen beskriver bakgrunden till de sju forskningspublikationer som utgör avhandlingens andra 
del. Syftet med del I är också att ytterligare belysa och nyansera publikationernas metoder, 
resultat och slutsatser. Detta görs till stor del genom en redogörelse för relevant närbesläktat 
material och reflektioner kring detta material och del II:s publikationer. Del I avslutas också 
(kapitel 6) med ett antal reflektioner med anknytning till den helhetsbild som framträder vid 
läsandet av de sju publikationerna och de andra dokument som hänvisas till i avhandlingen.  
 
Inledningsvis (kapitel 3) studeras två nya koncept för elproduktion där koldioxid avskiljs för 
att sedan kunna lagras i geologiskt lämpliga lagringsutrymmen. Det första konceptet består i 
princip av en IGCC-anläggning (integrerad kolförgasning) där det traditionella syrgas-
genereringssteget bytts ut mot en membranreaktor som skiljer ut syre ur luft (syret används 
sedan för förgasningen på ”vanligt” vis). Det andra konceptet är en så kallad hybridcykel där 
rökgaserna från en gasturbin används i en PFBC-reaktor (trycksatt virvelbädd) där det 
speciella är att koldioxiden avskiljs före expansionen i PFBC-cykelns expander. Gemensamt 
för dessa två cykler är att de representerar nischapplikationer där koldioxid kan avskiljas på 
ett effektivt sätt. Även om de båda två uppvisar förhållandevis låga verkningsgradsförluster 
till följd av koldioxidavskiljningssteget, illustrerar de väl det faktum att avskiljning alltid 
kommer att orsaka högre kostnader och ökad bränsleförbrukning. Mot denna bakgrund – att 
det är svårt att hitta någon enda lösning med tillräckligt stor potential att reducera koldioxid-
utsläppen – är det naturligt att söka efter andra områden där resurseffektiva åtgärder kan 
sättas in för att minska växthuseffekten, och ett sådant område skulle kunna vara ett ökat 
användande av bioenergi.  
 
Avhandlingens fokus är att belysa ett antal aspekter av strategin att använda biomassa för 
tillverkning av drivmedel. Syfet är att diskutera och analysera tekniska, ekonomiska och 
politiska argument – med stor tonvikt på sådana som relaterar till koldioxidutsläpp och växt-
huseffekten – som talar för (och emot) en sådan strategi, både sådana som flitigt används och 
sådana som sällan används. Vidare är syftet att kvantifiera biodrivmedlens betydelse i det 
framtida transportsystemet, framförallt hur de kan få ökad betydelse om de kombineras med 
koldioxidavskiljning och -lagring för att minska koldioxidutsläppen.  
 
Även om avhandlingen bitvis diskuterar dessa frågor ur ett svenskt perspektiv torde 
slutsatserna vara tämligen internationellt giltiga och när så inte är fallet diskuteras hur de 
svenska förhållandena skiljer sig från andra länders. Efter en analys av svenska klimat-
styrmedel och -skatter konstateras (i kapitel 4) att en minskning av koldioxidutsläppen till-
skrivs ett mycket högre värde (räknat i exempelvis euro per ton koldioxid) om den sker i 
transportsektorn än om den sker i någon annan sektor. Om det övergripande målet är att 
snabbt minska koldioxidutsläppen tyder analysen på att resurserna utnyttjas ineffektivt och att 
subventionerna av biodrivmedel (i form av skattebefrielse) är för omfattande.  
 
Det kan dock finnas ett flertal skäl att acceptera sådana ineffektiviteter, till exempel att 
biodrivmedelssatsningen kan vara motiverad för att nå andra mål som exempelvis ökad 
försörjningstrygghet. För att utröna vilka argument som varit viktiga för den svenska 
satsningen på biodrivmedel studeras politiska utredningar och propositioner från perioden 
1990 till 2006. Av dessa dokument att döma finns ett antal skäl att satsa på biodrivmedel 



(kapitel 4). Förutom klimat- och försörjningstrygghetsargumenten verkar exempelvis det jord-
brukspolitiska argumentet (biodrivmedelsframställning var ett enkelt sätt för den över-
producerande jordbrukssektorn att få avsättning för sitt överskott) ha haft stor betydelse. 
Varken frågan huruvida det är resurseffektivt att använda biomassa för drivmedelsfram-
ställning för att minska utsläppen av koldioxid eller strategin för biomassans användande 
förefaller ha utretts närmare, trots att behovet av sådana utredningar poängteras flera gånger i 
de studerade dokumenten. Istället framhålls att strategin att tillverka drivmedel av biomassan 
både minskar koldioxidutsläppen och ökar försörjningstryggheten. Detta trots att det i själva 
verket finns en viss konflikt mellan dessa mål – speciellt om det, som i Sverige, satsas på 
etanol som biodrivmedel. 
 
När koldioxidnyttan av att använda biomassa för drivmedelsproduktion kvantifieras blir 
slutsatsen ofta att det är fördelaktigare att använda biomassan till värme eller el- och värme-
produktion. I detta avseende överensstämmer denna avhandlings slutsatser (kapitel 5) med 
andra studiers, men det här presenterade arbetet nyanserar också bilden genom att dessutom 
ta hänsyn till en eventuell framtid där koldioxidavskiljning och -lagring blivit verklighet. I ett 
sådant scenario finns några biodrivmedelsproducerande processer där det är extra 
kostnadseffektivt att avskilja koldioxid jämfört med andra processer. Denna fördel kommer 
sig av att det i dessa processer (exempelvis biogasrötning, etanoljäsning och vissa metanol-
producerande processer) finns koldioxidströmmar som är jämförelsevis koncentrerade. 
Avhandlingen visar – något förenklat – att det, denna fördel till trots, inte är lika resurs-
effektivt från koldioxidsynpunkt att använda biomassan till drivmedelsproduktion som till 
produktion av värme eller värme och el.  
 
Om koldioxidavskiljning och -lagring blir verklighet och biodrivmedel blir kommersiellt 
etablerat är dock kombinationen av dessa processer en effektiv och kraftfull strategi. Sådana 
biodrivmedel med ökad koldioxidnytta skulle kunna utgöra stommen i en framtida svensk 
koldioxidneutral transportsektor, förutsatt att tillgången på biomassa är god, att en hög 
verkningsgrad uppnås i produktionsanläggningarna för biodrivmedel samt att energi-
effektiviteten i transportsektorn förbättras. En utveckling där allt detta realiseras förefaller 
dock vara mindre trolig, kanske framförallt för att biomassan i stor utsträckning kan komma 
att användas till annat än enbart drivmedelsframställning. Därför görs också en mer samlad 
bedömning (i kapitel 5) av hur biodrivmedel och koldioxidsnåla bränslen framställda av 
förnybar el kan samverka med åtgärder för ett minskat transportbehov och en förbättrad 
bränsleeffektivitet för att uppnå en svensk transportsektor försörjd av enbart inhemska 
bränslen. Denna del av avhandlingen tillmäter framtidens biodrivmedel en begränsad, om än 
långt ifrån försumbar, roll samtidigt som nödvändigheten av åtgärder riktade mot efterfråge-
sidan betonas och betydelsen av syntetiska bränslen från förnybar el framhålls.  
 
Avhandlingen, som skrivits inom ramen för den nationella forskarskolan Program Energi-
system, belyser i ett flertal exempel hur valet av systemgränser påverkar vilka slutsatser som 
dras. Dess titel, som syftar på tre betydelser hos det engelska ordet ”sense”, sammanfattar väl 
avhandlingens innehåll och skulle kunna översättas “En trefald av ‘sense’ – förnuft, känsla 
och förhärskande mening: Användande av biomassa i transportsektorn för att minska 
klimatförändringarna”. De politiska dokument som studerats förmedlar en bild av den 
svenska satsningen på biodrivmedel som ganska samstämd och (lite tillspetsat formulerat) 
grundad lika mycket på känsla som på förnuft när det gäller drivmedlens koldioxidnytta. En 
biodrivmedelssatsning kan dock genomföras på förnuftigt vis, och denna avhandling lyfter 
fram några aspekter som då är viktiga. 
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IItt  iiss  bbeetttteerr  ttoo  bbuurrnn  bbaannkknnootteess  tthhaann  ttoo  bbuurrnn  ccooaall..  

 
Amedeo Avogadro (1776-1856) 

 
 
 
 
 
 

 
 
 
 
 

1 INTRODUCTION  
In this chapter, a short background to the thesis is first given. Next, the aim and outline of the thesis are 
described; then the third section of the chapter explains why the work was carried out the way it was, and how 
the papers that form the basis for this thesis are connected to each other. 

1.1 Climate change, energy use and transport 
This year (i.e. 2008) it is 112 years since Svante Arrhenius, the renowned Swedish physicist 
and chemist and later Sweden’s first Nobel Prize winner (1903, in chemistry), published his 
hypothesis that variations in atmospheric carbon dioxide (CO2) concentrations could 
contribute to long-term climate variations (Arrhenius, 1896). Today, human activities and 
anthropogenic emissions of greenhouse gases (GHG) are widely regarded as responsible for 
global warming. Although a few debaters still remain sceptical, the ambition to decrease 
GHG emissions has increased during recent years. This can be motivated by the 
precautionary principle – here representing the view that global warming should be mitigated 
until we are sure that it is not caused by human activities – which for a long time has been 
very important for international environmental work. More than one century after Arrhenius 
sounded the alarm, people and politicians around the world have decided that it is high time 
to face the music and start trying to curb greenhouse gas emissions – a fact that is taken as 
starting point also for this thesis. Most certainly, significant efforts will be required to achieve 
this; in the International Energy Agency’s “Reference scenario”, global energy-related 
CO2 emissions are predicted to increase by 55 per cent between 2004 and 2030 (IEA, 2006). 
However, in the IEA’s “Alternative scenario”, which assumes that policies that governments 
are currently considering, aiming at decreasing CO2 emissions, are in fact implemented, the 
increase of energy-related CO2 emissions is limited to 30 per cent (IEA, 2006).  

The largest part of the global anthropogenic greenhouse gas emissions comes from the 
burning of fossil fuels such as coal, oil and natural gas, which results in large amounts of 
carbon dioxide emitted to the atmosphere. The second largest source of greenhouse gas 
emissions is deforestation and decay of biomass etc., see Table 1 (IPCC, 2007). As may be 
seen in the table, there are more gases than CO2 that contribute to a warmer climate, the 
most important are methane (CH4) and nitrous oxide (N2O). The United Nation Framework 
Convention on Climate Change (UNFCCC) and the Kyoto Protocol also count three groups 
of fluorinated gases as greenhouse gases. In this thesis, however, the focus is on carbon 
dioxide which is assessed to be responsible for more than three fourths of the global 
greenhouse gas emissions (counted as CO2 equivalents).  
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Table 1. Share of different anthropogenic 
GHGs in total global emissions in 2004 in 
terms of CO2 equivalents (IPCC, 2007) 

 Share [%]
CO2 from fossil fuel use 57 
CO2 from deforestation etc. 17 
CO2 from other sources   3 
CH4 14 
N2O   8 
Fluorinated gases   1 

 
There are also some further very important arguments to decrease dependence on fossil 
energy besides climate change mitigation. This may be illustrated by listing the conclusions of 
the Swedish politically appointed Commission on Oil Independence (2006), who argued that 
phasing out fossil energy could:  

 decrease GHG emissions,  
 increase security of energy supply, 
 contribute to Sweden becoming a leading nation in the development of new technology 

for sustainable use of energy, 
 strengthen Sweden’s international economic competitiveness, 
 lead to an intensified use and development of energy resources from forestry and 

agriculture.  
 
There is a strong wish to decrease the dependency on a few, sometimes politically unstable, 
countries supplying large amounts of fossil energy. As will be seen later in this thesis (e.g. in 
Paper IV), the argument of diversifying energy supply and decreasing dependence on fossil 
fuels may be at least as important as the argument connected to climate change mitigation. 
But it is not only the fear of insecure fuel supply that hampers the expectations on fossil 
energy. It is also increasingly clear that there is a limited amount of fossil energy that may be 
extracted at reasonable costs to satisfy a rapidly increasing demand for energy. This is 
particularly true regarding oil, the dominant fuel in the transport sector which is in the focus 
of this thesis. As a result, the development of other long-term energy sources may also be 
motivated by the limited reserves and expected higher prices of fossil fuels. 

It is interesting to note that although the climate argument is mentioned first by the 
Commission on Oil Independence, all the other arguments are strongly related to economy 
and competitiveness. It is emphasized that the climate change issue does not only contain 
threats; it also provides possibilities for those succeeding in seizing the opportunities that 
come with changes in society. And there will be changes; the European Union goal of 
limiting global climate change to two degrees Celsius (compared to pre-industrial time) 
implies that developed countries should decrease their GHG emissions by 60 to 80 per cent 
(compared to 1990) by 2050 (European Commission, 2007).  

In Sweden, the largest share (about 40 per cent) of the carbon dioxide emissions originates 
from the transport sector, followed by the energy supply sector (electricity and district 
heating) and energy use in industry with approximately 20 per cent each of the 
CO2 emissions. The main reasons for the transport sector’s high share of CO2 emissions are 
that the Swedish electricity is mainly produced in nuclear and hydro power plants and that the 
heating sector has a high share of biomass (including waste) and electricity. Compared to 
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other countries in the EU and the OECD, Sweden has extremely low CO2 emissions both 
per capita and in relation to GDP (gross domestic product). The transport sector however is 
dominated by fossil fuels, and the CO2 emissions from transport are increasing both in terms 
of actual emissions of CO2 and as share of total Swedish CO2 emissions. (Swedish Energy 
Agency, 2007a) So if the above-mentioned drastic reductions in CO2 emissions are to be 
realized, all sectors in society including the transport sector will be affected. Also in an 
international perspective, the transport sector is responsible for a large share of the 
CO2 emissions, which means that many developed countries face the same problem. 

An important and widely discussed strategy for the transport sector to decrease its 
GHG emissions is to increase the use of biomass-based motor fuels, hereafter denoted 
biofuels. Many biofuels are also good for mitigating another serious problem connected to 
transport: Combustion of fossil fuels causes air pollution that may be hazardous to human 
health and local environment. Although large progress has been made in this area during the 
past decades, this matter illustrates that other problems should not be forgotten in the heat of 
the debate concerning how to combat climate change. In this thesis the focus is on 
decreasing carbon dioxide emissions, but e.g. other environmental, social and economic 
aspects are not judged less important. Rather, the strong focus on CO2 emissions may be 
motivated by the view that they could be a good indicator (but far from the only important 
one) of how to attain a more sustainable development1.  

1.2 Thesis aim and outline  
By means of studying and analysing mainly research publications and political documents, 
this thesis aims at analysing the use of biomass in the transport energy system as a long-term 
strategy for climate change mitigation, describing arguments for this strategy and how these 
arguments are manifested. Further, the aim is to discuss future possibilities and potential for 
using biomass for production of motor fuels as well as how biofuel production and carbon 
dioxide capture and storage can complement each other.  

The thesis focuses on the situation in Sweden, although most of the work is valid also in an 
international context. For the purpose of meeting the above-mentioned aim, important 
questions are: 

 Which arguments for (and against) using biomass for production of motor fuels have 
been used by Swedish governments over time? Could other arguments be found 
which have not yet been widely used? 

 How may biofuels be used in the future to substantially reduce CO2 emissions from 
road transport and increase the security of fuel supply? What other strategies, with 
focus on various demand-side measures, could help attain these goals? 

 What is the potential to further reduce CO2 emissions by incorporating carbon dioxide 
capture and storage into the types of biofuel-producing processes which have rather 
concentrated CO2 streams (from which it would be technically easy and cost efficient 
to capture CO2)?  

                                                
1 There are many definitions of (and a vivid discussion concerning) sustainable development. This thesis’ focus 
is on the ecological aspect and the term is used in a general meaning in accordance with the Brundtland 
Commission “Our common future” which defined sustainable development as “development that meets 
the needs of the present without compromising the ability of future generations to meet their own needs” 
(WCED, 1987). In this thesis the strategy of capturing and storing carbon dioxide will be discussed and it 
is implicitly presumed that this may be done in a sustainable way – an assumption that could be debated. 
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At a first glance, the questions appear to be rather diverse and have only a weak connection 
to each other. Without anticipating the results of the thesis, it may however be said that one 
answer to the first question is that biofuels are claimed to be beneficial from a climate change 
mitigation perspective. The validity of that argument may be questioned, which makes the 
second and third questions – how could the CO2 mitigation potential of biofuels be increased 
in a cost-efficient way and how far could such a strategy lead – interesting to study.  

This doctoral thesis consists of two parts; the first part contains amplifications of the seven 
papers forming the second part. Part I begins with an introduction to the thesis and a 
description of the thesis aim. This chapter also briefly explains the research journey and how 
the different papers are connected to each other. After that, in Chapter 2, some aspects of 
methodological nature are described. Chapters 3, 4 and 5 then amplify the contents covered 
by the thesis papers by summarizing them and explaining their context and also by discussing 
their scope in the perspective of related work. These chapters further contain some 
reflections that are not included in the papers themselves. Some concluding remarks are then 
given in Chapter 6 before Part I ends with references and acknowledgements. Part II contains 
the seven papers forming the basis of the thesis. Ideally, the reader should be familiar with 
the contents of Part II before reading Part I, but it is also possible to read Part I first as an 
introduction to and a summary of Part II. 

1.3 My research journey and the papers’ connection to each other 
Carbon dioxide capture and storage (CCS) is often seen as an important future strategy for 
decreasing carbon dioxide emissions and curbing climate change. In a doctoral thesis studying 
climate change mitigation options, a power-producing process with integrated CCS could 
therefore be a plausible starting point. My first large study was a systems study of such a 
cycle, where I used a simulation software to show the effects of integrating a new oxygen 
generation technology into a gasification process with CCS. This study resulted in Paper I, and 
later I had the opportunity to study another novel cycle with CCS and these results are 
published in Paper II. These two papers are well in line with conclusions found in 
innumerable scientific reports: although CCS from fossil-fuelled processes has large potential 
to contribute to decreased CO2 emissions, CCS inevitably leads to relatively large energy 
losses (and increased consumer cost of energy) – no matter how cleverly the CO2 capture 
step is designed. Thus, many other mitigation options will also be needed, and one such 
example could be an increased use of biomass as energy source.  

To understand and describe climate change mitigation options a systems perspective is often 
beneficial; this led to a change in focus of my work away from predominantly technical 
computer simulations of fossil-fuelled processes. Simulation work like that upon which 
Papers I and II is based tends to be rather strictly technical, reducing the surrounding society 
to very simplified boundary conditions or calculation constants in the simulation model. 
Without diminishing the complexity or importance of such simulation work, my conviction is 
that the issues concerning climate change and sustainable development also require analyses 
where technology is regarded as closely dependent on and interacting with different aspects 
of our society like e.g. politics and economy (and not only in the traditionally business 
economics meaning). About halfway through my time as doctoral student, I became part of 
the Energy Systems Programme, which is a graduate school and research programme trying 
to emphasize an interdisciplinary research approach, aiming at creating knowledge making it 
possible to establish sustainable and resource-efficient energy systems (Energy Systems 
Programme, 2008). This further strengthened my ambition to change my approach from an 
almost solely technical view to a more sociotechnical interdisciplinary approach. To deepen 
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the understanding of some mitigation options necessary to develop in parallel to carbon 
dioxide capture from fossil fuels, I changed the focus of my work from fossil fuels to 
biomass. But still, there is nothing per se that prevents the technologies studied in Papers I 
and II to be used in biomass-fuelled processes. 

Having come that far, I decided to study energy systems with focus on biomass use in the 
transport sector. The transport energy system is often seen as a system of its own, with only 
weak connections to the energy system. Contrary to that, I wanted to look at the transport 
energy system as strongly connected to the overall energy system.  

There is, and has been for many years, an on-going debate concerning the best use of 
biomass from an environmental and economic perspective, and whether it is acceptable or 
not that an equally large reduction in carbon dioxide emissions is valued very differently 
depending on in which sector the reduction is achieved. Paper III addresses this issue; by 
estimating how the Swedish state values a reduction of one tonne of CO2 emissions in 
different sectors, the paper quantifies the different economic value of CO2 in different 
sectors and clearly shows that the state’s willingness to pay for CO2 reductions is much 
higher for reductions in the transport sector than for reductions in the heat and power 
sectors.  

It has been shown in many other studies that (at least in the short term) it is ineffective (in 
terms of costs and CO2 reductions per tonne biomass input) to use biomass in the transport 
sector. In contrast to this, the Swedish taxes and policies promote a development which is 
exactly the opposite of what is implicitly recommended in most of these studies. In order to 
find out what arguments have been used (and are being used) in favour of this – by many 
seen as inefficient – use of biomass, Swedish Government official reports and Government 
bills were studied. The results are presented in aggregated form in Paper IV and were 
originally published as Chapter 3 in Fallde et al. (2007). 

Clearly, biomass will be used for transport fuel production in the future, at least to some 
extent. It is also true that some biofuel-producing processes exhibit particularly favourable 
conditions for integrating CO2 capture and storage. Thus, if carbon dioxide capture and 
storage is implemented in society as a CO2 mitigation strategy, and if biomass is used for 
production of transport fuels, the integration of carbon dioxide capture in processes 
producing biofuels could be a relatively easy and inexpensive way of capturing CO2. This 
possibility is not extensively covered in literature, but highlighted in Paper V which aims at 
assessing the potential for CO2 reduction per unit of biomass input by producing motor fuels 
and capturing the released CO2 in a very cost-efficient way. 

In Paper VI, the potential for the technology described in Paper V is estimated under the 
assumption that a future increase in the supply of biomass (assessed after a literature survey 
covering seventeen studies of the future Swedish biomass potential) will be used for 
production of motor fuels. This assumption is quite optimistic (but not uncommon in other 
studies), since an increased biomass supply will most certainly be used in other sectors as 
well. Paper VII takes this into consideration and should therefore present a more realistic 
picture of the potential for motor fuels produced from Swedish biomass. The paper intends 
to show two possible designs of the future Swedish transport sector, and hence indicates the 
importance and potential contributions of other strategies (e.g. improvements in vehicle fuel 
efficiency) for decreasing carbon dioxide emissions.  
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One of several points made in Paper VII is that it is difficult to solve the climate change 
problem by only using resource-oriented approaches. My personal view is that efficiency 
improvements and energy savings etc. are essential as complements to new technologies like 
e.g. those in focus in Papers I and II (and discussed in Paper VII) which may be seen as 
representing a very resource-focused approach. When I wrote Part I of this thesis, I found it 
important to elucidate my opinion on this and other matters. In Part I, I have tried to collect 
the more subjective part of the work in sections where the word reflection is a part of the 
heading. Few or none of these reflections are very controversial, but often there is no 
consensus in these questions either. I think it could be beneficial for the reader to know such 
things and have it in mind when reading the papers in Part II. I do not want to pretend that 
this work is, as I believe no research could be, completely free of subjectivity. 

 



2 Methodological aspects  
 

 

- 7 - 

 
NNootthhiinngg  ccaann  bbee  lloovveedd  oorr  hhaatteedd  

uunnlleessss  iitt  iiss  ffiirrsstt  uunnddeerrssttoooodd..  
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2 METHODOLOGICAL ASPECTS 
This chapter corresponds to what in many other theses is called the methodology chapter. It starts with an 
extremely brief introduction to the scientific field Systems approach, before it in the next section continues with 
more concrete comments on how this concept was interpreted during the work with this thesis. That section also 
describes the methodologies used in the respective paper and concisely mentions some further aspects of 
methodological nature.  

2.1 Systems approach 
Since the work upon which this thesis is based was partly performed within the Energy 
Systems Programme, the thesis ought to briefly discuss Systems approach as scientific method. 
System, systems analysis, systems approach, systems perspective etc. are all expressions 
regularly used in society. The meaning of these expressions may be vastly different depending 
on who uses them and when, an issue that however is beyond the scope of this work. 
Ingelstam (2002) gives a creditable overview which encompasses the most prominent men (it 
is, sadly enough, not many women in this group) of the field and their work: Wiener (1948), 
Ashby (1964), von Bertalanffy (1968), Boulding (1956), Churchman (1968) – just to mention 
a few.  

When performing energy systems research, much inspiration concerning e.g. concepts, 
models, methods and discussions may be collected from other parts of the systems research. 
One of the most important characteristics of all systems research/analysis is the frequent 
borrowing of methods and theories from one field to another. This may be done by using 
some kind of “superior theory” (called Cybernetics by Wiener or General System Theory by 
von Bertalanffy), or directly in a more pragmatic way (like Churchman does). When one 
scientific field borrows e.g. methods or theories from another, an interdisciplinary2 view on 
matters is created. For example, to understand and mitigate climate change, knowledge of e.g. 
meteorology, biology, chemistry, physics, economy, technology and several social sciences is 
of greatest need. In this context, systems analysis could provide the skeleton of science which 
enables the different disciplines to co-operate effectively (cf. Boulding (1956)). 

                                                
2 Sometimes interdisciplinary work is discerned from multi-disciplinary work. If so, interdisciplinary work 
involves a fusion of the methodologies and frameworks of different fields, leading to the creation of new 
methodologies and/or fields, whereas multi-disciplinary researchers use methodologies from different 
fields without necessarily creating new methodologies. However, this distinction is not made in this thesis. 
Instead, the term interdisciplinary is used also when multi-disciplinary would have been a better term 
according to the definition given here. 
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Although there are many different views of what systems analysis is, some common features 
regarding the concept “system” may be discerned. Generally, a system may be seen as 
consisting of a number of components (or elements) that interact with each other in one way 
or another. There should be a reason why these components (and their interactions) are 
chosen as “study object”; together they should form some kind of whole. Often the system 
behaves differently than the sum of its components. The system is separated from the 
environment by a system boundary, but the system may still interact with its surroundings, 
which is the part of the world outside the system that affects and/or is affected by the 
system. Described in this way, it may sound easy to define a system (including components, 
interactions, system boundary and surroundings) that is interesting to study. But the studies 
forming the basis for this thesis illustrate the opposite – to define a system in a plausible way 
may be a very difficult, sometimes frustrating, task. Some difficulties will be explained in 
Section 2.2 and the problem will be further addressed in subsequent chapters. 

One of the most devoted pioneers in the field of systems research was West C. Churchman, 
and he is probably also the systems theorist who has had the greatest influence on this thesis. 
In Churchman’s view, Systems Approach is The Method to Use; but which specific method 
that should actually be used to solve a given problem should be decided after it has been 
assessed to what type of problems the problem to be solved belongs. Churchman stresses the 
importance of using experiences from different fields when systems approach is applied, 
instead of being forced to use a specific method regardless of problem type (Churchman, 
1968). This may appear evident for any determined problem-solver, but some distinguished 
men in the field of systems theory have tried to develop an all-purpose model or “superior 
theory” that may be applied to any system. Such generalizations may be inspiring and even 
beautiful, but what they gain in generality they tend to lose in practical usefulness. Therefore 
the opposite view lies behind the work presented in this thesis. It is important not to become 
tied to a specific set of methods; on the contrary, the kind of problem that is studied should 
also determine the method to be used. In practice, this meant that three different kinds of 
methods were essentially used to write the papers presented in this thesis and these methods 
are briefly presented in the next section. Not only the methods used alternated throughout 
the work with this thesis; the focus also varied between technical and social aspects (including 
e.g. political and public behaviour issues). In this way, a broad knowledge was attained which 
is valuable when it comes to mitigating climate change.  

2.2 Methodological considerations and systems approach in this thesis 
As explained above, one way of interpreting the term systems approach, which is used in this 
thesis, is to let the type of problem that is the subject of the study determine the method to 
be used. Since the scopes of the papers upon which this thesis is based are rather diverse, the 
methods used in the different papers vary. The papers may be arranged in three groups based 
on the methodological approach mainly used. Papers I and II constitute the first group, where 
the underlying work is mainly computer simulations of electricity-producing plants performed 
in the GateCycleTM Software3. The aim is to evaluate new concepts for power production by 
calculating the electrical efficiency of a possible future plant, without having to actually build 
it. This is done by connecting pre-defined system components like boilers, heat exchangers, 
pumps etc. to a plant flow sheet4. Characteristics for each component may be entered by the 
user (otherwise default values will be used), after which the iterative program calculates the 

                                                
3 Developed by GE Energy. 
4 It is also possible for the user to incorporate own non-standard components in the simulation model by 
making GateCycle import parameter values calculated from user-written macros in Microsoft Excel. 
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output from each component and properties of the streams connecting them, according to 
thermodynamic laws.  

When thermodynamic processes are simulated in this way, the plant may be seen as a system 
defined by the plant’s physical boundaries. The major difficulties are often to create an 
accurate model of the systems’ components and their interactions, rather than defining how 
the system interacts with the surroundings. Much effort is put into building a detailed model 
of the studied technical system, whereas the surroundings and aspects other than technical 
are treated only briefly. When the types of questions to be answered are like the ones in these 
papers – What would the electrical efficiency be if a plant were to be built according to this 
particular concept? – this is a logical way of working. But this does not make the systems 
approach superfluous; on the contrary it can be very fruitful. Without here forestalling the 
conclusions of Paper I, commented upon in Chapter 3, it may be mentioned that the results 
presented in that paper could be somewhat surprising if too narrow system boundaries are 
chosen. If the whole plant is seen as a single system, the resulting electrical efficiency turns 
out to be lower than indicated if only the part of the plant is analysed which is assessed most 
important (in this case the oxygen generation step). This fact illustrates another constructive 
way of using the term systems approach employed in this thesis: by using a holistic view on 
systems, “everything within reason” that is relevant to the system should be taken into 
account in the systems analysis.  

The second group of papers, sorted after their methodological approach, consists of only one 
paper, Paper IV. In this paper, text analysis is applied to analyse which arguments were used in 
Government bills and official reports concerning using biomass for motor fuel production. 
Analysing argumentation is an old methodology which dates back to the days of Aristotle, 
aiming at describing the arguments used, judging whether the argumentation lives up to 
certain standards such as objectivity and rationality, and determining how well the 
argumentation supports a certain standpoint (Bergström and Boréus, 2005). In Paper IV, the 
focus is on the first aim (i.e. describing the arguments used), whereas the other aims are only 
discussed in brief. Instead, some aspects related to the second and third aims are discussed in 
Part I of this thesis (mainly in Chapter 4). 

Paper IV has a clear focus on Sweden, which may be seen as an interesting example of how 
the European Union strategy concerning biofuels – which is quite vague and generally 
formulated – may be implemented and motivated in practice on a member state level. The 
same justification for studying only Sweden may be used concerning Paper III; although 
Sweden is a small country, it may serve as an illustrative example of how policies common for 
many nations are implemented in practice. These two papers also show how goals, policies 
and principles, that when looked upon separately seem to be sound and plausible, may 
counteract each other.  

Also in Papers V, VI and VII the focus is on Sweden to a certain extent. These papers, 
however, have a technical rather than political or economic focus, and their results are thus 
easier to translate to other countries with similar conditions. In some respects, conclusions 
may also be drawn for other countries by noting that even with Sweden’s comparatively 
beneficial situation (ample supply of biomass etc.), certain goals will be difficult to fulfil, and 
hence reaching such goals will be even more difficult for many other countries.  

The methodology in the third group of papers, Papers III, V, VI and VII, is characterized by 
comprehensive calculations on large systems such as Sweden’s future transport sector, or 
different biofuel production plants. To enable a good overview and understanding for the 
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reader of the papers, the calculations are kept straightforward and well-structured on a “high 
system level”. For example, biofuel-producing processes are seen as black boxes, where a 
given biomass input results in a certain output of biofuel and other forms of usable energy, 
without showing excessive interest in how the processes themselves work. In theory, a careful 
and diligent reader with general knowledge of energy processes should be able to perform 
exactly the same calculations with e.g. a spreadsheet program (such as Microsoft Excel), 
based on the information given in the respective paper. In contrast to the methodology used 
in Papers I and II where the studied systems are modelled with as much detail as possible, the 
system components and their interactions with each other are kept comparatively few and 
simple in Papers III, V, VI and VII. Theoretically, it would be possible to model also these 
systems on a much more detailed level, but it would need a tremendous amount of work and 
result in a model that would be so complicated that it would risk drawing all attention to the 
model instead of to the results coming from using the model. Therefore, more 
straightforward system models are used in Papers III, V, VI and VII; a strategy well in line 
with Churchman’s recommendation of letting the problem decide the method to be used to 
analyse it. When making such simplifications as in these papers, there is of course always a 
risk that the simplifications are too far-reaching and hence the results should be interpreted 
with care. In this thesis however, the results are rather unambiguous and they are discussed in 
general instead of attaching great importance to the exact values of the calculated results. 
Hence it is assessed that the described methodology may be justified and its comprehensive-
ness and straightforwardness are considered to be advantageous.  

When using this kind of methodology, most of the time used for performing the study is 
spent on literature surveys in order to find suitable input to your own model. Several qualified 
assessments have to be made, in order to find the input needed for the system model. Since 
energy systems research is such a diverse field where many questions may be looked upon in 
various ways, a large part of the challenge in creating models as those in Papers III, V, VI and 
VII lies in finding and understanding studies whose assumptions are compatible with those 
you want to use yourself, and understanding and (if necessary) modifying the results of other 
studies so that their results may be used as input in your own model.  

As mentioned above, systems approach in this thesis may be interpreted as expanding the 
system’s boundaries so that the aspects that are assessed as relevant are considered, without 
building an excessively detailed model. An illustrative example of a result of this 
consideration may be found in Papers III, V and VI where the net carbon dioxide emissions 
for some biofuel-producing processes are calculated. It is then assumed that the biomass 
causes CO2 emissions when produced and transported to the biofuel plant, and that the 
produced biofuel gives rise to emissions when it is distributed to the consumers. 5 In 
Paper VI, these so-called indirect emissions correspond to between 14 and 28 % of the amount 
of captured CO2, which means that failing to take them into account would give a slightly 
different outcome of the study. Nevertheless, it is not unusual that only the gross 
CO2 emissions are accounted for, i.e. the indirect emissions are assumed to be zero. On the 
other hand, it is also possible to take indirect emissions into account in a much more detailed 
and extensive way than is done in this thesis, by for example including emissions caused by 
the manufacturing of the machines used for biomass harvest etc.  

In Papers III, V, VI and VII, the studied systems interact with the surroundings to a greater 
extent than is the case in Papers I and II. An example is the concept of marginal electricity, which 
is used indirectly or directly in Papers III and V. With marginal electricity is meant the last 

                                                
5 Compare also notes v and vi of Table 2 (p. 15).  
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produced unit of electricity, the electricity produced “on the margin”. For example, it is often 
said that the marginal electricity in Sweden today consists of electricity imported from 
European coal-fired condensing power plants. So, in theory, if a Swedish system under study 
needs to buy electricity, a European coal power plant has to use more coal to produce it, 
ceteris paribus. Analogously, if the studied system produces surplus electricity, the coal power 
plant on the margin will produce less electricity. This concept is subject to a debate which is 
beyond the scope of this work to describe, and the thesis is not aiming at taking a position on 
that issue. It is however necessary to be able to quantify the CO2 emissions from electricity 
imported to or exported from the studied systems, and hence marginal electricity is assumed 
to be produced in coal-fired condensing power plants (Paper III) and natural gas-fired 
combined cycles (Paper V considers both technologies). In short, the choice of type of 
marginal electricity may be motivated by the time frame of the study; in the future the Nordic 
marginal electricity is predicted to be produced from natural gas (Swedish Energy Agency, 
2002) and hence the study with a longer time perspective took this into account (although 
this may be a simplified assumption (Elforsk, 2008)). 

The marginal electricity-concept is a concrete example of how the systems studied in this 
thesis are dependent on what happens in their surroundings, in the world outside. A few 
other concepts, or perhaps better expressed, theories, which in different ways describe how 
the systems under study and the rest of the world are connected to each other, will be briefly 
mentioned in subsequent chapters. Although these theories are of a clearly methodological 
nature, they and their applications to the work presented in this thesis will be easier to 
understand after the results of the papers have been summarized and discussed and hence a 
further elaboration on these aspects is refrained from in this chapter.  
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WWee  hhaavveenn’’tt  ffaaiilleedd..  
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ssoo  wwee  aarree  mmuucchh  cclloosseerr  ttoo  ffiinnddiinngg  wwhhaatt  wwiillll..  
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3 EXAMPLES OF CO2 CAPTURE FROM FOSSIL-FUELLED 
PROCESSES – AMPLIFICATIONS OF PAPERS I AND II 

Capturing and storing carbon dioxide from e.g. electricity-producing processes based on fossil fuels is an often 
proposed strategy for curbing CO2 emissions. Two novel cycles including carbon dioxide capture and storage are 
described in Papers I and II and some further amplifications of these concepts are given here. The chapter 
begins with a short introduction to the treated cycles and CCS, before the respective papers are summarized. 
The papers are then discussed in relation to studies performed by others before the chapter ends with some 
concluding comments. 

3.1 Introduction to Papers I and II  
There are a number of strategies to decrease greenhouse gas emissions, many of which are 
technical strategies such as increasing energy efficiency (leading to a lower demand for energy 
and hence lower emissions), using less carbon-intensive fuels (e.g. switching from coal to 
natural gas or using renewable energy sources or nuclear energy), an increased use of natural 
sequestration of CO2 in biomass, and capturing and storing CO2 from e.g. power-producing 
processes. Most of IPCC’s6 scenarios for stabilizing atmospheric GHG concentrations 
between 450 and 750 ppmv show a cost-efficient cumulative potential for CCS of 220-
2200 GtCO2 until the year 2100, which would correspond to 15 to 55 per cent of the 
cumulative mitigation effort (IPCC, 2005)7. Hence, carbon dioxide capture and storage may 
become an important climate change mitigation strategy.  

CO2 capture may be applied to large stationary sources, where the gas can be effectively com-
pressed and transported to the storage site. Large stationary CO2 emitters are dominated by 
power-producing processes (80 per cent of emissions), but other industries with large 
CO2 emissions are cement kilns, refineries, iron and steel industries as well as petrochemical 
industries (IPCC, 2005). There are a number of processes which may be used for capturing 
CO2, and they are often divided into three groups after the separation method they use:  

                                                
6 IPCC, the Intergovernmental Panel on Climate Change, is a scientific intergovernmental organization set 
up by the World Meteorological Organization and the United Nations Environment Programme, founded 
in 1988. 
7 More recent scenario analyses made by IPCC predict that concentrations of 450 to 750 ppmv would 
correspond to an equilibrium global average temperature increase of 2 to 4 °C (compared to pre-industrial 
levels) or possibly as high as well above 6 °C (IPCC, 2007). 
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 Pre-combustion fuel decarbonization: In these methods, the fuel is converted to 
hydrogen and carbon dioxide. The CO2 may be removed and the hydrogen com-
busted without unwanted emissions. The typical decarbonization process is reforming 
of natural gas; gasification also belongs to this concept group. The conversion of the 
primary fuel to hydrogen and carbon dioxide is costly (in terms of economy and 
energy needed), but the high CO2 concentration and the often high pressure in the 
produced gas are favourable to CO2 separation. 

 Oxy-fuel combustion: The combustion takes place in a nitrogen-free environment. 
Thus, the flue gas contains mainly carbon dioxide and water vapour. The water 
vapour is easily condensed, and one part of the carbon dioxide is recycled and the rest 
may be sent to storage. The oxygen needed for combustion is usually provided by a 
cryogenic air separation unit (ASU), which however uses large amounts of energy. 

 Post-combustion capture: CO2 is separated from exhaust gases consisting of mainly 
nitrogen (from the air used for combustion) and a small fraction (typically 3 to 
15 per cent by volume) of CO2. This technology may be applied to existing plants 
with small or no modifications to the plant and the most typical CO2 separation 
technology is chemical absorption. The technology is very energy consuming, 
resulting in significant efficiency reductions. In a coal-fired plant with post-
combustion by means of chemical absorption, roughly half of the extra energy needed 
for carbon dioxide capture is required for solvent regeneration and one third for 
CO2 compression (IPCC, 2005). 

 
Technologies for CO2 separation are already employed today in commercial applications. 
When producing hydrogen (used for ammonia and fertilizer manufacturing), pre-combustion 
capture technologies are used to remove carbon dioxide. Another example is that 
technologies similar to post-combustion separation technologies are employed when 
removing CO2 from raw natural gas. The oxy-fuel combustion technology is much less 
mature than the other two, but is in a demonstration phase.  

All power-producing plants including any of the concepts presented above would have the 
drawbacks of being more costly and having a lower net efficiency than the corresponding 
plant without CO2 capture. Table 2 below shows some characteristics for how the electrical 
efficiencies8 and costs are affected by using CO2 capture in three different types of plants 
producing electricity by means of combustion of fossil fuels: natural gas combined cycle 
(NGCC), pulverized coal (PC) and integrated gasification combined cycle (IGCC).  

As may be concluded from Table 2, the capture process requires large amounts of energy, 
causing significant decrease in plant net efficiency when CO2 capture is applied. It is not 
unusual with an overall electrical efficiency decrease with up to around eight percentage 
points or even more. The production cost of electricity increases even more than the energy 
requirement, mainly because the power plants with carbon dioxide capture are much more 
expensive than the corresponding plants without capture (especially true for NGCC and PC). 

                                                
8 Throughout this thesis, lower heating values (LHV) are used as basis, unless otherwise explicitly stated. 
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Table 2. Summary of electrical efficiencies, penalties and costs for new power plants based on 
current technology without and with CO2 capture, including CO2 compression to transport 
pressure but not transport and storage9 (IPCC, 2005) 

 New 
NGCC plant

New 
PC planti 

New 
IGCC plantii

Plant el. efficiency without CO2 captureiii  0.55-0.58 0.41-0.45 0.38-0.47 
Capture energy requirement [%]iv 11-22 24-40 14-25 
Plant el. efficiency with CO2 capturev  0.47-0.50 0.30-0.35 0.31-0.40 
Increased cost of electricity with capture [%] 37-69 42-66 20-55 
Cost of CO2 avoided [€/tCO2]vi, vii 25-49 19-34 9-25 
i A supercritical pulverized coal plant using bituminous coal 
ii Bituminous coal-fired plant 
iii Based on lower heating value 
iv Needed increase of fuel input if the power output is to be the same as in the case without CO2 capture 
v 85-90 % of the carbon is captured. However, this only applies to the direct emissions from the power 
plant itself. In a life-cycle perspective where upstream emissions from fuel and material procurement as 
well as downstream emissions from e.g. waste disposal are not captured, the GHG emissions are reduced 
by only around 80 % or even as low as 60-70 % (see e.g. Odeh and Cockerill (2008) and references 
therein), depending on the assumptions used.  
vi Cost of CO2 avoided is defined as (COEcapture – COEreference)/([CO2 MJ-1]reference – [CO2 MJ-1]capture) where 
COE is the production cost of electricity and CO2 MJ-1 is the CO2 emission rate in tonnes CO2 per MJ 
generated electricity. The costs estimations are rather old and ought to be out-of-date, see e.g. the 
discussion in ACCSEPT (2007). Further – as was just mentioned in note v – GHG emissions from e.g. 
coal mining and transport are not always included when calculating the cost per tonne of avoided CO2, 
but if they were the cost would be higher. 
vii 1 €=1.5 US$ (September 2008) 
 
The table above is based on studies made on plants based on current technology but many 
other concepts exist that may result in lower penalties and/or costs. These are interesting to 
study since only a small decrease in CO2 capture penalty and cost of electricity matters 
(although there are several other factors such as availability and environmental concerns that 
are also important). Two such concepts, studied in Papers I and II, which have the potential of 
being important niche CCS applications, are discussed below.  

3.2 Paper I – Related work, summary and reflections 
A novel electricity-producing cycle with no or low CO2 emissions and low CO2 capture 
penalty is know as the AZEP (Advanced Zero Emissions Plant) technology. That concept 
served as inspiration for studying a similar cycle, which is the subject of Paper I. In the AZEP 
concept, the combustion chamber in an NGCC gas turbine is replaced by a so-called Mixed 
Conducting Membrane (MCM) reactor. In the MCM reactor, oxygen is separated from air by 
means of membrane separation, a combustion takes place in the generated oxygen and the 
released heat is transferred to the oxygen-depleted air in heat exchangers, before the air is 
sent to the gas turbine expander. The CO2 is removed by a kind of oxy-fuel combustion, as 
discussed above. In Table 2 it was shown that NGCCs may suffer from a CO2 capture 
penalty of around eight percentage points, but the reduction in net efficiency in the AZEP 
concept (compared to an NGCC without CO2 capture) is predicted to be only about 
4.5 percentage points (Sundkvist et al., 2004 and other references in Paper I). To continue, 

                                                
9 CO2 transport costs are very dependent on transport distance, and on whether the CO2 is transported by 
onshore pipeline, offshore pipeline or ship. For example, for a transport distance of 1000 km, the costs 
are estimated to be € 7-10 per tonne CO2 (IPCC, 2005). 
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AZEP does not suffer from emissions of nitrous oxides since the combustion takes place in a 
nitrogen-free environment, and the cost of CO2 removal is predicted to be much lower than 
for many other concepts. Studies have been performed showing that the cost of electricity 
would be only 26 per cent higher for AZEP than for an NGCC without CO2 capture (which 
is a comparatively small increase, cf. Table 2) and if a CO2 tax of only € 40 per tonne CO2 
were introduced10, AZEP would have a cost of electricity equal to that of an NGCC without 
CO2 capture (Fredriksson Möller et al., 2005). 

In Paper I, a concept called Integrated Gasification Zero Emission Plant (IGZEP) is studied. 
Like in AZEP, the components of the concept (e.g. the MCM reactor) need further develop-
ment before even a pilot plant may be built. The idea behind the IGZEP concept is to 
modify a “standard” IGCC plant by using an MCM reactor11 to produce the oxygen needed 
for the gasification process instead of producing the oxygen by means of cryogenic 
distillation of air in an air separation unit. Based on the high electrical efficiencies from the 
simulations of the above-mentioned AZEP concept, it was hoped that the use of an MCM 
reactor would give also IGZEP a slightly higher efficiency than its competitors (other 
IGCCs). Additionally, integrated gasification combined cycles exhibit conditions favourable 
to CO2 capture, which indicate that IGZEP also would be a suitable process for CO2 capture. 

The core of the MCM reactor is a ceramic membrane, which separates oxygen from air 
exiting a gas turbine compressor. The produced oxygen is used in a gasifier, whereas the 
oxygen-depleted air is sent to the high-temperature combustor where most of the syngas 
from the gasifier is combusted. The rest of the cycle is essentially similar to a “normal” 
IGCC. For further details concerning the concept, see Paper I in Part II. 

The performed simulations show a CO2 capture penalty of 6.4 percentage points and a net 
electrical efficiency of 32.5 per cent. These results are interesting both in themselves and 
from a systems approach point of view. The CO2 capture penalty lies within the expected 
range; for example Chiesa and Consonni (1999) present penalties of five to seven percentage 
points for IGCCs, and these figures are well in line with those in the IPCC summary 
presented in Table 2 in the previous section. That is, IGZEP’s CO2 removal penalty is not 
exceptionally low; instead its advocates emphasize the possibility to decrease the cost of 
electricity when the ASU can be replaced by a less expensive MCM reactor. This claim 
remains to be proven, though, but is not within the scope of the work presented in this 
thesis.  

The oxygen production penalty in the reference case is 4.9 percentage points, consisting of 
the power demand of the ASU (3.1 percentage points) and oxygen compression (1.8 per-
centage points). For IGZEP, the penalty for oxygen compression is 1.8 percentage points but 
the pressure loss (and associated loss in electrical efficiency) in the MCM reactor is negligible. 
To conclude, if the boundaries of the system under study are drawn around the oxygen 
generation unit – which is the only part of the plant that is different in IGZEP compared to 
the reference case – there is a substantial difference in oxygen production penalty. This line 
of thought is easy to understand – an ASU with quite high power demand is substituted by an 
                                                
10 CO2 taxes will be further discussed in subsequent chapters. Still, it may be interesting to mention here 
that the general (i.e. there are many exceptions) Swedish CO2 tax today is about € 100 per tonne CO2. 
Throughout Part I, when in-house calculations are presented, 1 euro corresponds to 9.3 Swedish krona. 
11 Note the important difference between AZEP’s and IGZEP’s MCM reactors. In IGZEP, the MCM 
reactor consists of only the oxygen generation part of AZEP’s reactor. That is, no combustion takes place 
and no heat is transferred in heat exchangers in IGZEP’s MCM reactor. Furthermore, the oxygen 
generated is used in an IGCC (conversely, AZEP is a modified NGCC).  
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MCM reactor without any power demand – and supposedly one reason why Alstom Power 
(which invented and patented the concept) initiated the simulation study which resulted in 
Paper I. However, it turned out that when expanding the system boundaries so that the whole 
plant was seen as a system, the IGZEP oxygen production penalty increased compared to the 
reference case with an ASU. In Paper I these “extra penalties”, that become visible when the 
whole plant is compared to the reference case, are called indirect penalties connected to oxygen 
production. An elucidation of these penalties is given in Paper I, but the reasons for the 
penalties may be summarized as being dependent on the fact that the streams exiting the 
oxygen generation part of the IGZEP have different properties (temperature, pressure, 
composition) than in the reference case, and these differences affect how much power is 
produced downstream in the turbines. When adding the indirect penalties to the oxygen 
compression penalty, the IGZEP total oxygen production penalty becomes 
4.3 percentage points, i.e. its oxygen production penalty is 0.6 percentage points lower than in 
the reference case. 

Using a systems perspective in this way to calculate the consequences of changing a 
component or sub-system of a plant may be illustrative. It shows the importance of not 
choosing a too small system to analyse. Also, the simulation methodology used to calculate 
the oxygen production penalty has the advantage that a difference of 0.6 percentage points in 
oxygen production penalty leads to the difference in net electrical efficiency between IGZEP 
and the reference case being the same 0.6 percentage points. This is a very small difference 
(almost within the error margin), and in these cases factors such as investment cost and 
availability become increasingly important. Then, the line of reasoning leads back to the 
claimed economic advantage of the MCM reactor compared to an ASU. For example, in a 
study by Dyer et al. (2000), the cost of electricity decreases by 6 per cent for a concept which 
is very similar to IGZEP when the ASU is replaced by a membrane reactor. This decrease is 
quite large, but may be explained by the fact that the oxygen production part is responsible 
for a fairly large part of the costs for a gasification plant.  

Another aspect that is worth discussing with respect to systems perspectives, is the IGZEP 
net efficiency of 32.5 per cent. A reason for this rather low efficiency is that the Texaco-type 
gasifier used in the simulations has a quite low efficiency. The advantage with a Texaco 
gasifier is that the coal is pumped into the gasification reactor as a slurry (a mix of ground 
coal and water). In the other dominant technology for gasification of hard coal, the Shell 
technology, nitrogen is used for conveying crushed coal to the gasification reactor. But if, as 
in the IGZEP concept, an MCM reactor is used for oxygen production, no nitrogen stream is 
produced. In this respect, the MCM reactor differs from an ASU which produces nitrogen 
and hence it would be no problem to use a Shell gasifier. Since the difference in efficiency 
between a Shell and a Texaco gasifier could be two percentage points (Davison et al., 2004), it 
would be a significant drawback for concepts such as IGZEP to be dependent on Texaco 
gasifiers. Although it should be possible for IGZEP and similar cycles to have a small ASU 
with the purpose to produce nitrogen for coal conveying (or even use carbon dioxide as 
conveying gas), and hence be able to use a Shell gasifier, this issue illustrates an important 
problem. When replacing one part of an integrated cycle (in this case the oxygen production 
part), it is necessary to carefully analyse how the rest of the system is affected. This illustrates 
a frequent problem when using systems approach, as discussed in Section 2.2.  

Finally, the assumptions upon which the simulations are based could be worth commenting 
on. The simulations were performed as part of the ENCAP (Enhanced Capture of CO2) 
project supported by the European Commission under the 6th Framework Programme. To 
allow comparison of different concepts within the project, a simulation framework of 
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common assumptions was agreed upon by the involved partners. These assumptions settled 
parameters such as heat losses in heat exchangers, efficiencies of turbines and generators, 
turbine inlet temperatures, compressor pressure ratios etc. These parameters were probably 
not optimal for the IGZEP concept and hence, if IGZEP were to be simulated based on 
assumptions chosen to fit that particular concept, the net efficiency could perhaps be slightly 
increased. On the other hand, the same would be true for the reference case with an ASU, so 
it is not likely that the difference in efficiency would change very much.  

3.3 Paper II – Related work, summary and reflections 
AZEP and IGZEP discussed above could be seen as representing the efforts to design power 
cycles that, if they are built in the future, can have as high efficiencies as possible, despite the 
need of incorporating carbon dioxide capture. However, the construction of full-scale power 
plants like these and other novel concepts lies many years away, because the technological 
development for new technologies like e.g. the MCM reactor takes time. Therefore, another 
strategy is pursued by energy companies in parallel: the development of concepts that may be 
employed today, with existing technologies. These more concrete concepts may not have as 
high efficiencies as their competitors still on the drawing-boards, but their advantage lies in 
that they are spared most of the uncertainty concerning performance and costs which is 
connected to future expected technological development. In Paper II, an example of such a 
concept is studied. The concept in itself may be relatively new and rather complex, but the 
cycle is based on mature technology. 

What is characteristic in Paper II’s cycle is that CO2 is captured far upstream in the process 
where the flue gas still has a high pressure. Two different cycles are studied, the main 
difference between them being the size of the cycle (200 and 600 MW power output, 
respectively). The cycles are so-called dual-fuelled hybrid cycles, which mean that they use 
two different fuels in a plant which is a combination of two different concepts. In this case, 
natural gas is fired in a gas turbine and coal in a pressurized fluidized bed combustion (PFBC) 
process using the flue gases from the gas turbine part of the cycle and in this way, synergy 
effects of the thermal coupling between the two sub-cycles may be utilized. CO2 is captured 
from the pressurized flue gas after the PFBC boiler but before expansion in the PFBC 
expander.  

Carbon dioxide is captured by chemical absorption in hot potassium carbonate, i.e. the cycles 
belong to the post-combustion processes described previously in this chapter. But contrary to 
conventional post-combustion processes, CO2 is captured at an elevated pressure before the 
flue gas expands in the turbine. The advantages are that the capture process consumes less 
power since the CO2 partial pressure is high and that a less expensive and reactive solvent 
(potassium carbonate, K2CO3) than often proposed may be used. The disadvantage is 
however obvious: since the CO2 never passes the expander, its energy is not utilized to 
produce electricity. Before the processes were simulated, it was supposed that the capture 
advantage would be larger than the disadvantage concerning electricity production. Two 
other benefits were also envisaged for plants based on this principle: they have potential to be 
less costly to build (when CO2 is captured at high pressure, a more compact and less 
expensive CO2 capture facility may be used compared to plants working under atmospheric 
conditions – but this aspect was not studied in Paper II) and they may be built today. In fact, a 
pilot plant testing this concept of pressurized CO2 capture was put into operation in 
Stockholm in 2007 (although that particular cycle is not a hybrid cycle).  
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The simulations in Paper II show a net efficiency of 52 per cent for the best performing cycle 
(the one with 600 MW power output, called PFBCindustrial) without CO2 capture, whereas the 
efficiency if CO2 capture is applied is 44 per cent. This means that the carbon dioxide capture 
penalty is eight percentage points. In Table 2 it was shown that a new NGCC has a penalty of 
around eight percentage points and a PC approximately ten percentage points, so the studied 
hybrid cycle’s penalty of eight percentage points is slightly lower than what could be 
anticipated. As expected, the largest part of the efficiency penalty was the loss associated with 
the lower flue gas flow through the expander and the downstream steam generators (for a 
further discussion concerning the different parts of the penalty, see the paper in Part II).  

Another interesting topic touched upon in Paper II is the advantages with hybridization. In 
one of the simulated cycles, for example, 40 per cent of the fuel (energy wise) was natural gas 
and 60 per cent was coal. In theory, it would be possible to build either a larger number of 
hybrid plants using this fuel mix, or build a smaller number of NGCCs as well as a smaller 
number of coal-fired plants (either PFBCs, PCs or IGCCs) that together use the same 
amounts of natural gas and coal as the hybrid plants. If comparing the average efficiency for 
these two strategies (including CO2 capture steps), it turns out that the hybrid cycles have 
higher efficiency than if employing a combination of single-fuel cycles. In Figure 1 the 
efficiencies for the simulated PFBCindustrial cycles with and without CO2 capture are shown as 
small squares together with lines showing the efficiencies of the different reference cycles as a 
function of the share of natural gas of total energy input. (These reference lines are further 
discussed below in this section.) The relevant comparison to make should be to compare the 
simulated cycles with reference cycles having the same natural gas energy input ratio, i.e. the 
points on the reference lines that lie vertically below the PFBCindustrial squares. Clearly, hybrid-
ization is advantageous from an efficiency point of view, because the hybrid cycle’s efficiency 
is higher than the average efficiency for single-fuelled plants using the same mix of fuel. 
These results are consistent with studies made by e.g. Petrov (2003) showing that the 
performance of hybrid cycles such as the one studied in Paper II improves when the share of 
natural gas increases up until a fuel energy ratio of 60 to 70 per cent. At that level, the full 
benefits of integration are reached and if the natural gas ratio is increased even more, the 
rejected heat from the gas turbine part of the cycle cannot be utilized fully by the downstream 
coal-fired part of the cycle.  

Interestingly, the benefit of hybridization (measured as percentage points efficiency increase) 
is larger if the cycles have CO2 capture than if they have not – if the reference coal power 
plants are PFBCs or PCs. This may be seen by comparing (i) the distance from the square 
representing the hybrid cycle without CO2 capture to the respective reference line without 
CO2 capture (upper part of the figure) with (ii) the corresponding distance with CO2 capture 
(the lower part of the figure). If the reference plants are IGCCs, the hybridization benefit 
decreases when CO2 capture is applied. This issue needs further investigation, but an intuitive 
explanation is that IGCCs exhibit excellent conditions for effective CO2 capture but this 
advantage is lost by hybridization.  
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Figure 1. Efficiencies of the simulated PFBCindustrial cycle and reference plants with 
and without CO2 capture in Paper II. The upper part of the figure shows efficiencies 
for cycles without CO2 capture and the lower part shows efficiencies for the 
corresponding cycles with CO2 capture.  

 
It is always difficult to compare results from different simulation studies with each other. 
However, simulation work by Petrov (2003) indicates a power efficiency increase of three to 
five percentage points if natural gas and a solid fuel (biomass, municipal solid waste or coal) 
are combusted in a hybrid cycle, compared to if the fuels are combusted in separate cycles 
(none of the cycles had CO2 separation). The simulation results are of course dependent on 
the assumptions underlying the simulations, but also on e.g. how the efficiency of the 
reference plants is calculated. In Paper II, the efficiency of the reference plants is given by a 
straight line (see Figure 1 above or Figure 3 in Paper II) where the value of the efficiency is 
linearly dependent on the proportion of natural gas used. The reference concept’s efficiency 
is a weighted average of the efficiency of a large NGCC and a large coal-fired plant (either 
PFBC, PC or IGCC). However, it may also be argued (as by Petrov (2003)), that the 
efficiency of the reference plant is better described by a bent curve lying below the reference 
line as schematically shown in Figure 2. This way of reasoning is based on the fact that the 
efficiency of a power plant is subject to scale effects, i.e. the efficiency of the NGCC and the 
coal-fired plant decreases when they become smaller. Hence, also the reference concept of a 
small NGCC and a small coal-fired plant has a lower average efficiency than would have been 
the case if the plants were large. Consequently, the difference compared to the hybrid 
concept increases if a reference curve is used, as illustrated in Figure 2.  
 



3 Examples of CO2 capture from fossil-fuelled processes – Amplifications of Papers I and II  
 

 

- 21 - 

46

48

50

52

54

56

58

0 20 40 60 80 100

El
ec
tr
ic
al
 e
ff
ic
ie
nc
y 
[%

LH
V
]

Energy ratio of NG to total fuel [%LHV]

Hybrid 
(PFBCindustrial)

Reference line

Reference curve

 
Figure 2. Schematic figure illustrating the difference between using a reference 
curve and a reference line (case without CO2 capture) 

 
The issue whether it is better to use a reference line than a reference curve depends on the 
scale of the problem. If the question is how much better a hybrid cycle is compared to a small 
NGCC plus a small coal-fired plant, the reference curve shows the difference between the 
alternatives in a good way. But if (as implicitly in Paper II) the question is how much better 
ten hybrid plants are compared to four NGCCs plus six coal-fired plants (remember the fuel 
input was 40 per cent natural gas and 60 per cent coal, assuming that all plants have an 
equally large fuel input), the reference line should give a more accurate answer. This, again, 
shows how two different systems perspectives – which both may be justified – may give very 
different answers, and this is also an explanation of why the results in this thesis concerning 
the advantages with hybridization are somewhat lower than in Petrov’s simulations.  

3.4 Closing remarks on Papers I and II  
In the first section of this chapter, the potential importance of CCS was outlined. But the 
extent to which CCS will be implemented will, among other things, be a matter of costs 
(public acceptance, safety and many other factors will of course also be important). To reach 
competitive costs, it will be of crucial importance that the processes have high net efficiencies 
and low CO2 capture penalties. In this chapter, amplifications of two cycle concepts, analysed 
in Papers I and II, were given. They both turned out to have lower – although not 
considerably lower – penalties than competing cycles, which is a good illustration of how 
difficult it will be to develop cost-effective processes with very low penalties. The cycles 
discussed in this chapter display high efficiencies but the papers also illustrate how difficult it 
will be to find a silver bullet12 which swiftly and inexpensively decreases the CO2 emissions 
from large stationary fossil-fuelled processes13. When converting primary energy carriers to 
more usable forms of energy, thermodynamic laws induce energy losses which may only be 

                                                
12 According to folklore, the only way of shooting a werewolf or other supernatural being is to use a silver 
bullet. Hence it is often used as metaphor for a solution that immediately solves a difficult problem in an 
effective and straightforward way. 
13 This problem is even more difficult if a life-cycle perspective is applied, which is illustrated by note v in 
Table 2 (p. 15).  
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avoided to a limited extent, and even more so if the energy conversion includes carbon 
dioxide capture.  

Since it is important to minimize climate change mitigation costs, it is essential not to search 
too narrowly for cost-effective solutions. Other sectors than the fossil fuel-based power 
industry ought to be scrutinized in the search for large emitters of greenhouse gas emissions 
whose emissions could be cut at a low cost14. It is then natural to focus on the transport 
sector, a sector with very large CO2 emissions. Since the transport sector consists of a vast 
amount of small sources of emissions (i.e. vehicles), much of the emission reduction must be 
achieved in the process where the transport fuel is produced. A strategy with significant 
potential in this area is an increased use of fuels based on biomass, since biomass may be 
seen as having very low net emissions of CO2. Issues connected to this somewhat debated 
strategy are the scope of the remainder of this thesis. Similar to the cycles in this chapter, the 
processes producing biofuels that will be discussed in subsequent chapters may make use of 
carbon dioxide capture and storage. Seen in this way, the processes in focus in the rest of the 
thesis are other examples of niche applications where CCS may be utilized.  

It should also be noted that the technologies discussed in this chapter could also be used in 
biomass-fuelled processes. In IGZEP, biomass as well as coal may be gasified by the oxygen 
produced in the MCM reactor. The process would need some adjustments and the efficiency 
etc. would change slightly, but the concept would remain essentially the same. If desired, the 
plant may even be modified to produce mainly motor fuels, without the oxygen generation 
step being affected. In the hybrid cycles discussed in Paper II, nothing per se prevents the 
replacing of coal with biomass, and the produced electricity could be used for powering 
electric vehicles.  

 

                                                
14 Other examples of niche applications than the ones considered in this thesis could be CO2 capture in 
cement or lime kilns, as discussed by e.g. Grönkvist et al. (2006).  
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DDeett,,  ssoomm  dduu  eerr,,  vvæærr  ffuullddtt  oogg  hheelltt,,    

oogg  iikkkkee  ssttyykkkkeevviiss  oogg  ddeelltt..  
 

Henrik Ibsen (1828-1906), Brand 
 
 

Be what you have to be  
Wholly and completely, not 

A little bit here and a little bit there. 

(Translation by James Kirkup) 
 
 
 
 

4 THE PROMOTION OF BIOFUELS – AMPLIFICATIONS OF 
PAPERS III AND IV 

In the previous chapter the observation was illustrated that although much may be done to decrease 
GHG emissions from stationary sources fuelled by fossil fuels, other strategies will also be needed. One such 
strategy could be an increased use of biomass and biofuels. However, it is no easy task to determine how they 
should be used in a sustainable and efficient way and at the same time contribute to fulfilling other goals that 
may be desirable. In this chapter it is briefly explained how the production and use of biomass and biofuels 
may be problematic from an environmental and economic point of view. This is interesting to know as an 
introduction and background to Papers III and IV, which are the subject of this chapter. First Paper III 
analyses some policies aimed at decreasing CO2 emissions, among them increased use of biomass. Thereafter, 
the chapter focuses on Paper IV, which describes arguments for promoting the production and use of biofuels.  

4.1 Introduction to Papers III and IV 
As was discussed in the previous chapter, carbon dioxide capture and storage has the 
potential to become a powerful climate change mitigation strategy. However, it is not certain 
that CCS will be implemented on a large scale, and even if it does become implemented it will 
doubtless be associated with high energy penalties and costs. The concepts studied in the 
previously presented papers illustrate the difficulty in designing fossil-fuelled electricity-
producing processes with CCS that have very low penalties. It is therefore very important to 
search for other, complementing, strategies for decreasing GHG emissions in an effective 
way.  

In Sweden the climate change mitigation work, and hence the search for strategies to 
decrease CO2 emissions, has been going on for a comparatively long time. In 1991, Sweden 
was the first country in the world to introduce a significant carbon dioxide tax (at that time 
about € 27 per tonne CO215). Although Sweden, within the Kyoto agreement, is allowed to 
increase its GHG emissions by four per cent during 2008 to 2012 compared to the emission 
levels of 1990, the official aim is instead to decrease the emissions by four per cent. This goal 
seems to be within reach and the country is often seen as a precursor in environmental issues. 
It is therefore of interest to investigate how the climate change mitigation issue is handled in 
Sweden. In Paper III, various strategies to decrease CO2 emissions implemented in Sweden 
                                                
15 As already mentioned, the general CO2 tax today is approximately € 100 per tonne CO2. However, not 
all users pay the general CO2 tax, and in addition to this tax, energy tax (a mainly fiscal tax) has to be paid. 
For a short description of these taxes, see Paper III.  
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are compared by calculating how much the state is willing to pay (by e.g. subsidizing or 
refraining from tax revenues) per tonne of avoided CO2 emissions. It then turns out that 
carbon dioxide emission reductions are assigned a relatively higher economic value if 
accomplished by e.g. an increased use of biofuels in the transport sector. It may be 
questioned whether this is an efficient strategy (see Section 4.3 below) from a climate change 
mitigation point of view; thus important official documents are studied in Paper IV to find 
out which other arguments that have been used to promote the use of biofuels. 

Before Papers III and IV are discussed, their central concept second generation biofuels ought to 
be very briefly mentioned. Biofuels (or renewable fuels) may be categorized as belonging to 
the first or second (or even third) generation of fuels. The first generation fuels are the ones 
that are available today on a large scale, i.e. biogas, ethanol from e.g. wheat, sugar beets and 
sugar cane as well as fatty acid methyl esters, with rapeseed oil methyl ester (RME) as the 
most common example in Sweden. Second generation biofuels, as opposed to first 
generation fuels, are not commercially available today but under (in many cases) rapid 
development. It is hoped and believed that they will have substantially higher greenhouse gas 
reduction potential than the first generation fuels, as well as displaying much more effective 
use of resources (better use of available land, less energy intensive to produce, higher 
production efficiencies, lower costs etc.)16. Typical for this group of fuels is that they may be 
produced from lignocellulosic biomass17; for example ethanol may be produced by 
fermentation, and through gasification of biomass it is possible to produce a variety of fuels 
such as methanol, methane, dimethyl ether (DME) and different Fischer-Tropsch (FT) fuels. 
This thesis focuses on these second generation fuels, but also more distant third generation 
fuels such as e.g. hydrogen will be briefly mentioned.  

4.2 Summary of Paper III 
The aim of Paper III is to briefly describe and analyse some policy instruments like taxes and 
subsidies. Other types of policy instruments also exist, such as administrative (e.g. permit 
considerations) and informative instruments, but those are not studied here. The background 
to the study is that although the total Swedish carbon dioxide emissions decrease, there is a 
large difference between the different sectors. The CO2 emissions from the heating of homes 
and commercial premises are decreasing rapidly, while the largest problems may be found in 
the transport sector whose emissions have been constantly increasing for many years. 

In Paper III a few measures (called “concepts” in the paper) to decrease carbon dioxide 
emissions are studied. For example, biomass may be used to e.g. replace oil in a combined 
heat and power (CHP) plant, or it may be used for producing ethanol which replaces petrol 
used in vehicles. In the CHP case the applicable policy instruments would be the different 
energy taxes associated with oil and biomass, respectively, and the renewable electricity 
certificate system, and for the vehicle fuel option the relevant policy instrument would be the 
different energy taxes on petrol and ethanol. For each measure the size of the achievable 
CO2 reduction may be estimated, and how much the Swedish state is willing to “pay” for this 

                                                
16 An often mentioned advantage of first-generation fuels is that they may help pave the way for the more 
advanced second-generation biofuels by creating a demand for biofuels, but this topic of technology 
change is not covered in this thesis. 
17 Biomass containing lignin, which gives the plant the mechanical strength necessary to grow tall. Lignin 
cannot be fermented to ethanol (but of course it may be gasified or combusted for production of fuels, 
heat and/or power). 



4 The promotion of biofuels – Amplifications of Papers III and IV  
 

 

- 25 - 

reduction (through e.g. tax exemption or subsidies). The measures studied in the paper are all 
very relevant (although far from the only ones) for decreasing Swedish CO2 emissions.  

The main finding of Paper III is that the Swedish state values CO2 emission reductions in-
consistently. The reduction of a given amount of emitted CO2 is worth on the order of ten 
times more if it is achieved in the transport sector, and consequently biomass use is directed 
towards that sector. This is nothing unique for Sweden; a study which used a similar 
approach on European level came to the same conclusions (Ryan et al., 2006). If the goal is 
to decrease CO2 emissions in a cost-effective way, the existing system is obviously not 
optimal. On the contrary, in an efficient system the marginal value (or cost) of CO2 reduction 
should be equal in all sectors. In the end, the present system of policy instruments threatens 
to lead to lower CO2 reduction (and increased greenhouse effect) than could have been 
achieved for the same amount of money spent with more efficient policy instruments. Still, at 
least two major reasons for acting this way may be found. Firstly, there is nothing bad per se 
with short-term inefficiencies, if seen in the long run. On the contrary, an ambition to use 
only cost-effective policies for meeting near-term emission targets could lead to difficulties in 
achieving more significant emission reductions in the long run. To meet post-Kyoto targets, 
other technologies than those existing today will be needed. In order to support such 
technologies, measures (e.g. policies that create niche markets or increased public research, 
development and demonstration) that appear cost-inefficient in the short run may sometimes 
be necessary. If Sweden is to succeed in drastically decreasing CO2 emissions in the future, 
the transport sector must be addressed. Since it undoubtedly will take a long time to 
significantly increase the transport sector’s sustainability, it is important to address this issue 
as soon as possible and it may then be argued that the present short-time inefficiencies are 
acceptable or even necessary.  

The second major reason for actively designing a clearly “CO2-inefficient” system is, not 
surprisingly, that energy politics are not governed only by environmental concerns and a 
striving for cost-efficiency. Many other arguments are essential when designing energy 
policies, and it is interesting to find out which arguments are most important in the case of 
promotion of biofuels. The most central arguments, also presented in Paper IV, are discussed 
in Section 4.4. But in order to fully understand why it may be seen as slightly problematic to 
use biomass for biofuel production, a background to the issue is first given.  

4.3 Background to Paper IV  
As has already been touched upon, the promotion of the use of biomass for motor fuel 
production is subject to controversy. Although Sweden has vast resources of biomass, it will 
be virtually impossible to satisfy the demands for electricity, heat, transport fuels, material, 
food etc. In an international perspective, the problem is even more impossible to solve and 
consequently the issue of how biomass is “best” used becomes even more important. The 
difficulties associated with production of biomass and use of biofuels are also issues of lively 
debate. Some of these topics will be described in brief below and a few references for further 
reading will be given, in areas where new material is published practically every week. 

4.3.1 Efficient use of biomass? 
There is more or less a consensus that biomass in the short term is most efficiently used for 
heat generation and/or cogeneration of heat and electricity (see e.g. Azar et al. (2003) and 
references therein). This view is based on the observation that if biomass is to replace either 
oil used for heat generation (alternatively, cogeneration) or oil products used for transport, it 
is better to substitute the oil used for heat generation because in that application biomass has 
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about the same efficiency as oil, whereas biomass has roughly half the efficiency compared to 
oil when used for production of transport fuels18. Also from a cost perspective, the best 
option is to use biomass for heat generation and/or cogeneration; this use of biomass gives 
the highest CO2 reduction per monetary unit (Kågeson, 2001; Wahlund et al., 2004).  

So far the issue regarding which use of biomass is optimal seems to have a rather straight-
forward answer. There are, however, a number of aspects that complicate matters. For 
example, biomass as well as oil may be used for production of electricity (often together with 
heat), and then it becomes important how the marginal electricity is produced, as discussed in 
Section 2.2. For instance, if the marginal electricity is assumed to be produced in NGCCs, it 
is less advantageous to use biomass for electricity production than if the marginal electricity 
comes from coal-fired condensing plants. A second factor that influences the issue of which 
use of biomass is optimal, is the geographical perspective chosen. As long as Sweden is 
studied as a system of its own, where electricity and heat are produced in a rather CO2-lean 
way and these sectors’ demand for biomass is lower than the available biomass resources, 
there is sufficient biomass for some of it to be used in the transport sector. This national 
systems perspective (i.e. to ignore the possibility of exporting biomass to other countries) 
may be dismissed as too narrow, but, as will be shown in the next section, it seems to have 
been quite common in Sweden during the last decades. A third aspect that complicates the 
issue even further is that it may be sub-optimal to optimize the use of biomass, or any 
specific resource. Generally, since the global energy system contains several resources, it is 
not certain that using one of them as efficiently as possible results in the best overall solution. 
A way of overcoming this difficulty is to try to optimize the whole energy system on a global 
level. Computer simulations aiming at finding the least-cost solution to this problem under 
certain constraints on the amount of emitted CO2 have been performed by e.g. Azar et al. 
(2003) and Gielen et al. (2002). In the results from such simulations, the amount of biomass 
that is best used for production of biofuels in the future depends on the assumptions 
employed as regards e.g. future technology and policies (including taxes) (Grahn et al., 2007; 
Azar et al., 2003; Gielen et al., 2002). In other words, it is not evident for which purpose 
biomass is best used to minimize CO2 emissions in a long-term perspective.  

It is important to remember that even if it were obvious how biomass is most effectively used 
from a CO2 and/or cost perspective, more aspects than purely technical and economic 
considerations should be taken into account when determining the “best” use of biomass. 
For instance, the value of security of motor fuel supply, the influence of agriculture and 
industry politics, the importance of lobby groups etc. are examples of factors that contribute 
to the design of policies aiming at directing the use of biomass. For this reason, it is 
interesting to study the arguments used for promoting the use of biomass for motor fuel 
production, and such a study is presented as Paper IV in Part II and summarized in the next 
section. However, a number of other aspects concerning biomass and biofuels deserve to be 
mentioned before that, although they are not discussed in the papers in Part II because they 
are slightly beside the main focus of this thesis.  

4.3.2 Other aspects of biomass production and biofuel use 
Apart from the above-mentioned controversies connected to biomass use, there are several 
other frequently debated issues related to bioenergy. For example, an increased production of 
biomass may, together with the globally growing food demand, lead to an increased 
competition between food and biomass production. This in turn might lead to increased food 
                                                
18 The efficiency for a biofuel-producing process is often highly dependent on how possible by-products 
are valued.  
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prices which could be devastating for the world’s poor. Supporters of bioenergy often 
propose that this conflict may be avoided by using less productive land (which today partly 
lies fallow) for energy crop plantations. It may however be claimed that many such 
suggestions are based on studies lacking thorough economic analysis. Farmers will continue 
to produce what they think is most profitable, and with increasing carbon dioxide taxes or 
corresponding carbon-constraining policies the profitability of energy crops will increase and 
more cropland and grazing land will be used for biomass production. There is thus an 
apparent risk for increased food prices when more land is used for bioenergy plantations19. 
(Johansson and Azar, 2007) 

With a growing world population and a diet changing to contain more meat, more land will 
be needed to produce food. With a foreseen increase in bioenergy plantations, the demand 
for land will increase even further. Despite factors such as increasing crop yield per hectare 
and the fact that there are presently large areas of land lying fallow, there is a risk that rain 
forests, peatlands, grasslands etc. are converted to bioenergy plantations. This conversion of 
land, often achieved by burning everything on it, rapidly releases large amounts of CO2, and 
GHG continue to be emitted as coarse roots and branches etc. slowly decay. These effects, 
although quite substantial, are often neglected when calculating avoided CO2 emissions for 
e.g. biofuels produced from biomass grown on such converted land. There are examples (e.g. 
soybean biodiesel produced from land which used to be tropical Brazilian rainforest) where, 
according to calculations, it will take more than three hundred years until the avoided 
CO2 emissions from the biofuel produced from the land equal the increased CO2 emissions 
associated with the land conversion. One of the more positive examples in this respect is 
when Brazilian Cerrado land (a woodland-savanna biome) is converted to sugar cane 
plantations used for ethanol production. Then it takes “only” approximately 17 years before 
the decreased CO2 emissions associated with the ethanol replacing fossil motor fuels have 
offset the increased CO2 emissions caused by the land conversion from Cerrado to sugar 
cane plantations. (Fargione et al., 2008) The same conclusion could be valid also for other 
biofuel-producing systems; for e.g. conversion of forest and grassland to switchgrass 
plantations used for ethanol production in the USA, it is reported to take roughly fifty years 
before the CO2 emissions resulting from the land conversion have been compensated by the 
produced ethanol which has lower CO2 emissions than the petrol it is assumed to replace. 
Another way of expressing this is that over a period of thirty years, the ethanol has 
50 per cent higher CO2 emissions than the petrol it replaces, if forest and grassland are 
converted in order to be used for switchgrass plantations. (Searchinger et al., 2008) Even 
though these estimates are to some degree uncertain, the general findings are thought-
provoking.  

Conversion of land to biomass plantations could also often lead to a decreased diversity of 
species, if for example natural or semi-natural forests are converted to energy crop 
production. But biodiversity may not always be harmed; it depends on the kind of land that is 
converted to plantations. For example, energy crop plantations could provide as good or 
better habitats as agricultural cropland, at least for birds and mammals. (Christian et al., 1998) 

There are many other possible benefits with energy crop cultivation in addition to the just-
mentioned advantage that biodiversity, under certain circumstances, may be improved. If 
managed carefully, energy crop plantations could provide benefits in a global as well as in a 

                                                
19 In Johansson and Azar (2007), scenarios are presented where wheat prices are twice as high (or more) in 
2050 if actions are introduced to mitigate climate change compared to a reference scenario with no carbon 
abatement. 
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local perspective. Replacing annual food crops with perennial energy crops on organic soils 
could significantly reduce the carbon dioxide emissions due to biological oxidation of organic 
matter and this strategy also reduces emissions of nitrous oxide caused by fertilizers. To 
continue, planting energy crops along open streams may decrease nutrient leaching and 
bioenergy plantations of short-rotation forest (Salix) may be used to provide shelter for 
adjacent fields of food crops, preventing wind and/or water erosion. Cultivations of energy 
crops could also be used for treating waste water or sewage sludge or as a means of removing 
heavy metals from agricultural soils. (Börjesson, 1999) 

To summarize all the above-mentioned aspects of biomass production in a sensible way, it 
may be concluded that biomass production is very diverse and its impacts depends on many 
factors and are different from site to site. A responsible management is crucial and many 
aspects should be considered when discussing present and future bioenergy cultivations: soil 
type, water use, ecological concerns and nature conservation, but also for example landscape 
and visibility matters, archaeological considerations as well as issues regarding pests and 
diseases. It is possible to use bioenergy as an excellent strategy to decrease life cycle 
CO2 emissions without causing harm in any of the ways described, but it is also possible to 
use bioenergy in a disastrous way. Therefore these aspects are important to have in mind 
when evaluating the contribution of biomass and biofuels to sustainable energy systems.  

The aim of Paper IV is to describe the arguments used in political documents in favour of and 
against biofuels, respectively, rather than to critically analyse the advantages and dis-
advantages of biofuel production and use. In the documents which are the subject of the 
study, however, the above-mentioned potentially negative effects were more or less invisible; 
instead the documents presented a very positive picture of biomass and biofuels. But today 
there exist life cycle analyses concluding that many biofuels – including some second 
generation biofuels – have worse total environmental impact (i.e. not only addressing the 
problem of global warming) than fossil fuels (see e.g. Zah et al. (2007) and Jungbluth et al. 
(2008)). Although many biofuels have the potential to reduce GHG emissions by 60 per cent 
or more compared to petrol over their life cycle, the production of the biomass feedstock 
often risks causing other environmental problems such as eutrophication, increased incidence 
of summer smog (e.g. if forests are cut and burnt to clear the land for bioenergy plantations) 
or toxicity from e.g. pesticides. Also, the above-mentioned CO2 emissions from land use 
change are of importance, as is the decreased biodiversity if e.g. rain forest land is used. In 
many cases, such harmful effects could outweigh the biofuels’ positive effect of lower GHG 
emissions. This conclusion is of course dependent on how different environmental 
characteristics are valued relative to each other. However, the findings that biofuels produced 
from waste material are generally resource-efficient, that fuels produced from forest biomass 
are usually better than agriculture-based fuels20, and that second generation biofuels are better 
than first generation biofuels, are more robust. (Zah et al., 2007; Jungbluth et al., 2008)  

Despite the fact that almost none of the aspects mentioned above are found when studying 
the documents summarized in Paper IV, these aspects are important when discussing 
biofuels. Thus it would perhaps have been desirable if they had been mentioned in one way 
or another.  

                                                
20 In this respect, Sweden is favoured since the country’s biomass is mainly forest biomass, whereas 
Europe’s highest potential is the agriculture-based biomass (Ericsson and Nilsson, 2006). This issue is 
further discussed in Papers VI and VII. 
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4.4 Summary of Paper IV and some related issues 
In Paper IV, Swedish Government official reports21 and Government bills, important for the 
promotion of biomass and biofuels, are studied. These documents are from the years 1990 to 
2006 and the paper describes and discusses the arguments for promoting biofuels, with focus 
on arguments related to the discussion concerning resource- and cost-effective use of bio-
mass described in Section 4.3.1. Although the use of biofuels is strongly affected by 
EU regulations and directives22, it is interesting to study how these strategies are motivated 
and implemented in practice in individual member states. Sweden is then a good example 
since it is a country which started early to reduce CO2 emissions by reducing the use of fossil 
fuels and increase bioenergy use. Another fact which makes Sweden useful to study is that 
the country has succeeded in curbing carbon dioxide emissions from the power and heating 
sectors, whereas the emissions from the transport sector are increasing. Since many other 
countries may find themselves in this situation in the future, the Swedish experiences are 
suitable as a starting point for discussing these issues.  

The documents studied in Paper IV show that initially, i.e. in the beginning of the 1990s, the 
political focus was on increasing the use of bioenergy in CHP applications. One of the goals 
was to increase electricity production, to compensate for the decided abolishment of nuclear 
power. The development and demonstration of use of motor alcohols (implicitly ethanol) and 
production of ethanol from agricultural products were also subsidized. Producing biofuels 
from grain, sugar beets etc. was seen as a way to solve the problem with an over-producing 
agricultural sector.  

In the studied documents, three main arguments for biofuels may be discerned: apart from 
the agricultural argument, the advantages of biofuels concerning environmental and security 
of supply aspects, are highlighted. It is interesting to note that the meaning of all three 
arguments have been slightly changed since 1990. The agricultural aspect is still evident as 
one of the motives for the EU directive prescribing the use of 5.75 per cent renewable motor 
fuels 2010, but the focus in Sweden today is on forest-based fuels; the environmental 
problem which bio-based motor fuels help solve has changed from local air pollution in the 
early 1990s to climate change; the security of supply argument has shifted from being a 
readiness for war in the immediate surroundings to global shortage (and price increases) of 
fossil energy. 

These arguments, combined with the very important argument that the EU prescribes a use 
of 5.75 per cent biofuels, have been used to motivate a tax exemption on biofuels. When 
petrol is substituted by ethanol, this tax exemption is equivalent to around € 0.7 per litre 
petrol (including VAT (value added tax)), corresponding to € 160 million per year23 which is a 
quite substantial amount24. Other arguments used for promoting biofuels are that it may 
inspire other countries to take actions to decrease their CO2 emissions, that it may contribute 
to more efficient transport (because prices will go up) and hence be beneficial for society, and 
                                                
21 In Swedish: Statens offentliga utredningar, abbreviated SOU. 
22 E.g. the Directive on the promotion of the use of biofuels and other renewable fuels for transport 
(European Parliament and Council, 2003).  
23 Calculated by using a tax exemption of € 0.69 per litre petrol including VAT (Swedish Energy Agency, 
2007a) and a total ethanol consumption in 2007 of 358 000 m3 (Swedish Energy Agency, 2008b) using the 
assumption that 1 MJ ethanol replaces 1 MJ petrol. 
24 It may be illustrative to compare the value of the tax exemption with e.g. the amount the Swedish 
Energy Agency was given to spend on energy research projects in 2007, which was € 86 million. Thereof, 
€ 17 million were for bioenergy projects and alternative fuels and another € 5 million for pilot and demon-
stration plants for e.g. biomass gasification. (Swedish Energy Agency, 2008a) 
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that business opportunities may be exploited by Swedish companies if biofuel-producing 
processes are developed here.  

Another important way of reasoning, present in the official documents, is that although 
Sweden may reach its Kyoto target without decreasing the GHG emissions from transport, 
the agreements believed to come after Kyoto will be much more severe and in order to reach 
those targets, the transport sector must be addressed. Consequently, it would be 
advantageous with an early start of the adaptation to this future situation, because changing 
the transport system takes a very long time. 

In relation to the previous section, two aspects are interesting to note. Several times in the 
studied documents the question how biomass is best used is raised and it is stated that this 
issue ought to be thoroughly investigated, but then nothing happens. Also, it is frequently 
established that biofuel production is not a cost-effective use of biomass, but by investing in 
biofuel research aiming at developing much more efficient production processes (e.g. ethanol 
production from cellulosic biomass), it is hoped that the cost-inefficiencies can be 
surmounted. Such a cost reduction would enable the realization of the often cited principle 
that every sector in society should decrease its GHG emissions. 

After the period covered by Paper IV, new goals concerning energy and GHG emissions have 
been formulated in the European Union and in Sweden. The European Union has decided 
that energy consumption should decrease by 20 per cent (compared to projected energy 
consumption in 2020), that GHG emissions should decrease by 20 per cent until 2020 
compared to 1990 (the goal will be increased to minus 30 per cent if countries like USA, 
China and India make similar commitments) and that 20 per cent of the energy used in 2020 
is to be renewable. In the communication “20 20 by 2020 Europe’s climate change 
opportunity” from the European Commission where the two latter goals are described, it is 
also stated that the use of biofuels should be increased to at least 10 per cent. As may be 
seen, biofuels and the transport sector are very important when greenhouse gas mitigation 
strategies are discussed, as is the security of supply argument:  

A specific effort is needed to achieve greenhouse gas emissions reductions and 
improved security of energy supply in the transport sector, which is why the European 
Council chose to fix a specific minimum target for sustainable biofuels of 10% of 
overall petrol and diesel consumption. (European Commission, 2008a, pp. 7-8) 

 
In order to reach the EU’s binding target of 20 per cent renewable energy, the European 
Commission has suggested how the responsibility should be shared between the member 
states; for Sweden’s part the share of renewable energy in 2020 should be 49 per cent (in 
2005 this share was 40 per cent). Supposedly, a large share of the nine percentage point 
increase will be bioenergy. Also when it comes to the target of reduced GHG emissions, the 
EU has specified how the burden should be shared among the member states. The Swedish 
greenhouse gas emissions are to be decreased by 17 per cent until 2020 compared to 2005 
(emissions covered by the European Emission Trading Scheme are not included) (European 
Commission, 2008b). Since the GHG emissions between 1997 (when the Kyoto protocol was 
signed and climate change mitigation efforts intensified) and 2005 decreased by eight 
per cent, the pace of emission reductions associated with this target is expected to be 
relatively constant until 202025 (Eurostat, 2008).  

                                                
25 Between 1990 (the base year used in the Kyoto protocol) and 2005 the total Swedish GHG emissions 
decreased by 7.4 per cent (Eurostat, 2008). 
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4.5 Further reflections on the papers  
As was shown in Paper III, reduction of one tonne of carbon dioxide emissions is entitled to 
very high subsidies (or to be more precise, tax exemptions) if achieved in the transport sector, 
compared to if it is achieved in other sectors. According to traditional neoclassical economic 
theory, such inconsistencies in the valuation of CO2 emissions reduction lead to a higher total 
cost for attaining specific targets of lower CO2 emissions. Instead, the optimal (i.e. cost-
minimizing) solution is reached when policies and taxes assign an equal value to reductions in 
CO2 emissions regardless of the sector in which the reductions are achieved.  

A probable reason for this strategy not being used is illustrated in Paper IV: the promotion of 
biofuels have several goals apart from decreasing CO2 emissions. Perhaps the most important 
one is to decrease the oil dependency. To use biomass for reducing both carbon dioxide 
emissions and oil use is difficult, as the goals are partly conflicting. Gustavsson et al. (2007) 
analysed the trade-offs when using biomass to pursue these two goals and the results may be 
found in Table 3. The starting point for the calculations was that the Swedish use of biomass 
could be increased by 400 PJ per year, which would correspond to a total yearly Swedish 
biomass use of approximately 800 PJ. If the increased use of biomass were to be used with 
the sole aim of reducing CO2 emissions as much as possible, a CO2 emission reduction of 
64 MtCO2 per year could be achieved26. Using this strategy, biomass would be used in e.g. 
various heating technologies presently using electricity, in the construction of wood buildings 
and in black liquor gasification to produce electricity. Since Gustavsson et al. (2007) have a 
rather short time perspective, the marginal electricity is assumed to be produced in coal-
condensing power plants, and hence measures producing electricity or decreasing electricity 
demand become beneficial. If instead the prioritized aim is to decrease oil use, the most 
efficient options are to replace oil boilers for heat and electricity production and to produce 
motor fuel (methanol) from black liquor gasification. After those measures have been carried 
out, large amounts of biomass remain that may be effectively used for production of 
methanol to replace petrol. This strategy would not lead to nearly as large CO2 emission 
reductions as the CO2 reduction strategy: the carbon dioxide emissions would decrease by 
only 20 MtCO2, or 31 per cent of what is achievable when using the CO2 reduction strategy. 
However, the reduction in oil dependence would be more than five times higher. This shows 
that when optimizing the use of biomass for either CO2 emission reduction or oil use 
reduction, the result is very poor for the variable which is considered of secondary 
importance.  

But there is hope; if a strategy is used which prioritizes both reduction in carbon dioxide 
emissions and oil use reduction, results may be achieved corresponding to about 70 per cent 
CO2 reduction compared to the maximum reduction (i.e. the CO2 reduction strategy) and at 
the same time reaching an oil use reduction of around 70 per cent of the maximum oil use 
reduction (i.e. in the oil use reduction strategy when that is the only aim), see Table 3. 
Interestingly, the cumulative costs for the measures comprising this strategy would be slightly 
negative, meaning that money would be saved. The most efficient measures are those leading 
to the replacement of electric and oil-based heating, as well as increased use of wood in 
constructions and black liquor gasification producing motor fuels. These measures demand 
about 300 PJ biomass per year, and the remaining 100 PJ are most efficiently used for 
methanol production used for petrol replacement. (Gustavsson et al., 2007) 

                                                
26 This reduction is quite substantial; the Swedish CO2 emissions from fossil sources were about 
53 MtCO2 in 2005 (Swedish Energy Agency, 2007a). 
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Considering the situation in Sweden, where the use of ethanol for petrol replacement is being 
discussed, a fourth strategy is studied in Gustavsson et al. (2007) where all biomass is used for 
ethanol production. This strategy would lead to rather low reductions in oil use as well as in 
carbon dioxide emissions, at a considerably higher cost.  

Table 3. Trade-offs when using biomass to pursue the goals of reducing CO2 emissions or/and 
oil use (Gustavsson et al., 2007) 

 CO2 reduction  
 

[MtCO2 i/year]ii 

Oil use 
reduction 
[PJ/year]iii 

Cost  
 

[million€/year]

Cost at high  
oil price 

[million€/year] 
CO2 reduction 
strategy 

64 (100 %) 63 (18 %) 130 -70 

Oil use re-
duction strategy 

20 (31 %) 347 (100 %) 330 -790 

Combined re-
duction strategy 

46 (72 %) 232 (67 %) -45 -790 

Ethanol pro-
duction strategy 

19 (30 %) 190 (55 %) 1800 1150 

i Gustavsson et al. (2007) give values in TgC/year, which here have been recalculated to MtCO2/year. 
Biomass production/recovery and transport etc. are accounted for. 
ii Value in parenthesis is the reduction in CO2 emissions achieved in relation to what is achieved in the 
CO2 reduction strategy, which is the strategy with highest CO2 reduction. 
iii Value in parenthesis is the reduction in oil use achieved in relation to what is achieved in the oil use 
reduction strategy, which is the strategy with highest oil use reduction. 
 
The results presented in Table 3 concerning costs are very sensible to e.g. the biomass and oil 
prices. While the cost relations between the strategies are not affected by the biomass price, a 
changed oil price will affect the cost relations. In the base case, the crude oil price is assumed 
to be US$ 40 per barrel which, compared to the prices in 2008, appears quite low. In their 
high oil price scenario (using a crude oil price of US$ 60 per barrel), Gustavsson et al. (2007) 
arrive at much lower costs for all strategies. The effect is, logically, strongest for the oil use 
reduction strategy and weakest for the CO2 reduction strategy. It is worth noting that with 
this higher oil price, all strategies except the ethanol production strategy lead to negative 
cumulative costs, i.e. it is less expensive to use bioenergy than fossil energy.  

Of course the specific values in the table above are uncertain; what is interesting is the 
magnitude of the values and the comparison between the four strategies. In this aspect, the 
authors claim that the overall results are robust and it appears difficult to find a reason to 
disagree with them. It would have been of great value if a similar study had been made some 
fifteen years earlier; strategies related to the trade-offs between CO2 emission reductions and 
other advantages of biofuels (mainly oil use reduction) have been discussed in official docu-
ments for many years without having – as it appears – sufficient background information 
(Paper IV; Fallde et al., 2007). Several times between 1990 and 2006 an investigation similar to 
the study by Gustavsson et al. was asked for but never performed – a fact that served as 
inspiration for the second part of the title of Paper IV27. Since no such study was completed, 
the promotion of biofuels (or to be more precise, ethanol) could continue to be motivated by 
the climate change mitigation argument – an argument which was in fact not as strong as it 

                                                
27 The full title of Paper IV is “Arguments in Swedish Policy Documents for Using Biomass for 
Production of Bio-based Motor Fuels. Why an Energy Engineer Could Feel Like Being in a Novel 
Written by Kafka”. 
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appears in the documents discussed in Paper IV. Then the title of the first section in the 
European Commission’s Green Paper from 2006 concerning energy strategy is more 
illustrative: “An energy strategy for Europe: balancing sustainable development, competitive-
ness and security of supply”. Balancing is what it is all about – to design policies that are 
efficient for e.g. decreasing CO2 emissions and increasing security of supply is extremely 
difficult.  

This conflict of goals concerning bioenergy is studied also by e.g. Berndes and Hansson 
(2007), concluding that maximizing CO2 reductions in a cost-effective way leads to other 
bioenergy options than if maximizing for example employment creation or decreased 
dependency on oil. The matter of security of supply is discussed and it is stressed that bio-
energy is useful in the stationary sector to mitigate the increasing dependency on natural gas 
in the European Union, as well as increasing the security of supply of oil-based motor fuels. 
The former aspect is not mentioned in the debate as often as the latter, but roughly half of 
the natural gas consumed in the European Union comes from either Russia, Norway or 
Algeria (European Commission, 2006) and the use of gas is predicted to increase (compare 
the discussion concerning future marginal electricity production in Section 2.2). Thus, the 
relative merit of using bioenergy in the stationary sector versus the transport sector is also 
influenced by how dependencies on natural gas and oil import are valued relative to each 
other. This issue is however not discussed in the documents summarized in Paper IV, nor is 
the question of how large the share of biofuels ought to be in order to ensure sufficient 
security of motor fuel supply. 

Regarding the argument that a bioenergy expansion is advantageous from an employment 
creation perspective, Berndes and Hansson (2007) conclude that as long as lignocellulosic 
feedstock is used, the effect on employment is the same regardless of whether the biomass is 
used for transport fuel production or used in the stationary sector. However, if traditional 
and employment-intensive agricultural crops such as sugar beet, rape seed or wheat are grown 
to be used for motor fuel production (i.e. first-generation biofuels), a positive effect on 
employment may be attained, especially if the biofuel production plants are small. Such a 
contribution is significant compared to total employment in agriculture, but small in relation 
to a country’s total employment in industry. (Berndes and Hansson, 2007) To continue, a 
corresponding argument for lignocellulosic biofuels may also be found in Paper IV: that 
participating in the development and production of new biofuel production technology may 
be beneficial for employment creation.  

Perhaps the above-mentioned oversight of the conflicting goals of CO2 reduction and oil use 
reduction may be explained by a deficient systems perspective. In the official documents 
from 1990 onwards which are discussed in Paper IV, Sweden appears to be seen as an isolated 
system. As the Swedish heat and power sectors already at this time were (or at least, were on 
their way to become) rather CO2 lean, it was CO2 efficient to use the biomass for biofuel 
production. Since Sweden’s surroundings appear to be almost non-existent in the documents, 
the possibility of exporting biomass to other countries where it could (at least in the short 
term) attain higher CO2 reductions is hardly mentioned at all. If the system boundary is 
drawn around Sweden as a country, the possibility of using international cooperation 
vanishes. It may seem paradoxical, but the international perspective is discussed in the same 
documents which fail to see its possibilities, but in other contexts. Firstly, the climate change 
problem is acknowledged to be possible to solve only if all countries decrease their 
CO2 emissions. Secondly, there is a strong awareness that the measures taken to combat 
climate change should not negatively affect the international competitiveness of Swedish 
companies.  
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A further example of a limited systems perspective is that the transport system is often seen 
as detached from the rest of the energy system. For the transport system, there is no question 
that biofuels could help reduce carbon dioxide emissions, together with other strategies such 
as improved vehicle efficiency and decreased demand (see also Paper VII which is discussed 
in the next chapter). Since the alternative use of biomass in other sectors is not discussed, 
there is not much reason to question the view that biomass should be used for biofuel 
production. Hence most of the studied documents fail to draw the straight-forward short-
term conclusion that as long as the choice is between replacing fossil-based motor fuels or 
traditional fossil-fuelled heat/CHP, roughly twice the amount of fossil energy may be 
replaced in the stationary sector compared to in the transport sector.  

As was mentioned in Section 4.4, the Swedish biofuel tax exemption costs well above one 
hundred million euro per year28. Compared to many other energy-related expenditures, this is 
a considerable amount of money invested in something that – from a climate change 
mitigation perspective – is an inefficient use of resources in the short term and possibly29 also 
in the long term. There is however a disadvantage that could be potentially worse than 
spending resources inefficiently during some years of biofuel tax exemption. By focusing too 
much on market stimulation and promotion of first-generation biofuels compared to e.g. 
investing in research and development of new technology and measures for improvements in 
fuel economy, there is a risk that the change to a future more sustainable transport system is 
made more difficult (see e.g. Hillman and Sandén (2008) and Kågeson (2008)). This risk may 
be viewed in the light of the theories regarding path dependency and lock-in. Without any 
ambition to give more than a glimpse of these theories here, it may be mentioned that they 
explain how today’s technology choices are often determined by historical development 
which have created e.g. scale economies (specific costs decline as quantity increases), learning 
economies (costs decrease due to accumulation of skills and knowledge), network economies 
(interrelations are created between systems and users) and adaptive expectations (producers 
and consumers become increasingly confident about e.g. the system’s quality and 
permanence), thereby making rapid technology change more difficult (Unruh, 2000 and 
references therein). Today, the development (or lack of development) of the transport system 
based on oil products and internal combustion engines is subject to a considerable lock-in, 
although it may not be as impossible as previously thought to attain significant changes. For 
example, the last decade’s development of biofuels (ethanol production and various processes 
employing gasification) and the commercialization of hybrid electric vehicles indicate that a 
change may be on its way. (Åhman and Nilsson, 2008) On the other hand, too large 
investments in some biofuels (like ethanol and biodiesel which are possible to blend into 
fossil fuels and which may be combusted in only slightly modified versions of today’s 
combustion engines) could lead to an increased risk of prolonging the lock-in in the present 
transport system or even create a new biofuel path dependency.  

The ethanol proponents focus on other aspects of the question regarding how the future 
transport system may develop. Since it is still uncertain when, or even if, future transport 
systems (fuel infrastructure and vehicles etc.) based on hydrogen or electricity will become 
commercially available, the increased use of biofuels is one way of lowering the transport 
sector’s carbon dioxide emissions. Another argument used is that the importance of biofuels 

                                                
28 To compare, market price support and subsidies for ethanol in the European Union were worth around 
€ 1.3 billion in 2006, and for biodiesel (produced mainly from rapeseed oil) the value was twice as high 
(Kutas et al., 2007). 
29 As described in Section 4.3.1, “possibly” could be understood as “probably” or “perhaps”, depending 
on whom you ask. 
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should not be underestimated; in some studies biofuels may cover a very large share of the 
future transport fuel demand. This issue is further discussed in the next chapter (mainly in 
Sections 5.1.2 and 5.1.3); at this stage the point is that biofuels’ future potential could justify 
today’s expensive tax exemption and the CO2-inefficient use of biomass. As long as biomass 
is produced in an environmental friendly way (cf. Section 4.3.2 above), promotion of biofuels 
leads to no harm – instead it is a way of hedging the bets in the uncertain but extremely 
important game where a sustainable future transport system is at stake. It is also a solution 
very compatible with today’s transport system which may be quickly upscaled. Further, 
biofuels are possible to use in fuel cells (probably as hydrogen carrier) as well as in today’s 
combustion engines and biofuels could therefore function as bridge to a future fuel cell-based 
transport system. Finally, when/if the fossil fuel prices continue to increase, it may be 
profitable to substitute oil or gas used as raw materials in e.g. chemical industries by 
chemicals which may be produced from processes similar to biofuel-producing processes and 
hence biofuel production development may be beneficial for other sectors as well.  

Another argument in favour of the Swedish promotion of biofuels, which is present in the 
public debate but rarely formulated in this way, becomes evident in the light of Papers III 
and IV as well as when reading the above-discussed study by Gustavsson et al. (2007). It is 
certainly cost inefficient to spend money earmarked for CO2 mitigation on the promotion of 
biofuels, but that money would perhaps not have been spent on environmental issues at all if 
the transport sector’s security of supply problem were not so impending. Seen in this way, the 
CO2 reductions coming from the use of biofuels may – although expensive – be regarded as a 
bonus achieved when mitigating the security of transport fuel supply problem. The 
alternatives of substituting today’s fossil motor fuel with e.g. synthetic diesel from coal or 
methanol from natural gas would cause much higher carbon dioxide emissions.  

4.6 Closing remarks on Papers III and IV  
It has been shown above that an increased use of biomass is seen as an important strategy in 
Sweden for climate change mitigation. An essential part of the bioenergy strategy is to 
promote the production and use of biofuels. The importance of an increased biofuel use is so 
high that substantial inefficiencies caused by an inconsistent valuation of decreased 
CO2 emissions are accepted (Paper III). From an environmental perspective, where it is seen 
as very important to curb CO2 emissions as fast and as much as possible, such inefficiencies 
may be questioned, especially in the light of the other possible negative effects that large-scale 
biomass production may lead to, which have also been outlined in this chapter. But, as has 
been discussed above (Paper IV), there are other important arguments for the promotion of 
biofuels than the climate change mitigation argument. It is therefore likely that biofuels will 
play an important role for years to come. Thus, it is interesting to study e.g. the possibility of 
better utilizing biofuels’ CO2 mitigation potential and the role biofuels could play in a future 
CO2-lean transport system. These two issues are addressed in the next chapter.  
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II  sshhaallll  bbee  tteelllliinngg  tthhiiss  wwiitthh  aa  ssiigghh  

SSoommeewwhheerree  aaggeess  aanndd  aaggeess  hheennccee::  
TTwwoo  rrooaaddss  ddiivveerrggeedd  iinn  aa  wwoooodd,,  aanndd  II  ––    

II  ttooookk  tthhee  oonnee  lleessss  ttrraavveelllleedd  bbyy,,  
AAnndd  tthhaatt  hhaass  mmaaddee  aallll  tthhee  ddiiffffeerreennccee..  

 
Robert Frost (1874-1963), The Road Not Taken 

 
 

 
 
 
 
 

5 BIOFUELS IN A TRANSPORT SYSTEM WITH LOW CO2 
EMISSIONS – AMPLIFICATIONS OF PAPERS V, VI AND 
VII 

In previous chapters it has been discussed how anthropogenic carbon dioxide emissions may be decreased by 
using carbon dioxide capture and storage, and by an increased use of bioenergy in general and biofuels in 
particular. In fact, it is possible to combine these two strategies by producing biofuels and capturing the released 
CO2 in a rather cost-efficient way. This idea is studied from a broad technical systems perspective in Paper V, 
which is the first paper in focus in this chapter. In the next paper, Paper VI, the possible role of such a 
strategy in creating a CO2-neutral Swedish transport system is explored. In contrast to a strategy based on 
biofuels and CCS, Paper VII discusses strategies for attaining a self-sufficient road transport system based on 
renewable resources (but without using CCS). The chapter first briefly summarizes the three papers before 
some reflections and remarks are made.  

5.1 Summaries of Papers V, VI and VII 
The papers upon which this chapter is based may be found in Part II of this thesis, but in 
order to facilitate the understanding of the reflections presented in the next section, the 
papers are summarized below.  

5.1.1 Paper V 
When biomass is fermented to ethanol or anaerobically digested to biogas, carbon dioxide is 
released in a relatively concentrated stream from which it is easy to capture the CO2. If large-
scale CCS becomes a reality, such biofuel production plants30 may be places where it is 
implemented early due to the comparatively low costs associated with this kind of carbon 
dioxide capture. In Paper V, this possible niche application is explored and these biofuel 
production processes including CO2 capture are compared to the applications of biomass that 
are traditionally judged best (i.e. using the biomass for heat and power or heat production). 
As basis for the comparison, the CO2 mitigation potential per TJ biomass input is used. It is 
argued that it is highly relevant to compare the biofuel production processes with CO2 capture 
to alternative uses without CO2 capture, since the biofuel processes exhibit the (relatively rare) 
advantage of very low-cost CO2 separation. The reason for this is that the carbon dioxide in 
these cases is rather pure; in the ethanol case the CO2 stream’s only essential contaminant is 
easily condensable water vapour and in the case of biogas production, CO2 is removed to 
                                                
30 Another type of plants that could use this possibility is some methanol plants, see Paper VI.  
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upgrade the biogas to a quality usable as motor fuel. This CO2 removal is carried out 
regardless of whether the CO2 is to be stored or not (it is carried out already today and the 
carbon dioxide is vented to the atmosphere). The same is true for the methanol process 
discussed in Paper VI. 

In Paper V, nine different uses of biomass are studied. In Figure 3, the results are 
summarized, apart from two of the cases – ethanol production from maize and wheat, 
respectively – which have been replaced by two cases from Paper VI that are assessed more 
interesting31. The cases are described in the papers, but here it could be worth noting that the 
MeOH(high) case and the two biogas production cases consume electricity (the biogas cases 
also have a net heat demand), whereas the other three biofuel cases may export a small net 
electricity surplus and the Gasification case produces only electricity. To continue, the bio-
fuels are assumed to replace petrol, CHP is assumed to replace oil-fired district heating and in 
the pellets-producing case the pellets are assumed to replace coal. Figure 3 displays the results 
using the assumption of coal-based marginal electricity (Paper V also contains the corre-
sponding figure when the marginal power is natural gas-based). 

The CO2 mitigation potential for each case associated with the use of 1 TJ biomass input 
consists of two parts: the carbon dioxide captured (an option only studied for the motor fuel 
production cases) and the “net substitution” effect. This net substitution is the sum of 
decreased CO2 emissions when the bioenergy substitutes a fossil energy carrier and electricity 
produced from fossil fuels (fossil fuels’ indirect emissions are also accounted for) minus 
indirect emissions from the biofuel production process (coming from feedstock production 
and transport, distribution of energy product and (in some cases) emissions connected to the 
production process’ use of electricity and thermal energy).  

The results from the study are shown in Figure 3, which illustrates a number of conclusions. 
When the marginal power is produced in coal-condensing power plants, the biofuel 
alternatives achieve much smaller CO2 reductions than using the biomass in stationary 
applications. This finding is consistent with other studies in this area, some of which were 
discussed above in Section 4.3.1. The major difference if natural gas-based marginal power is 
assumed, is that the Gasification case (which produces only electricity) attains much smaller 
CO2 reductions (“only” about as high as the MeOH case, which in turn attains somewhat 
lower CO2 reductions than in Figure 3 since that case produces a lot of electricity as by-
product).  

 

                                                
31 Ethanol produced from wheat or maize are first-generation biofuels attaining rather low 
CO2 reductions, and not as interesting for the future as the other ethanol (and methanol) cases. Therefore 
they are not included in Figure 3. (Biogas may also be seen as a first-generation fuel, but the life-cycle 
efficiency may be higher, especially if organic waste is used as feedstock.) Instead, two cases from Paper VI 
are included: EtOH(high), which in Paper VI represents the Medium efficiency cases, and MeOH(high) 
which is the same as the High efficiency cases. In this section, ethanol is often abbreviated EtOH; for 
methanol the abbreviation MeOH is used. 
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Figure 3. CO2 reduction per TJ biomass feed for some cases studied in Papers V 
and VI 

 
The new aspect in Paper V compared to other studies is the CO2 captured in the biofuel cases 
(the pale parts of the bars in Figure 3). Note again that this carbon dioxide is only the CO2 
released in the fermentation process or in the biogas upgrading process, and not CO2 from 
e.g. combustion of by-products. Still, the captured carbon dioxide constitutes a significant 
part of the CO2 reduction. But, as may be concluded from Figure 3, this is not enough to 
raise the amount of CO2 reduction per TJ biomass input to the levels of CHP and pellets 
production or the Gasification case producing electricity32. 

In Paper V, CO2 reduction costs for the two cases EtOH-ligno and Gasification are 
calculated. Since there are a number of difficulties connected with estimating costs for future 
plants based on different studies, the cost should only be seen as indicative. The resulting 
cost indications confirm the motives for conducting the study: when producing ethanol 
without any CO2 capture, the cost per reduced tonne of carbon dioxide emission is rather 
high, but by introducing the (low-cost) CO2 capture discussed in the paper, the average 
CO2 reduction cost may be significantly reduced. For the Gasification case the situation is 
reversed (when marginal power is coal-based); the cost associated with the net substitution of 
CO2 is very low, but introducing CO2 capture to the flue gases (not shown in Figure 3) is 
costly and increases the average CO2 reduction cost. This means that – if there were a limited 
amount of money to be spent as CO2-efficiently as possible – the actions should be 
prioritized in the following order (beginning with the most efficient option): building new 
gasification plants for electricity production without CO2 capture or investing in CO2 capture 
at existing ethanol plants; building new gasification plants with CO2 capture; adding 
                                                
32 As mentioned above, the Gasification case would attain much lower CO2 reductions if the marginal 
power is natural gas-based. If so, the more efficient biofuel cases attain higher CO2 reductions than the 
Gasification case, see Paper V.  
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CO2 capture to gasification plants that otherwise would have been built without capture; 
building new ethanol plants with CO2 capture; building new ethanol plants without 
CO2 capture. Considerations like this are rarely seen, but complement the discussion 
concerning efficient use of biomass outlined in the first paragraph of Section 4.3.1. 

Figure 3 also illustrates that by introducing low-cost CO2 capture in biofuel production 
processes, biofuels with much larger CO2 reduction effect may be produced. Consequently, if 
the aim with the previously (Section 4.4) discussed EU target of introducing at least ten per 
cent biofuels by 2020 were to reach a certain CO2 emission reduction, an alternative strategy 
presents itself. Since the biofuels produced in processes with CCS have such low carbon 
dioxide emissions (in fact they may be seen as being negative), they are a very effective tool to 
decrease emissions from transport. Therefore, if the low-cost CO2 is captured, a much lower 
share of biofuels than ten per cent would be needed to reach the CO2 emission reduction 
associated with the target of ten per cent “normal” biofuel. This benefit would perhaps be 
especially attractive if the biomass resources are scarce. The same strategy could also be 
carried to an extreme and, if desired, be used to create a CO2-neutral transport sector – an 
aim which is the topic of Paper VI, which in addition reviews estimations of the Swedish 
biomass production potential. 

5.1.2 Paper VI  
The strategy pursued in Paper VI to attain a CO2-neutral transport sector is based on the view 
that introducing CCS in biofuel production processes leads to production of biofuel with net 
negative carbon dioxide emissions. Thus, the use of a certain amount of fossil fuels is allowed 
provided the amount is chosen in such a way that its CO2 emissions are as large as the 
biofuels’ negative emissions. If electricity is produced as a by-product in the biofuel 
production process, it is also assumed to be used for transport purposes to complement the 
use of biofuels and fossil fuels.  

In the paper, three (lignocellulose-based) biofuel-producing processes with CCS are studied 
where CO2 may be captured from streams which are relatively pure, i.e. the main impurity (in 
the ethanol cases) is water vapour which may be easily removed. Owing to this, the costs for 
CO2 capture, both in terms of economic cost and energy penalty, are very low and these 
processes could thus constitute some of the first instances where CCS is implemented. Of 
course it would be possible to capture CO2 also from other streams in the biofuel plants, but 
those streams are not as concentrated and hence it would be more costly to capture that 
carbon dioxide. The studied processes are: an ethanol process with low efficiency (termed 
Low efficiency in Paper VI, which corresponds to the EtOH-ligno case in Paper V and in 
Figure 3 above), an ethanol process with high efficiency (termed Medium efficiency in 
Paper VI and EtOH(high) in Figure 3) and a process producing methanol (termed High 
efficiency in Paper VI and MeOH(high) in Figure 3). Thus, the three processes’ 
CO2 reduction potential per TJ biomass input may be seen in Figure 3. 

Each of these three levels of biofuel production efficiency is combined with three levels of 
supply of biomass feedstock for biofuel production, resulting in nine cases. The biomass 
supply levels chosen are 160, 280 and 400 PJ per year, respectively, and are assessed after a 
review of seventeen recent studies estimating the future potential for Swedish biomass 
production. This methodology was chosen since the surveyed potential for biomass 
production varies greatly depending on assumptions regarding e.g. how large areas that may 
be used for biomass production in the future and the yields of those areas. In this study, it is 
assumed that only domestic biomass should be used, in order to create a situation with a high 
degree of self-sufficiency. 
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For each of the nine cases, it is calculated how much biofuel may be produced with the 
biomass supply and biofuel production efficiency valid for that specific case. This amount 
determine the amount of fossil fuel that may be used under the constraint of a CO2-neutral 
transport sector as a whole (indirect emissions from biomass cultivation etc. are also 
accounted for). Finally, the total amount of motor fuel (biofuel plus the corresponding 
amount of allowed fossil fuel) including, where applicable, the electricity produced as by-
product in the biofuel process, is compared to today’s use in Sweden for each studied case. 
By this comparison, the necessary improvements in fuel economy (energy savings and more 
efficient vehicles etc.) needed for attaining the goal of CO2-neutrality may be calculated. In 
most of the cases, the improvements needed are not within reach compared to what is 
assessed attainable in Paper VII, which among other things discusses how improvements in 
vehicle fuel economy may be achieved. The conclusion of Paper VI is therefore that if a CO2-
neutral transport sector is to be created using the described strategy, it will be necessary to 
direct extremely large biomass resources for use in the transport sector, and at the same time 
a successful technology development must result in high biofuel production efficiencies.  

If Paper VI explores the significance of only two variables – biomass availability for motor 
fuel production and biofuel production efficiency – by performing calculations for nine cases, 
Paper VII takes a larger number of variables into account but calculations are carried out for 
only two scenarios (cases). Without forestalling the content of Paper VII it could be worth 
mentioning that in that paper a biomass supply much smaller than in any of the cases studied 
in Paper VI is used (due to the fact that other uses of biomass are assessed to take the greatest 
part of the available biomass resources) and that a biofuel production efficiency somewhere 
between Paper VI’s Medium and High cases is assumed33. If the same assumptions had been 
used for creating a case in Paper VI, the resulting necessary fuel economy improvement 
would have been around 71 % – which is very high compared to the other cases. This means 
that compared to Paper VII, which is the subject of the next section, Paper VI is much more 
optimistic about the role biofuels may play in the future transport system.  

5.1.3 Paper VII 
Paper VII is an extensive paper which combines recent energy research with research 
concerning future vehicle technology. Based on assessments of how the production of 
different energy carriers and reductions in transport energy demand may develop in the 
future, strategies for creating a self-sufficient road transport system are presented and Sweden 
is studied as an example, with the year 2025 as timeframe. The study should neither be under-
stood as a prediction of how the transport sector will look in the future, nor as a statement of 
how it ought to develop. Instead, the ambition is to illustrate how the transformation may 
come about if sufficient (optimistic, some would say) measures are introduced. 

As basis for the analysis, a “Business as usual” road transport demand derived from a forecast 
made by the Swedish Energy Agency (2007b) is used. In 2025, the Swedish transport demand 
is predicted to be 356 PJ, which is 25 per cent higher than in 2006. This forecast however 
only anticipates modest improvements of vehicle fuel economy by technical means with a 
rate of improvement in line with recent development. In the two scenarios presented in 
Paper VII, termed the “Attainable scenario” and “Optimistic scenario”, it is assumed that 
technical means (such as lower air and rolling resistance, lower vehicle weight, increased 
engine efficiency) may lead to much larger improvements in fuel economy. For the Attainable 

                                                
33 As compared to the Attainable scenario of Paper VII, which is the scenario discussed here in Part I. 
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scenario34, it is assessed that such additional technical improvements could reduce transport 
demand by 12 per cent (43 PJ) compared to the Business as usual demand, and by 
introducing some “non-technical means” (increased use of eco-driving, higher lorry load 
factors etc.) another 4 per cent (16 PJ) could be saved. In addition to this, it is assessed that 
measures aiming at decreasing transport demand (for example increased use of public 
transport, walking, biking and telecommuting or structural changes in society such as satellite 
centre-based workplaces) could give savings corresponding to 15 per cent (53 PJ). Together, 
this would result in an annual transport demand of 244 PJ, which is 31 per cent below the 
predicted Business as usual demand in 2025, or 14 per cent below the 2006 transport 
demand.  

On the supply side of the transport energy system around 2025, biofuels are sometimes seen 
as being the most important component. But in the Attainable scenario presented in 
Paper VII, only 100 PJ of the available biomass is used for biofuel production (corresponding 
to 15 per cent of the estimated biomass potential of approximately 680 PJ). The 100 PJ of 
biomass comes from the estimation made in Paper VI that the biomass supply may be 
increased by 280 PJ compared to today (Paper VI’s Average level), and the forecast from the 
Swedish Energy Agency (2007b) that biomass use for other purposes than transport fuel 
production will increase by 180 PJ until 2025. With an assumed biomass to biofuel 
conversion efficiency of 50 per cent, the 100 PJ of biomass giving 50 PJ of biofuel only cover 
a small portion of the transport demand, see Figure 4. Apart from some biogas produced 
from digestion of sewage treatment sludge and organic waste, the rest of the demand must be 
covered by either renewable electricity or fuels produced from renewable electricity (e.g. 
methanol, methane, hydrogen) – or be imported. As shown in Figure 4, the share of 
renewable electricity and/or renewable fuels is the largest share, but its exact size depends on 
the energy carrier used (and hence this part of the Attainable scenario 2025 bar is toned). If 
all the remaining transport demand is covered by a fuel (e.g. methanol) used in an internal 
combustion engine, around 186 PJ fuel will be needed35, but if electric cars attain a far-
reaching breakthrough, the energy demand will be much smaller (since the electric engine has 
a much higher efficiency). This emphasizes the importance of the choice of future fuel based 
on renewable electricity and the aim of the paper is also to show the importance of transport 
demand reductions as well as improved fuel economy. Another important contribution is that 
the paper, when comparing it to recent related studies where biofuels succeed in covering a 
much larger part of the transport demand36, highlights how various assumptions affect the 
conclusion regarding the role biofuels may play in a future transport system. 

 

                                                
34 In order to keep the discussion concise, the description of the Optimistic scenario is left to Part II of the 
thesis where it is as thoroughly discussed as the Attainable scenario. 
35 The above-mentioned demand 244 PJ (after demand reductions and technical/non-technical improve-
ments) minus 50 PJ biofuels and 8 PJ biogas. In Paper VII, biogas is discussed separately from the other 
kinds of biofuels, but in the other papers and in Part I, biogas is generally included in the term biofuel.  
36 For example, Dahlquist et al. (2007) and Robèrt et al. (2007) discuss how the future transport energy 
system can be made more self-sufficient based on biofuels, using Sweden (or a part of Sweden) as an 
example. Åkerman and Höjer (2006) use a somewhat similar approach. 
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Figure 4. Supply covering Swedish yearly road transport demand including demand reductions 
(Attainable scenario in Paper VII) 

 

5.2 Reflections of a methodological nature on the papers  
As could be seen in Figure 3 in Section 5.1.1, there is a rather large difference in the 
CO2 reduction potential between the two ethanol-producing cases studied. This difference 
depends on the fact that the production efficiencies differ between the cases and illustrates 
the importance of how the production efficiency for the studied biofuel-producing cases is 
chosen. Many lignocellulose-based biofuel production processes also produce (or consume) 
electricity and heat, which makes these processes more difficult to compare with each other; 
comparison between different studies also becomes troublesome. A strategy to enable 
comparisons of different process efficiencies is to account for the produced electricity by 
calculating the fuel-only efficiencies, ηbiofuel, as:  
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where “electricity” means net electricity produced, i.e. gross electricity production minus 
internal electricity demand. By assuming that the electricity produced as a by-product (or 
needed as input) in the biofuel-producing process instead could have been produced from 
biomass in a stand-alone plant at an LHV efficiency of ηe, biofuel-producing processes 
producing different amounts of electricity may be compared. Applying this strategy, 
elaborated by e.g. Hamelinck and Faaij (2002), to studies on lignocellulosic ethanol 
production processes results in fuel-only efficiencies of between 35 and 53 per cent37 (see e.g. 
Aden et al. (2002), Faaij (2006), Hamelinck et al. (2005), Wooley et al. (1999)). In Paper VI 
and in Figure 3, the fuel-only efficiencies for the ethanol cases are 35 per cent (corresponding 
to a production of 33 MW ethanol and 3 MW electricity from 100 MW biomass (Wooley et 
al., 1999)) and 52 per cent (corresponding to 100 MW biomass giving 47 MW ethanol and 
4 MW electricity (Faaij, 2006)), respectively. Obviously, there is a substantial difference in 
efficiency which depends on e.g. which time perspective is used, type of biomass feedstock, 
assessment of future technology development etc. Considerations concerning production 
efficiencies have large influence on CO2 reductions attained, and therefore transparency in 
this area is important.  

Also, assumptions regarding e.g. marginal electricity production are very important. As 
previously mentioned, the difficulty regarding marginal electricity was in Paper V handled by 
calculating CO2 reductions for all cases for both coal-based and natural gas-based marginal 
power. Another way of reasoning could have been that the future marginal electricity consists 
of renewable electricity. In the future, when/if the constraints on carbon dioxide emissions 
are harder, there is a good chance that new electricity-producing capacity will consist of some 
kind of renewable electricity. Hence, it could have been argued that the marginal electricity 
used in the biofuel production processes or replaced by electricity produced as by-product in 
the biofuel processes, is renewable. However, this is not considered in this thesis, nor is the 
possible impacts of any rebound effects (see e.g. Grönkvist (2005)).  

To continue, the heat produced as by-product in the biofuel processes is assumed not to be 
utilized. It would of course be possible to use such heat in e.g. district heating networks, but 
in Paper V it is assumed that such heat sinks are unavailable. For example, no district heating 
networks may be present within reasonable distance, or existing district heating demand 
could already be satisfied. If the heat were used, the biofuel production options would come 
out better compared to the stationary uses than shown in the study.  

When it comes to alternative use of biomass (i.e. what would the biomass have been used for 
if not used for biofuel production), this is not explicitly considered in the papers. Therefore, 
the use of biomass is regarded as CO2-neutral (apart from indirect emissions from biomass 
production and transport as well as biofuel transport) but an interesting possibility could have 
been to apply the view of biomass as a scarce resource. According to that model, using a part 
of the limited biomass resources for e.g. biofuel production prevents using the biomass for 
e.g. coal substitution in power-producing plants. Seen in this way, the use of biomass for 
motor fuel production causes CO2 emissions corresponding to those coming from coal that 
could have been replaced if the biomass were not used for biofuel production (Grönkvist et 
                                                
37 The efficiencies are based on lower heating values and calculated from the respective reference using the 
stated equation. In many cases this calculation has to be preceded by transforming the values found in the 
respective reference from HHV (higher heating value) basis to LHV (lower heating value) basis. This is 
done by assuming a biomass LHV/HHV ratio of 0.88 (if this ratio is not given in the respective 
reference), in accordance with Hamelinck and Faaij (2002). For ηe, a value of 0.51 is assessed to be within 
reach for a future biomass-fuelled integrated gasification plant with combined cycle technology 
(Hamelinck and Faaij, 2002). 
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al., 2003). If this viewpoint had been used in the papers, the CO2 reductions would have been 
much smaller or even negative (i.e. increased CO2 emissions). To continue, today’s potential 
supply of biomass may be limited, but it ought to be higher than the demand. Hence, the 
kind of competitive situation that is the prerequisite for the limited biomass-model has 
probably not yet been reached. Thus, for reasons of clarity and space, this thesis refrains 
from exploring the effects of using that model.  

In this thesis, biomass is regarded as CO2-neutral in the sense that the carbon dioxide emitted 
when biomass is combusted is seen as cancelling out the carbon dioxide absorbed when the 
biomass was grown. Consequently, if all energy input used for biomass harvest, conversion 
into fuel and distribution of biofuel etc. is bio-based, the biofuel itself may also be considered 
CO2 neutral and hence a viable strategy for climate change mitigation. At this point it 
deserves to be mentioned that there are other means of using biomass to achieve a similar 
effect. A powerful strategy could be afforestation (or reforestation), which is explicitly treated 
in the Kyoto protocol as a means to offset GHG emissions. Another CO2 mitigation strategy, 
related to the biofuel-producing strategies in focus in this thesis, is low-temperature pyrolysis 
(slow burning of biomass in the absence of oxygen). The resulting char, called “biochar” to 
stress its biological origin, may be returned to the soil where it helps improve soil fertility and 
structure, thereby improving biomass production. From a GHG perspective, the advantage is 
also that the coal in the char is withdrawn from its natural cycle and sequestered in biochar 
which acts as a coal sink since it is a very stable form of coal. The pyrolysis gases may be used 
for production of e.g. heat, electricity, biofuel, or hydrogen and due to the sequestration the 
process may be seen as resulting in negative net CO2 emissions. (Lehmann et al., 2006; 
Mathews, 2008) 

Concerning Papers VI and VII, it could be objected that it is sub-optimal to strive for a 
situation where Sweden (and other countries) is self-sufficient with transport fuels. From an 
efficiency point of view this argument makes sense; biofuels could be more efficiently 
produced from e.g. Brazilian sugar cane. On the other hand, Sweden has vast resources of 
renewable energy and it could therefore be an appealing idea from a sustainability point of 
view that the country should not use more motor fuel than it can produce domestically. As 
mentioned in Paper VII, Sweden has abundant biomass resources per capita compared to the 
global average and the same should hold also for hydro power and possibilities for wind 
power expansion. Thus, if it is not possible for Sweden to attain self-sufficiency, few 
countries will have a chance.  

The issue of estimating future Swedish biomass potential, as in Paper VI, is interesting to 
discuss in the light of what has been presented (Section 4.3.2) concerning disadvantages with 
extensive biomass production such as risks for increased food prices and negative effects on 
the environment. The description of possible impacts was summarized by stressing that 
biomass production is diverse and its effects are site specific but with a responsible manage-
ment negative impacts may be kept at a minimum. Therefore it is perhaps problematic to 
think that the maximum biomass potential may be utilized. If it is decided desirable to e.g. use 
only low-quality land for biomass plantations and to remove only small quantities of biomass 
from forest land in order to be sure that environmental damage is avoided, the potential for 
biomass production will decrease. Some, but not all, of the studies surveyed in Paper VI take 
this into account. To compare, this problem is hardly visible in the Swedish political 
documents discussed in Paper IV, where biomass is not acknowledged as a limited resource 
until rather late. This could perhaps be a reason why the disadvantage with promotion of 
biomass use for biofuel production – that biofuel production is not a CO2-efficient use of the 
limited biomass resource –is never thoroughly discussed. 
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Another side of the matter is that it may not be as easy as sometimes believed to increase 
biomass production. For example, in the first half of the 1990s, subsidies were used with the 
intention to attain a massive increase of Salix plantations. However, the results were much 
poorer than anticipated. Although the Salix-promoting policies could be criticized for 
promoting short-term investments rather than long-term planting (i.e. planting of Salix rather 
than production and sale were subsidized), agronomic reasons appear to have been more 
important than economic ones. According to interviews performed with farmers, crop 
management problems with weeds, dry soil, frost, inappropriate choice of plant material etc. 
posed the most important problems. The land used for Salix plantations tended to be low-
quality land, and often Salix was grown on non-clay soils which are not regarded as suitable 
for Salix plantations because they hold too low quality. (Helby et al., 2006) Of course, this 
could be done better in the future (and in Sweden much biomass will be forest residues), but 
it illustrates that high subsidies do not solve all problems, and when estimating the potential 
for bioenergy plantations it is important to consider that many of the plantations may be on 
low-quality land with significantly reduced yields.  

5.3 Closing remarks on Papers V, VI and VII  
In Papers V and VI, the transport sector’s problem is looked upon from the supply side, 
whereas Paper VII tries to balance the picture by studying both the supply and the demand 
sides. It may probably be said that the approach concentrating on the supply side is much 
more common in today’s debate and literature. The importance of using a variety of strategies 
may be illustrated by studying a so-called “extended Kaya identity” through which anthropo-
genic carbon dioxide emissions from consumption of fossil fuels (C) may be calculated as 
(Ma and Stern, 2008):  
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where total CO2 emissions C depend on:  

 carbon emissions coefficient of fossil fuels E (carbon emissions from fossil fuels 
consumption divided by fossil fuels consumption (coal+oil+natural gas), or C/FF) 

 share of fossil fuels in total carbon-based fuels S1 (fossil fuels consumption divided by 
carbon-based fuel consumption (FF+biomass), or FF/CF) 

 share of carbon-based fuels in total fuels S2 (carbon-based fuel consumption divided by 
total fuels consumption (CF+carbon-free fuels), or CF/TF) 

 energy intensity of economic output I (total fuels consumption divided by GDP, or 
TF/O) 

 per-capita GDP G (GDP divided by population, or O/P); as well as 
 population P. 

 
The identity, which is an extended form of a well-known identity presented by Kaya (1989), 
illustrates the usefulness of dividing CO2 emissions into several parts and is valid for carbon 
dioxide emissions in general as well as for CO2 emissions from transport. When the issue is 
to curb transport-related CO2 emissions, there is much focus on decreasing the share of fossil 
fuels in total carbon-based fuels S1 by increasing the amount of biofuels (as in Papers V and 
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VI), or – in the long run – decreasing the share of carbon-based fuels in total fuels S2 by e.g. 
using renewable electricity or fuels from renewable electricity (as discussed in e.g. Paper VII). 
Another strategy could of course be the one discussed in Chapter 3 and Papers V and VI (as 
well as in Papers I and II), i.e. to decrease the carbon emissions coefficient of fossil fuels E by 
the use of CCS. As illustrated by the identity above, it would also be very effective to 
decrease the energy intensity of economic output I (e.g. by the means discussed earlier in this 
thesis), but such measures are unfortunately not discussed as much. 

To conclude, this chapter has mainly discussed various aspects of the possibilities of biofuels 
to contribute to a future CO2-lean transport system. Some of these aspects, together with 
contents from Chapters 3 and 4, will be brought up again in the next chapter. As has been 
indicated by the discussion so far in this thesis, it will be very difficult – but indeed possible – 
to attain a significantly more sustainable future transport system. But it is also important to 
remember that the transport sector is only one of many parts of society, and to transform the 
whole society will be a Herculean effort. Still, the transport sector poses one of the largest 
problems in this transformation, so when the perspective in some parts of the next chapter is 
broadened to encompass the whole society, the problems, findings and discussions etc. 
presented previously in this thesis are very well worth having in mind.  
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NNiicchhttssttuunn  iisstt  eeiinnee  ddeerr  ggrröößßtteenn  uunndd  

vveerrhhäällttnniissmmääßßiigg  lleeiicchhtt  zzuu  bbeesseeiittiiggeennddeenn  DDuummmmhheeiitteenn..  
 

Attributed to Franz Kafka (1883-1924) 
 
 

To do nothing is one of the largest and 
relatively easily removable stupidities. 

 
 

 
 
 
 
 

6 CONCLUDING REMARKS  
In Chapters 3, 4 and 5, the papers found in Part II have been discussed. This final main chapter very briefly 
returns to some of the matters discussed in previous chapters by giving some conclusions and revealing the 
meaning of the title of the thesis. This explanation is followed by some further reflections concerning the 
development of future transport systems. After that, the changes needed to transform the transport (and energy) 
systems are put into a broader perspective before the chapter and thesis end by suggesting some topics for further 
research.  

6.1 Conclusions and an explanation of the title A trinity of sense  
This thesis began with a brief introduction as well as a description of the systems approach 
and how it has been used in this work. Throughout Part I, it has several times been shown 
how the choice of systems perspective influences the conclusions, and how a deficient 
systems perspective sometimes leads to conclusions that could be questioned. Chapter 3 
discussed two means of capturing (and storing) carbon dioxide as a strategy to mitigate 
climate change. The studied concepts, membrane oxygen generation (Paper I) and 
CO2 capture from pressurized PFBC flue gas (Paper II) are both to some extent niche 
applications. Although the performed simulations show high net efficiencies, the studied 
concepts illustrate that capturing carbon dioxide will always induce costs – monetary as well 
as in terms of decreased energy efficiency leading to increased primary energy demand. It will 
be very difficult, not to say impossible, to find a silver bullet which solves the energy and/or 
GHG problem. Hence it makes sense to consider all strategies having a potential to help 
mitigate climate change in an effective way. An often proposed strategy is an increased use of 
biomass, and since the transport sector poses one of the largest GHG-related problems, it is 
not far-fetched to consider using biomass for biofuel production. 

The main contribution of this thesis is that it discusses aspects of biofuel production and use 
that are not so often mentioned in the current biofuel debate. One study upon which this 
thesis is based suggests that CO2 emission reductions in the transport sector are assigned a 
much higher value than in other sectors (Paper III). An explanation of this inefficient 
valuation of CO2 mitigation measures could be that the key arguments for promoting 
biofuels have been e.g. security of supply and agricultural considerations (Paper IV). The 
climate change mitigation argument in favour of biofuels has indeed been repeatedly 
emphasized for many years, despite – as it appears – that issue being only poorly investigated 
and analysed (Paper IV). When carrying out such an investigation and analysing which use of 
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biomass leads to the largest CO2 emission reductions, it (almost always) turns out that using 
biomass for heat or CHP production attains larger CO2 reduction per TJ biomass input than 
biofuel production (Paper V). This implies that the climate change mitigation argument in 
favour of biofuels should be used with more care than has previously been the case in many 
political documents.  

In the future, however, biofuel production could lead to higher CO2 reduction by in-
corporating CO2 capture into the production processes. In some biofuel production 
processes, this may be done very cost effectively. When studying such processes, it may be 
concluded that this does not change the view that biofuel production in most cases is a CO2-
inefficient use of biomass compared to heat or CHP production. But if biofuels should be 
produced and large-scale CCS becomes a reality, it would be most suitable to capture CO2 in 
these biofuel production processes (Paper V).  

If in the future a goal were to be set up, consisting of the creation of a CO2-neutral Swedish 
transport sector where the basis is constituted by motor fuels produced from domestically 
grown biomass, it would be necessary to introduce CO2 capture in the biofuel production 
processes. But in order to reach such a goal, a high biofuel production process efficiency and 
a large biomass supply are needed together with substantial improvements in fuel economy 
(Paper VI). For other countries, the task will be even more difficult. If more realistic 
assumptions (but still fairly optimistic compared to recent development) are used concerning 
the amount of biomass available for motor fuel production, biofuel production efficiencies 
and improvements in fuel economy etc., the contribution of biofuels to covering the 
transport demand becomes rather limited (Paper VII). This conclusion stresses the 
significance of diversifying the strategies in focus to include other paths than biofuels – 
especially in the light of work presented by others, warning that biomass and biofuel 
production may be harmful to the environment if care is not taken. Demand side measures 
such as making vehicles more technically efficient, improving transport system efficiencies 
and implementing structural changes which decrease transport demand are of vital 
importance. The results of this thesis also suggest that it is high time to intensify research and 
development of fuels produced from renewable electricity (including renewable electricity 
production and use in vehicles etc.).  

In the light of what is illustrated by the contents of Chapter 3 concerning the need for 
considering also other means of GHG mitigation than CCS from fossil fuel-based electricity 
production, Chapters 4 and 5 discuss different aspects of using biomass in the transport 
sector for climate change mitigation. It then turns out that three of these aspects could be 
seen as each representing a different meaning of the word sense, a fact that is reflected in the 
thesis’ title38:  

 It is important that the use of bioenergy be governed by sense in the meaning of common 
sense and reason. As has been mentioned previously, the large-scale production of 
biomass is not without disadvantages and dangers, and the question of where 
bioenergy should be used is under debate. This thesis contributes to that debate by 
highlighting the possibility of combining low-cost CO2 capture with biofuel 
production, which would make it more CO2-beneficial to use biomass for motor fuel 
production provided CCS becomes a reality. Although some studies (cf. Paper VI) 
display great belief in biofuels, it makes more sense to continue to judge their 

                                                
38 Unfortunately, it is virtually impossible to translate the title word by word into Swedish; the author’s 
best suggestion is: “En trefald av ‘sense’ – förnuft, känsla och förhärskande mening: Användande av 
biomassa i transportsektorn för att minska klimatförändringarna”. 
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contribution as important but limited (as illustrated in Paper VII) and to continue to 
question the CO2 mitigation efficiency of using biomass for motor fuel production 
(Paper V). 

 It is not until recent years that the question of where in society biomass is best used has 
been more thoroughly investigated and discussed. In the 1990s, when the Swedish 
promotion of biofuels intensified, even fewer energy/CO2-related arguments than 
today existed in favour of using biomass for motor fuel production. Instead, it 
appears to have been more of a sense, in the meaning of feeling, that governed the 
biofuel-promoting decisions. Important was and is a feeling for the great value of e.g. 
secure motor fuel supply, farmers needs of disposing of their products and job 
creation (Paper IV) – and then short-term inefficiencies (Paper III) regarding CO2 
efficiency may be justified.  

 When studying the political documents discussed in Paper IV (and to some extent also 
in more recent EU documents), it appears to have been the prevalent opinion – another 
meaning of the word “sense” – that motor fuel production is a very good way of 
using biomass, also from a CO2-reduction point of view. It is true that, at that time, 
biomass had already been successfully directed with highest priority towards electricity 
and heat production; but to e.g. export biomass to other countries helping them 
decrease CO2 emissions was hardly discussed, neither were the disadvantages with 
extensive biomass production.  

6.2 Concluding reflections on the contents of Chapters 4 and 5  
As was touched upon in Chapter 5, it is not uncommon that studies use the same line of 
reasoning as in Paper VI – where the totality of the increased biomass supply is used for 
biofuel production. However, such high production of biofuels does not appear likely to 
come true unless extremely forceful policies are introduced. Instead, Paper VII presents a 
limited amount of biomass which may be used for motor fuel production. Another example 
is that the Swedish Energy Agency (2007b) in a long-term forecast predicts the share of 
biofuels to be only slightly above six per cent in 202539. Then it should also be kept in mind 
that Sweden, as discussed in Paper VII, has better prerequisites of reaching a high share of 
biofuels and other renewable fuels than many other countries. Normally, biofuels are rather 
seen as a temporary solution or bridge to a future transport system based on electricity or 
hydrogen, than as the future transport fuel in itself. Therefore it is important to consider how 
these fuels may act as bridges to a future more sustainable transport system.  

The last decade’s developments of ethanol production and gasification technology as well as 
the commercial breakthrough for hybrid electric vehicles (e.g. Toyota Prius which was 
introduced on the market in 1997) have contributed to a weakening of the dominance of 
internal combustion engines fuelled by petroleum-derived fuels. But to attain significant 
reductions in CO2 emissions, development needs to be further accelerated (cf. Paper VII) and 
guided by new and effective policies. (Åhman and Nilsson, 2008) In Sweden, the focus in 
recent years has been on substituting petrol by ethanol by means of exempting ethanol from 
energy and carbon dioxide taxes.  

However, the efficiency of this policy is debated (see e.g. Swedish Environmental Protection 
Agency (2004)). It appears questionable whether the tax exemption leads to higher Swedish 

                                                
39 This estimation was made before the in Section 4.4 mentioned EU target of 10 per cent in 2020 was 
agreed upon. 
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ethanol production; most of the ethanol sold in Sweden (which benefits from the tax 
exemption) originates from Brazilian sugar cane. (On the other hand, the Brazilian 
production is very effective and leads to large CO2 reduction, resulting in a higher cost 
efficiency for the Swedish tax exemption policy.) To continue, the effectiveness concerning 
the tax exemption’s contribution to development of biofuel production technology and 
biofuel vehicles may be doubted. Also, the tax exemption only weakly supports development 
of other biofuels than ethanol (and RME which is blended into diesel) and thus does not 
follow the often used principle that governments should not pick winners. It is often argued 
that the large amount of money spent on the general tax exemption could be more effectively 
used by more directed efforts promoting development of other biofuels such as fuels from 
gasification (DME, FT fuels, methanol, hydrogen etc.) or lignocellulosic ethanol40. 

For the above-mentioned reasons, the effectiveness of the extensive Swedish subsidies of 
biofuels (mainly ethanol) may be questioned. But the tax exemption and similar strategies also 
have advantages: other countries in the world are shown that Sweden is strongly committed 
to ending its dependence on fossil transport fuels and decreasing the sector’s 
GHG emissions, which could strengthen them in their intention to do likewise. It is also very 
important to remember that in order to transform the transport system, synchronized efforts 
are needed to change fuel production, fuel distribution and vehicles. For example, few auto 
manufacturers will develop biofuel engines unless there is biofuel available at the petrol 
stations, and nobody will invest in biofuel production plants unless there are vehicles on the 
market that can use the biofuel produced. Thus, policies need to be clear, forceful and long-
term in order to simultaneously stimulate developments in the fuel production, fuel 
distribution and vehicle industries – and the general Swedish biofuel tax exemption is hoped 
and believed to be this. In order to transform an energy system (e.g. the transport system), 
large initial costs and short-term inefficiencies may be justified. Furthermore, many countries, 
notably in Asia, experience a very fast growth in the number of vehicles and hence a rapid 
development of biofuels and associated vehicles increases the possibilities that such 
technologies may be transferred to those countries. The alternative – that millions of new 
vehicles are taken into use every year (to be used for fifteen or twenty years) which all are 
powered by fossil fuels, is not an appealing thought.  

The proponents of the tax exemption policy often bring these arguments forward. However, 
much of the above-mentioned would be valid also if the policy system were not so narrowly 
focused on (first generation) ethanol41. It is widely believed that either electricity or hydrogen 
and fuel cells will play an important role in the future transport system. If the development of 
fuel cells is successful but the development of hydrogen production, transport and/or storage 
is not sufficiently successful, a liquid fuel may be used in fuel cells (either directly or preceded 
by reforming). Among liquid fuels, methanol is more frequently considered for use in fuel 
cells than ethanol. Therefore, if biofuels should be promoted because they can be a bridge42 

                                                
40 Compare also the paragraph in Section 4.5 discussing path dependency. 
41 Narrowly, in terms of money spent (where tax exemption is seen as a form of spending). Money is of 
course also directed towards e.g. research related to other means of attaining a CO2-lean transport sector, 
but those amounts are not as high as the tax exemption, see footnote 24 in Section 4.4. Also, the so-called 
“pump law” (Swedish Government, 2005) has been criticized for favouring ethanol too one-sidedly. The 
law states that every petrol station selling more than a certain volume of fossil fuels (in 2009, all stations 
selling more than 1000 m3 two years previously are affected) also has to supply a renewable fuel, and the 
by far easiest alternative is to introduce ethanol. 
42 One possible development path could be that a large-scale methanol production industry is created and 
the methanol is first used in (more or less) today’s combustion engines, either as neat fuel or blended into 
petrol. Later, when fuel cell technology has been sufficiently developed the methanol can be used in such 
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to fuel cell technology, it appears quite unwise to promote ethanol more than methanol. On 
the other hand, a breakthrough in the research on ethanol use in fuel cells (concerning this 
type of fuel cells see e.g. work by Demirci (2007) and Rousseau et al. (2006)) could put the 
Swedish tax exemption in a much better light. The same holds true if ethanol could be 
efficiently produced via gasification (and hence enable a much higher feedstock flexibility 
than is the case if only fermentation is used), a possibility that is seldom discussed today.  

However, there are a number of important measures that may be implemented in the short 
and medium term, regardless of how the transport system develops and the biofuel (if any) 
that comes to dominate in the future. It is possible to start using many technologies and 
strategies already today to significantly decrease CO2 emissions from transport (see also 
Paper VII where the three groups of strategies presented below may reduce the transport 
energy demand by 31 to 46 per cent compared to the Business as usual scenario):  

 Vehicles may be made more technically efficient, reducing the fuel consumption per 
driven kilometre. For example, air and rolling resistance may be decreased as may 
vehicle weight. Further, the efficiency of engine, drivetrain and auxiliaries may be 
improved.  

 Infrastructure and transport systems may be made more efficient, which would 
decrease the travel energy demand. Measures such as better routing for freight 
transport through better logistics systems, increased use of eco-driving and road 
pricing belong to this group as do technologies increasing the drivers’ awareness of 
fuel consumption and switching among travel modes. 

 Structural changes in society could reduce the transport demand. Increased fuel taxes 
(or other means of making it more expensive to emit transport GHGs), a more 
attractive public transport system, making the local environment more suitable for 
walking and cycling, encouraging telecommuting and net meetings, and creating 
satellite centre-based cities (where workplaces, schools and shops are located close to 
living areas) are all strategies that could reduce the demand for transport. 

 
The point is that these measures effectively reduce CO2 emissions; they will be needed 
regardless of how the vehicles are powered in the future and their implementation may – and 
should – start today to maximize their effects. 

Nevertheless, implementing the measures described above is only a tiny step towards a 
sustainable society. Changing fuels in the transport sector is, although associated with 
considerable challenges to say the least, also just a part of the way. In the next section, the 
approaching transformation of society in general and the transport sector in particular is put 
into a wider perspective.  

                                                                                                                                                   
vehicles. In that way, the methanol acts as a bridge from internal combustion engines to fuel cell 
technology, decreasing the need for difficult synchronized actions discussed above. To continue, methanol 
can initially be produced from e.g. natural gas, and later from biomass when the gasification technology 
becomes more mature. 
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6.3 Reflections on the way ahead 
According to the WWF, the Swedish “ecological footprint” per capita was slightly more than 
six global hectares in 2003 (where a global hectare is a hectare with world-average ability to 
produce resources and absorb wastes). With present (i.e. 2003) world population, the supply 
of productive area is 1.8 global hectares per capita, but since the world average demand for 
productive area to generate resources and take care of wastes is 2.2 global hectares, 1.25 
planet Earths would be needed43. Or consequently, if the whole world were to have the 
Swedish lifestyle, more than three planets would be needed. (WWF, 2006) The exact 
methodology behind the ecological footprint concept could be debated, but the conclusions 
are robust: people are turning natural resources into different kinds of waste much faster than 
nature can turn the waste back into resources – and the pace of this process is rapidly 
accelerating. It is true that energy conversion and use is the largest contributor to people’s 
ecological footprint, and transport is one of the most problematic parts of energy use, but it 
is important to remember that this thesis concentrates on only a fraction of a much larger 
and much more serious problem where climate change is only a part.  

The use of concepts such as the above-mentioned illustrates an increased awareness of the 
severe and acute problems that come with modern lifestyle; issues that are often summarized 
in a striving for what is frequently called a more (ecologically) sustainable society. These 
problems concern society in general as well as the transport sector, which in addition faces 
problems associated with secure (and inexpensive) fuel supply. Despite this, forceful actions 
aiming at achieving substantial changes are perceived to happen only occasionally, although – 
at least when it comes to the climate change problem – there are studies (the most debated 
one ought to be the Stern review (2006)) claiming that it is less expensive to act today than 
tomorrow.  

To fully explore why so few truly forceful measures to mitigate climate change have been 
implemented is beyond the scope of this thesis, but an analysis of the barriers to change may 
be found in e.g. Bazerman (2006) who analyses cognitive, organizational and political reasons 
why it has been so difficult in the USA to response to the climate change problem. Bazerman 
argues that a cognitive barrier to change is that, in human decision making in general, there is 
often a reluctance to inflict any new harm, even if the aim is to create a greater good. There-
fore, it is seen as much worse to cause negative effects as a result of an action than as a result 
of inaction. The human tendency to try to maintain status quo is also related to that aspect. 
People are often reluctant to accept a change and give up what they have, even if they 
afterwards attain an altogether better position. (Bazerman, 2006) Perhaps it is possible to 
view also the Swedish promotion of biofuels (mainly ethanol) in this light. Blending ethanol 
into petrol is a comparatively small change; the risk of inflicting harm is limited, and status 
quo is more or less preserved since only limited changes in fuel distribution and vehicle 
technology are needed. On the other hand, large technical systems are easier to change step 
by step so – given that ethanol is a suitable bridge to a future efficient transport system – the 
ethanol tax exemption strategy could be attractive. But, as mentioned in the previous section, 
the bridging properties of that fuel may be questioned. It may be as it will with ethanol’s 
actual bridging possibilities, but they are more or less absent in the political documents 
summarized in Paper IV so it does not appear to be a deliberate long-term strategy.  

                                                
43 For a limited time, it is possible to use resources etc. in a way which demands more than one planet 
Earth, since ecological assets like forests and fisheries have been built up over the years. These accumu-
lated assets may be harvested faster than they regenerate, but only for a limited period. Sooner or later, the 
threats of exhaustion of ecological assets and collapse of large-scale ecosystems will become imminent. 
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What was said above concerning the promotion of ethanol viewed in the light of the 
attractiveness of promoting solutions which do not demand any severe changes in people’s 
lives, may also be relevant for biofuels in general. By investing in biofuel production and use, 
climate change mitigation measures may be undertaken without negatively influencing 
people’s daily lives too much. In doing this, there is a risk of forgetting all the so important 
demand-side measures mentioned last in the previous section. A telling example is the 
European Commission Biomass action plan (2005) which outlines how biomass may be 
promoted and used. In the action plan’s introduction, it is stated that it is important to reduce 
energy demand in general, but when it comes to discussing biomass use in the transport 
sector, it says that:  

… despite considerable efforts undertaken by the industry, Biofuels are an expensive 
way of reducing greenhouse gas emissions, but within transport they are one of only 
two measures that have a reasonable chance of doing so on a significant scale in the 
near future (the other being the carmakers’ agreement to reduce CO2 emissions from 
new cars – see section 4.2). (European Commission, 2005, p. 6) 

 
As may be seen, few of the demand-side strategies are mentioned. In many official 
documents the same tendency may be seen: measures aiming at reducing the demand for 
transport or increasing energy efficiency are not stressed as much as they deserve (if 
mentioned at all) when looking at their potential to contribute to a better transport system.  

It is often claimed that it is costly to decrease CO2 emissions. This may be true for many 
CO2 mitigation options, but there is also a vast variety of actions that can be carried out at no 
or negative costs44. Some of the previously mentioned (in Section 6.2) examples from the 
transport sector where the costs could be negative are increased fuel economy due to lower 
air and rolling resistance, more efficient engines, lower vehicle weight, increased use of eco-
driving, better logistics systems, more telecommuting – just to mention a few. To continue, 
the Stern review – although an admittedly political document – claims that it is more 
expensive to refrain from acting now and instead handle the consequences of climate change 
when they appear, than to try to prevent and limit further damages. From a Swedish 
perspective, calculations have been performed by the National Institute of Economic 
Research (2007), predicting that in a business as usual scenario the GDP will increase by 
42 per cent between 2000 and 202045, whereas the GDP growth can be as high as around 
41 per cent if carbon dioxide emissions are decreased by 25 per cent (compared to the 1990 
level of emissions). That is, seen in this way the costs for decreasing carbon dioxide emissions 
in terms of lower GDP growth are predicted to be very modest. To continue, also fossil fuels 
have high costs: in 2001 the energy subsidies in the EU-15 for fossil fuels were worth more 
than € 21.7 billion, which was more than four times the subsidies for renewable energy (EEA, 
2004)46.  

Although it may be less costly in the long-term to implement changes than doing nothing, the 
changes necessary for reaching a sustainable society will be extensive. The changes may seem 
insurmountable if the aim is to reach a global ecological footprint corresponding to the need 

                                                
44 The most well-known compilation of CO2 abatement opportunities is perhaps McKinsey’s cost curve 
(McKinsey Global Institute, 2008). 
45 The CO2 emissions in the business as usual scenario are predicted to increase by 7.5 per cent compared 
to 1990.  
46 In another report, the European Environment Agency (EEA) identified subsidies worth around € 300 
billion per year going to the EU transport sector. The largest share went to the road transport sector and 
this part was dominated by infrastructure subsidies. (EEA, 2007) 
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of only a single planet Earth while at the same time making room for less developed 
countries to reach a better standard of living. On the other hand, large and profound changes 
often appear to be overwhelming before they take place. In the preface to one of his books, 
the French philosopher and historian of ideas Michel Foucault cites an amusing passage he 
has read about an ancient Chinese classification of animals:  

This passage quotes a ‘certain Chinese encyclopaedia’ in which it is written that 
‘animals are divided into: (a) belonging to the Emperor, (b) embalmed, (c) tame, (d) 
sucking pigs, (e) sirens, (f) fabulous, (g) stray dogs, (h) included in the present 
classification, (i) frenzied, (j) innumerable, (k) drawn with a very fine camelhair brush, 
(l) et cetera, (m) having just broken the water pitcher, (n) that from a long way off look 
like flies’. (Foucault, 1989, p. xv) 

 
Today, this classification may be seen as merely entertaining; but at that time in China, our 
modern way of classifying animals as reptiles, birds, mammals etc. would surely have been 
dismissed as rather strange. The quotation illustrates – although perhaps in a slightly 
exaggerated manner – that the way people look at life changes. In a not too distant future, 
today’s way of resource-demanding living may be regarded as peculiar (or careless) as the 
Chinese classification above. This thesis has, among other things, illustrated the importance 
of demand-side strategies – to curb the ever-increasing demand for energy (and goods) – if a 
more sustainable society in general and transport sector in particular are to be attained. 
Parallel to such actions, an increased use of bioenergy (including biofuels) is one part of the 
solution on the supply-side – and as Figure 5 shows, a change of primary energy supplier has 
taken place several times already during the last two centuries and it should be possible to 
accomplish again.  
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Figure 5. Swedish energy supply from 1800 until today47 

                                                
47 Data from Lönnroth et al. (1978) and Swedish Energy Agency (2007a). 
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6.4 Further research 
The papers upon which this thesis is based cover a wide area, and there are numerous 
possibilities for continuing the work. For example, it would be interesting to conduct the 
following studies:  

The membrane technology for energy-lean oxygen generation touched upon in Paper I seems 
to be a promising technology. The search for and design of cycles where the technology may 
be used to its maximum advantage ought to continue. As shown in this thesis, it is important 
to evaluate the technology from case to case, since the necessity of integrating it in the 
remainder of the cycle in a beneficial way is crucial. When doing so, it is of vital importance 
that a suitable systems perspective be used – a point that has been illustrated in various other 
ways in this thesis.  

Paper II presents a promising concept for CO2 capture at elevated pressure. Since a small pilot 
plant evaluating this concept is under operation at the moment, it would be interesting to 
develop the concept further after some practical experience has helped reveal any weak-
nesses.  

Designing good (cost-efficient, consistent etc.) policies and taxes leading to the intended 
outcome is no easy task. It would be interesting to complement the study of Swedish policies 
in Paper III with a comparison with other European countries. Do they value CO2 emissions 
as inconsistently as Sweden, or have they chosen other means of handling the issue? 

It would also be interesting to continue the study begun in Paper IV and investigate in more 
detail the motives for promoting, and investing in, biofuels in Sweden. The study summarized 
in Paper IV gives rise to a number of questions regarding e.g. why the “optimal” strategy for 
biomass use was never thoroughly investigated, despite the fact that the intention to do so 
was mentioned several times. To continue, there are also many more actors than the 
government (such as e.g. municipalities, various non-governmental organizations and 
enterprises) involved in biofuel production and use, and in order to understand the role 
biofuels might play in the future, it would be beneficial to study these actors, their motives 
and how they interact with each other etc. 

In Paper V, the inclusion of different future scenarios could have been valuable when 
evaluating the effects of introducing CO2 capture in biofuel-producing processes. It would 
have been interesting to extend the paper by e.g. using energy market scenarios of the type 
developed by Axelsson et al. (2007), to include different possible future marginal biomass 
uses, marginal electricity production technology and district heating etc.  

To further illustrate the conditions for and consequences of the vision of a CO2-free 
transport sector based on biofuels produced from domestic biomass which was discussed in 
Paper VI, it would be interesting to study how many biofuel-producing plants that would be 
needed and where these could be located in order to minimize the transport distance for 
biomass feedstock, captured CO2 and produced biofuel. Supposedly, quite a large number of 
plants would be needed and the transport distances would be significant. 

Biofuels and different kinds of synthetic fuels will perhaps both be used in the future 
transport sector, as illustrated in Paper VII. The possibilities of co-producing these two types 
of fuels are worth investigating, as it would not be surprising if it may be done with higher 
overall efficiency, compared to when biofuels and synthetic fuels are produced separately. 
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For example, synthetic methanol may be produced by letting hydrogen (e.g. from electrolysis 
using renewable electricity) react with carbon dioxide from ethanol production (separated as 
discussed in Paper V), from biomass gasification producing excess CO2 or even from biomass 
gasification processes delivering CO/CO2 mixtures for the methanol synthesis (see e.g. work 
by Specht et al. (1997; 1998)). When producing hydrogen by electrolysis, oxygen is produced 
as by-product which may be used in the gasification plant, the released heat may be used for 
district heating, thereby replacing heat produced from biomass. This and similar possibilities 
of integration are very well worth investigating.  

In many of the performed studies, it would also have been interesting to include cost 
calculations. The reason why this was not done was, firstly, that costs may change very fast 
and hence avoiding such calculations could hopefully keep the results valid for a longer time. 
Secondly, it is extremely difficult to calculate the costs of e.g. a polluted environment or an 
accelerated greenhouse effect leading to deteriorated conditions under which people live. 
Behind the work presented in this thesis lies the view that some actions need to be under-
taken, even if they may not be economic seen from a strict cost perspective. Nevertheless, it 
is important to act in a way giving as high returns as possible per unit of spent resources, and 
hence cost calculations are important and would be an interesting topic for future work.  

Finally, the content of this thesis – perhaps above all the contents of Papers III to VII – could 
be analysed using one or several theories describing issues related to how large (socio-
technical) systems work and how they change. For example, theories regarding Large Technical 
Systems (Hughes, 1983), path dependence and lock-in (Dosi, 1982; Unruh, 2000; 2002), technology 
change (Grübler, 1998) and systems of innovation (Nelson, 1993) could all be used to shed new 
light on the findings presented in this thesis as well as serving as theoretical framework for 
further studies.48 Unruh (2002) claims that: 

In general, the limits on technological change lie not with science and technology, 
which tend to evolve much faster than governing institutions, but rather with the 
organizational, social and institutional changes that allow the diffusion of new 
technological solutions. (Unruh, 2002, p. 318) 

 
This illustrates that it could be valuable to use the above-mentioned theories to further study 
the use of biomass in the transport sector for climate change mitigation, taking into account 
that technology and technology change depend on much more than science and technology. 

 

                                                
48 These are only some examples of theories and concepts that could be useful as a theoretical framework 
when analysing issues like those studied in this thesis, but it is beyond the scope of the thesis to describe 
these theories and concepts in more detail. There is of course a vast literature on these subjects, and the 
references given are frequently encountered in literature discussing energy issues using the respective 
theory or concept.  
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AA  vvooiiccee  ccaannnnoott  ccaarrrryy  tthhee  ttoonngguuee  aanndd  tthhee  lliippss  

tthhaatt  ggaavvee  iitt  wwiinnggss..  AAlloonnee  mmuusstt  iitt  sseeeekk  tthhee  eetthheerr..  
AAnndd  aalloonnee  aanndd  wwiitthhoouutt  hhiiss  nneesstt  sshhaallll  tthhee  eeaaggllee  

ffllyy  aaccrroossss  tthhee  ssuunn..  
  

Kahil Gibran (1883-1931), The Prophet 
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