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“Although we cannot predict what tomorrow may bring, individuals and nations
alike are called upon continually to make choices”

- Peter Schwartz (1998, p. vii)






Abstract

The present research evaluates reduction of CO:z emissions and oil use through
the use of bioenergy. The focus is on Sweden and the use of Swedish bioenergy
resources. However, Sweden interacts with its surroundings and is therefore con-
sidered in an EU energy context, where fossil fuels dominate the energy use. Bio-
energy measures are assessed for the pulp and paper, transportation and building
heating sectors and strategies on a national level are studied. The current demand
for energy services in Sweden is used as a point of reference and is assumed to
remain constant. It is found that increased use of bioenergy and improved energy
system efficiency could reduce the fossil fuel use significantly within Sweden and
the EU. Large CO2 emission reductions can be achieved if coal use is reduced.
Supply constraints and ambitions to reduce the dependency on oil and fossil gas
may, however, act as drivers to reduce their use instead of the use of coal. It is
estimated here that reducing oil use instead of coal use leads to higher CO: emis-
sions by 30-80 tonne per TJ of oil removed. The lower value corresponds to using
coal instead of oil in electricity generation and the higher value to using coal-
based motor fuel instead of diesel. To achieve low CO: emissions and limit re-
source use, different energy carriers should be applied where they are best suited.
Efficient bioenergy uses are in general found in stationary applications, whereas
oil and fossil gas should be prioritised for use as motor fuel. To replace motor
fuels based on conventional oil or fossil gas with motor biofuels is not found to be
an efficient CO2 emission reduction strategy. Fuel-efficient vehicles and plug-in
hybrid vehicles appear to be more efficient alternatives. Motor biofuels could,
however, diversify the energy supply in the transportation sector and contribute
to CO2 emission reduction in the longer term, especially if the marginal motor
fuel is coal based. In addition to increased bioenergy supply, the most important
options identified are 1) expansion of district heating and biomass-based cogene-
ration of heat and electricity with high electricity yields; 2) fuel-efficient vehicles
and plug-in hybrid cars in the transportation sector; and 3) pulp mills with low
energy use and black liquor gasification for electricity or motor fuel production. A
strategy where these measures are fully implemented and, in addition, some mo-
tor biofuel is produced could replace nearly all fossil fuel use in the studied sec-
tors in Sweden and yield an energy surplus. The surplus could replace fossil fuels
outside Sweden to achieve a total EU CO: emission reduction that is larger than
the current Swedish CO: emission, while the total EU oil use remains constant.
The EU oil use could also be reduced, but this would lead to less CO2 emission
reduction.



Sammanfattning

I dessa studier utvarderas atgarder for minskade COz-utslapp och minskat oljebe-
roende genom anvédndning av bioenergi. Fokus dr pa Sverige och svenska bio-
energiresurser. Det svenska energisystemet samverkar dock med omgivningen,
och betraktas darfor i ett EU-sammanhang dar fossila branslen dominerar energi-
forsorjningen. Dagens svenska efterfragan pa energitjdnster anvands som ut-
gangspunkt och antas vara konstant. Atgarder inom massa- och pappersindustri,
transportsektorn och uppvarmning av byggnader studeras och strategier pa na-
tionell niva diskuteras. Resultaten visar att en okad tillférsel av bioenergi och
béttre effektivitet i energisystemet kan minska anvandningen av fossila branslen
avsevart inom Sverige och EU. Storst COz2-minskning uppnas om anvandningen
av kol minskas. Begrdnsad tillgdng pé olja och gas och ambitioner att minska
beroendet av dessa brianslen kan dock utgora drivkrafter for att minska deras
anvandning, istédllet for att minska kolanvandningen. Om oljeanvandningen
minskas i stallet for kolanvandningen berdknas CO2-utslappen bli 30-80 ton storre
per TJ olja som ersétts. Det lagre viardet motsvarar att kol anvands istéllet for olja
inom elproduktion och det hogre vardet att kolbaserade drivmedel anvands istal-
let for diesel. For att dstadkomma laga CO:z-utslapp och effektiv anvandning av
begrénsade resurser bor olika bréansleslag anvandas ddr de ar bast lampade. I
forsta hand olja och i andra hand fossil gas bor prioriteras for drivmedelsproduk-
tion, medan biobranslen anvands effektivast i stationdra tillimpningar. Att ersitta
drivmedel baserade p& konventionell olja eller fossil gas med biodrivmedel be-
doms inte bidra effektivt till minskade CO:-utslapp. Branslesnala fordon och
laddhybrider tycks da vara effektivare. Biodrivmedel kan dock diversifiera trans-
portsektorns energifdrsorjning och bidra till COz2-minskningar pa langre sikt, sar-
skilt om kol utgor marginalbransle i transportsektorn. De viktigaste atgarderna
identifierade i denna avhandling utéver okad tillforsel av bioenergi &r 1) utbygg-
nad av fjarrvarme och biokraftvirme med hogt elutbyte; 2) effektivare fordon och
laddhybridbilar i transportsektorn och 3) massabruk med lag energianvandning
och svartlutsforgasning for el- eller drivmedelsproduktion. Om dessa atgarder
genomfors fullt ut och en viss del biodrivdrivimedel produceras kan energian-
viandningen for vagtransporter, byggnadsuppvarmning och kemisk massapro-
duktion i Sverige bli ndra fossilbranslefri och ett energidverskott erhallas. Over-
skottet kan minska COz-utsldppen inom EU sa att den sammanlagda reduktionen
blir storre dan de nuvarande svenska CO:-utsldppen, med totalt sett oférandrad
oljeanvandning inom EU. Oljeanvindningen kan ocksd minskas men CO:-
reduktionen blir da inte lika stor.
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1 Introduction



1.1 Human societies, energy and the environment

Every living process is dependent on the conversion of energy for its existence.
Energy, however, cannot be consumed —or produced —and the amount of energy
that enters a conversion process always equals the amount of energy after the
conversion. This principle of the conservation of energy, known as the first law of
thermodynamics, does not seem to explain why energy should be so valuable,
since it cannot be destroyed or consumed. The second law of thermodynamics
provides a better clue for the value of energy because it says something about the
quality of energy. The second law of thermodynamics can be stated in several
ways, of which the perhaps most well known are the Kelvin-Planck formulation,
“It is impossible to construct a device that operates in a cycle and produces posi-
tive work while interacting with one heat reservoir only”, and the Clausius for-
mulation, “It is impossible to devise a process the sole result of which is the trans-
fer of heat from a cold reservoir to a hotter one” (Shavit and Gutfinger, 1995).

Less formally, the second law tells us that energy exists in different qualities and
that high-quality energy can be converted into lower quality energy but that low-
quality energy cannot be fully converted into high-quality energy unless more
energy is put into the process. The total effect is that the average energy quality
decreases?. In the hierarchy of energy forms, mechanical power and electricity, for
example, are high-quality energy forms, whereas heat is lower quality energy,
and the lower the temperature at which the heat is available, the lower its quality.

But that is just physics. What matters to people are the services that energy pro-
vides. Energy services are the actual functions that are obtained from using en-
ergy. The main categories of energy services sought for are power, heat and light
(Fouquet and Pearson, 1998). To provide these services, it is necessary to combine
energy with the appropriate technology, such as a hammer with human energy,
sails with the wind or gasoline with the combustion engine, transmission and
wheels of a car.

When we are cold, heat energy may be the most valuable form of energy to us.
However, thermodynamics indicates that we should be able to obtain energy in
the form of heat more easily—and more cheaply—than energy in the form of
mechanical power. Thermodynamics also tells us that when we convert energy,
for example when we generate electricity, some of it is converted to heat, which

1 The two formulations are in fact equivalent, as it can be shown that the Clausius formulation leads to
the Kelvin-Planck formulation, and vice versa.

2 Formally, this is circular reasoning, since the “quality” of energy is not defined in other terms than its
ability to be converted into other forms of energy. However, this should still convey the basic idea.



should be possible to use to supply our need for warmth if we apply technology
wisely.

1.1.1  The history of energy use

For a large part of human history, food, fodder and fuelwood have been the
dominant primary energy® sources for heat and power, and the sun has deter-
mined the available light. In Sweden, fuelwood remained the largest primary
energy source until the beginning of the 20t century (Kander, 2002) (Figure 1).
Mechanical power was to a large extent provided by animal and human muscle
power. Water and wind power were important suppliers of stationary power for
certain tasks in the late 19t century in Sweden but contributed only a minor share
of the total primary energy supply (Kander, 2002). The steam engine was site
independent and more powerful than muscle power and gradually replaced wa-
ter and wind mills (Kander, 2002). Steam power also influenced the transporta-
tion system and in the second half of the 19t century, mobile steam engine power
in trains and ships surpassed the use of muscle power for land transport and
wind power for sea transport, in terms of the performed transport service, in Brit-
ain (Fouquet, 2008).

The demand for heat, power and light has driven technological development and
the exploitation of new primary energy sources. New energy technologies have
tended to improve efficiency —yielding more useful heat, power or light per unit
primary energy input. At the same time, the real prices of the input energy carri-
ers have fallen over time. The real costs for supplying energy services have thus
decreased, and in many cases, cheaper energy services have led to the increased
consumption of these services (Fouquet, 2008). The interactions between techno-
logical development, economic growth and energy demand are complex, but it
could be argued that increased energy efficiency has led to increased energy use
over time.

Unarguably, the past centuries have seen a dramatic increase in demand for en-
ergy services and primary energy use. A shift in the dominant primary energy
sources away from feed, fodder and fuelwood towards mineral energy sources
has also occurred. Fossil fuels today constitute approximately 80% of the primary
energy supply, both globally (IEA, 2009) and within the European Union (Euro-
stat, 2009b).

3 Primary energy is defined in this thesis as the energy embodied in natural resources (e.g., coal, crude
oil, fossil gas, uranium, biomass) that has not undergone any anthropogenic conversion (Pachauri et
al., 2007)



Figure 1. Swedish primary energy use 1800-2000
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Swedish primary energy use has increased dramatically since the 19t century. Oil use reached a
peak during the 1970s and has diminished since then. Nuclear power expanded during the 1970s
and 80s. The recent increase in bioenergy use is a result of increased use of residues in the forest

industry and to the expansion of biomass-based district heating.
Data previously published by Gales et al. (2007) and Kander (2002) were provided by Kander. Nuclear electricity values were
multiplied by a factor of 2.9 to represent primary energy

Given the close relationship between the concept of energy and any physical
processes, it is not surprising that Middleton, in his introductory book on envi-
ronmental issues, states that ”...human society’s harnessing and use of energy lies
behind virtually every one of the environmental issues found in this book” (Middleton,
2008). Indeed, the extraction, conversion, distribution and use of modern, com-
mercial energy carriers are all associated with contemporary major environmental
problems such as climate change, acidification of terrestrial and aquatic ecosys-
tems and local air pollution.

Hence, modern energy systems provide useful — even vital — services to human
societies. At the same time, they cause detrimental impacts on our environment
and stress the resources of the earth. In striving for sustainable development, it is
a challenge to meet the demands for energy services without transgressing the
limits of what the planet can sustain.

1.1.2 Sustainable development
This section provides a brief and far from complete overview of the concept of
sustainable development. One of the most well-known definitions of sustainable



development is the one given by the World Commission on Environment and
Development in its report, Our common future: “Sustainable development is de-
velopment that meets the needs of the present without compromising the ability
of future generations to meet their own needs.” (Brundtland, 1987, p. 54). The
historical context of the report included not only increasing globalisation and
economic development but also environmental concerns raised by the environ-
mental movement of the 1970s and 1980s and concerns about the unequal distri-
bution of economic development between different regions. A need was per-
ceived for additional considerations to the prevailing concepts of development
(Cohen et al., 1998; Robinson, 2004). The Brundtland report stresses “the essential
needs of the world's poor, to which overriding priority should be given”, and it
has been suggested that a social dimension needs to be formally included in the
sustainable development concept. A social dimension could stress that “material
gains are not sufficient measures or preservers of human well-being” (Gibson,
2001) but also adress equity concerns and the distribution of wealth within a
framework of accepting economic terms for measuring development (Sadler et
al.,, 2000; Hacking and Guthrie, 2008). Ecological, social and economic dimensions
are also the basis for the triple bottom line concept (Elkington, 2004; Pope et al.,
2004; Hacking and Guthrie, 2008), which suggests that performance (of a busi-
ness, project, government, etc.) should, along with the traditional financial bottom
line, also be measured against social and environmental bottom lines. The triple
bottom line framework has become widely applied by both governments and
businesses. The latter case is exemplified by environmental and corporate social
responsibility reports appended to traditional financial reports.

The triple bottom line uses three dimensions to describe sustainable develop-
ment. Others have suggested that additional dimensions, such as political and
cultural, are needed. However, as put by Gibson (2001), “...all this is essentially
about emphasis. The key message [...] is that human and ecological well-being are effec-
tively interdependent”. Humans and human societal systems — be they described in
terms of economic, cultural or other dimensions — depend on services and re-
sources provided by the ecological systems. By utilising these services and re-
sources, human societies also affect the ecological systems.

Hence, the fundamental aim of most sustainable development approaches is to
create human well being without compromising the long-term viability of the
systems on which human societies are dependent. Holmberg et al. (1994) formu-
late this aim with two components: 1) sustainable physical relationships of society
with the nature and 2) internal sustainability within society. While the triple bot-
tom line framework attempts to operationalise sustainable development by build-



ing on the traditional practices of measuring performance in financial terms,
Holmberg et al. (1994) takes another approach. They note that “[nJo one can
evaluate the risks involved [in human interference with the environment]” and
“la] general rule is therefore not to allow deviations from the natural state that are
large in comparison to natural fluctuations”, and they formulate four socio-ecological
principles:

1. Substances extracted from the lithosphere must not systematically accu-
mulate in the ecosphere.

2. Society-produced substances must not systematically accumulate in the
ecosphere.

3. The physical conditions for production and diversity within the eco-
sphere must not be systematically deteriorated.

4. The use of resources must be effective and just with respect to meeting
human needs.

While the principles are seemingly clear, problems may arise in deciding what is
“effective and just” as well as in what is a “systematic” change to the environ-
ment. Guidance is given in the latter case by the general rule to keep changes
small in relation to natural fluctuations.

Over the very long-term history, natural fluctuations in the environmental sys-
tems have been large, including substantial climate changes and events of mass
extinction, but the current interglacial period that began approximately 10,000
years ago has provided relatively stable conditions under which complex socie-
ties have evolved (van der Leeuw, 2008). Humans have invested in a major way
in their natural environment and Rockstrom et al. (2009) argue that we have now
become so dependent on those investments for our way of life that we must take
the Holocene* as a scientific reference point for a desirable planetary state. In an
attempt to estimate a “safe operating space for humanity”, Rockstrom et al. iden-
tify nine key earth system processes (Figure 2) and quantify the boundary levels
of interference with these systems that should not be transgressed if we are to
“avoid unacceptable global environmental change”. They estimate that humanity
has already transgressed the boundaries for the rate of biodiversity loss, for the
interference with the nitrogen cycle, and for climate change.

4 The Holocene is a geological epoch that extends from approximately 12000 years ago to the present
(Solomon et al., 2007). My footnote.



Figure 2. Earth system processes
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Adapted from Rockstrom et al. (2009)

1.1.2.1  The present thesis in the context of sustainable development

The turnover of energy and matter in human societies has grown such that it now
not only causes local disturbances to the environment but also has the potential to
affect global geophysical and ecological systems. In particular, our extensive use
of fossil fuels violates the first of the four socio-ecological principles suggested by
Holmberg et al. (1994) and has a large role in humanity’s interference with several
of the nine earth system processes identified by Rockstrom et al. (2009), climate
change among them. Furthermore, fossil fuels are finite resources that are not
renewed as we consume them. Today’s society is built on systems that are to a
large extent dependent on fossil fuels. The limits of fossil resource extraction are
unknown, but the potential for their exhaustion presents a risk to society.

This thesis studies and suggests a number of measures and strategies that could
make Swedish biomass resources a large contributor to the energy supply needed
to provide services to society and potentially reduce the need for fossil fuels in
supplying these services. However, many aspects of this issue are not investi-
gated here and will need more attention by decision makers. In this respect, the
work presented in this thesis may serve as one of several sources of information
on which strategic energy decisions can be grounded.



1.2 The multiple objectives of energy policy

Energy policy is a field with many areas of concern. EU policy has focused on the
challenges of sustainability, security of supply and competitiveness (European
Commission, 2007a). With respect to sustainability, the risks of climate change
caused by the use of energy are the main focus. A unilateral target of 20% green-
house gas (GHG) emission reductions by 2020 has been set (European Commis-
sion, 2007a). The EU also takes the position that GHG emission should decrease
by 80-95% until 2050 in developed countries’ as a group and that the global aver-
age temperature increase should be prevented from exceeding 2°C above prein-
dustrial levels (European Commission, 2007b). Other policy objectives include
reducing the vulnerability to volatile oil and gas markets and the development of
the internal energy markets (European Commission, 2007a). Increased energy
efficiency and the increased use of renewable energy are considered important
means to fulfil these objectives. The EU directive on the promotion of renewable
energy calls for renewable energy sources to increase from current levels to a 20%
share of total energy use in 2020 for the EU as a whole, with specific targets for
individual member states, and a requirement that renewable energy sources ac-
count for 10% of total energy use in the transportation sector by 2020 (European
Parliament and European Council, 2009).

Swedish climate policy (Swedish Government Offices, 2009a) endorses the view
that the global average temperature increase should not exceed 2°C. The policy
stresses global equity and that per-capita GHG emission in different regions of
the world should converge in the longer term. Swedish energy and climate goals
for 2020 include a 40% emission reduction below 1990 levels for the sectors that
are not part of the EU emission trading scheme, out of which one-third can be
accomplished outside of Sweden by means of flexible mechanisms (Swedish Gov-
ernment Offices, 2009a); a 50% share of renewable energy in the total energy use
and a 10% share of renewable energy in the transportation sector; and a general
reduction by 20% in energy intensity (Swedish Government Offices, 2009b). There
is, for example, a target for reduced specific energy use in buildings by 20% by
2020 and 50% by 2050 with 1995 as the reference year (Swedish Government Of-
fices, 2009b). The energy policy further expresses a vision of a fossil-fuel-
independent vehicle fleet in 2030 and no net GHG emissions in 2050 (Swedish
Government Offices, 2009a).

5 Annex 1 countries of the United Nations framework convention on climate change



1.2.1 Driving forces

In recent centuries, the growing population and the process of industrialisation
have driven an increased demand for energy. The historic correlations between
total primary energy supply (TPES) and gross domestic product (GDP) are high
on both global and national levels. However, the links between quality of life
indicators and energy demand are less obvious. Countries that score lowest in
quality of life indicators tend to be among those that have the lowest per capita
energy use, but significant quality of life improvements appear to be achievable
with modest increases in energy use (Smil, 2008). Simplified metrics such as GDP
and TPES have their flaws and the energy intensity of an economy can be ex-
pected to develop differently in different stages of economic development (Fou-
quet, 2008; Smil, 2008). Nevertheless, the projected increase in global population
and the desire to alleviate poverty in large parts of the world will act as drivers
for increased energy demand unless the current course of development is dra-
matically changed.

Energy supply constraints and policy measures motivated by environmental ef-
fects of energy use can also be expected to affect the development of energy use
and supply. Climate change and the risks of reliance on exhaustible energy
sources are perhaps the most prominent examples of such driving forces.

1.2.1.1  Climate change

The study of the global climate system is a complex task. However, from climate
change research until now, some conclusions can be drawn that hold true across a
variety of approaches, methods, models and assumptions, and are expected to be
relatively unaffected by uncertainties (Pachauri et al., 2007). Warming of the cli-
mate system is evident from observations of increases in global average air and
ocean temperatures, the widespread melting of snow and ice and rising global
average sea level. Changes that are consistent with global warming have been
observed in many physical and biological systems. Most of the global warming
over the past 50 years is very likely attributable to anthropogenic GHG emissions.
In just the past 3-4 decades, anthropogenic GHG emissions have grown by 70%.
CO: is the most important GHG agent in causing climate change and its current
concentration in the atmosphere far exceeds the natural range over the past
650,000 years.

The emission of CO: from fossil fuel use is estimated to contribute 57% of the total
net anthropogenic GHG emission globally (Pachauri et al., 2007). In Sweden and
the EU, the contribution to GHGs from the burning of fossil fuels is even higher
(EEA, 2010). To limit the global temperature increase to 2.0-2.4°C, global CO2



emission reductions of 43-83% by 2050, compared with 1990, may be needed
(Metz et al., 2007; Pachauri et al., 2007). Target emission reductions of 25-40% in
2020 and 80-95% in 2050 have been suggested for developed® countries as a group
(Metz et al., 2007). To reach 43-83% global reductions and globally equal per cap-
ita emissions, Swedish CO: emission need to decrease by 70-90% of 1990 levels by
2050 given current population projections (Boden et al., 2009; United Nations,
2009; EEA, 2010).

1.2.1.2  Energy supply security

Security of energy supply is defined by Chevalier (2007) as “a flow of energy
supply to meet demand in a manner and at a price level that does not disrupt the
course of the economy in an environmental sustainable manner.” Defined in such
a broad way, security of supply includes the aspects of competitiveness and sus-
tainability. In this thesis, energy supply security measures will denote measures
intended to reduce risks of supply disruptions and of long-term events, such as
fossil resource depletion, with serious potential consequences. Energy supply
security measures are thus distinguished from measures to improve competitive-
ness under prevailing or projected near-term market conditions. The focus here is
on the long-term supply of primary energy, and not on issues such as electric grid
failures caused by extreme weather events etc.

Energy security policies typically aim at the diversification of energy sources, to
reduce the risk of sudden supply interruptions and price shocks (Kuik, 2003). In
the EU, the focus has been on the increasing reliance on oil and gas resources
outside the EU (Kuik, 2003). In Sweden, fossil gas use is low and the focus has
been on oil dependency (Commission on Oil Independence, 2006). Though fossil
fuel resources are limited, there is no consensus as to their future recoverable
amounts or extraction rates. According to estimates by BP (2009), oil resources are
scarcer than fossil gas resources, and more geographically concentrated, whereas
coal is more abundant than oil and gas. Numerous studies have attempted to
quantify the amount of fossil oil ultimately recoverable and predict the timing of
the peak of oil production, but the results diverge (Kjdrstad and Johnsson, 2009).
Aleklett and Campbell (2003) presented a comparatively pessimistic view on fu-
ture production and estimated that oil production would peak around 2010 at
some 30 Gb/a (171 EJ7/a) and decline to 17 Gb/a (94 EJ/a) in 2030 (Aleklett and
Campbell, 2003). In contrast, Kjarstad and Johnsson (2009) concluded that the
remaining resources appear to be sufficient to meet projected demand increases

¢ Annex I countries of the Kyoto protocol.
7 Exajoule. 1 E] = 1000 PJ = 1000000 T] =278 TWh
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until 2030. The oil supply can however be expected to remain tight as a result of
several factors constraining investments into exploration and production (IEA,
2008). With oil supply decreasing according to Aleklett and Campbell (2003),
Swedish oil use needs to decrease by approximately 80% from the 2007 level to
reach the global per capita average in 2030. With more optimistic supply assump-
tions and a slower convergence towards the average per capita use, reductions
may need to reach 20% of 2007 levels by 2030.

1.3 Current trends in energy use and CO; emission

Fossil fuels account for approximately 80% of the global primary energy supply.
Oil is the largest contributor (33% in 2008), followed by coal (27%) and fossil gas
(21%). The share of oil has been decreasing since the 1970s, but oil use has in-
creased in absolute numbers. Certain renewable energy sources show high
growth rates but from low levels. In absolute numbers, coal has been the fastest
growing primary energy source in recent years. Biomass accounts for approxi-
mately 10% of the global primary energy supply (IEA, 2008; IEA, 2010).

In the following sections, energy use and CO: emission in Sweden and EU are
described with 2007 as the base year, as this was the most recent year for which
consistent data were available, at the time of collecting data for the final studies
included in this thesis.

131 EU

Fossil fuels accounted for approximately 80% of the total primary energy use in
the EU (Eurostat, 2009b) in 2007. In the EU and globally, the transportation sector,
excluding rail traffic, is almost exclusively dependent on oil-derived fuels. EU
transportation required approximately 15 EJ of oil products in 2007. Oil product
use outside the transportation sector has declined in the EU in recent decades but
accounted for approximately 12 EJ, of which 4 E] was for non-energy use (Euro-
stat, 2010b). The resource base for electricity generation is more diversified but is
dominated by fossil fuel (56% of generated electricity) and nuclear (28%) plants.
Hydro (9%) and other renewables (6%) accounted for the remainder (Eurostat,
2009a). In total, thermal power plants® generated 88% of the electricity in the EU
in 2007 (Eurostat, 2010a). Condensing power plants dominate as only approxi-
mately 11% of the EU’s electricity is produced in combined heat and power

8 In this thesis, thermal power plants refer to all plants that work by converting heat energy to electric-
ity. The heat is typically generated by fuel combustion or nuclear fission. Because of thermodynamic
constraints, only part of the heat energy can be converted to electricity and the remainder is removed
by a cooling medium.
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(CHP) plants (Eurostat, 2009a). Fossil fuel plants constitute 57% of the power
generation capacity that is being planned or is under construction. Fossil gas pro-
jects dominate (37%) but coal also has a considerable share (20%). Wind power
projects accounts for 26% of the capacity being planned or currently under con-
struction (VGB, 2010). The recent developments of the energy use for transporta-
tion, electricity, district heating and by households in the EU are shown in Fig-
ure 3.

Figure 3. EU energy use for transportation, heat and power and households 1997-2007
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Energy use for transportation, electricity, district heating and households in the EU. In general, coal
is used in large-scale stationary applications, such as electricity or district heat generation, fossil gas
is used in both large-scale and small-scale (e.g. households) stationary applications. Oil heavily
dominates the transportation sector while it is diminishing in both small-scale and large-scale sta-

tionary combustion.
(Eurostat, 2010b)

EU GHG emissions amounted to 5045 MtCQOzeq in 2007, of which CO:z accounted
for 4187 Mt CO, excluding carbon stock changes from land-use, land use change
and forestry (LULUCF). Approximately 20% of the total emissions, and 25% of
CO:2 emissions from fuel combustion, originated from the transportation sector,
while most of the remaining 75-80% were emitted from stationary energy use
(EEA, 2010).

1.3.2 Sweden

The share of fossil fuels in the Swedish energy mix is lower than the EU average.
Oil products accounted for 78% of the gross fossil fuel supply in Sweden in 2007
(Eurostat, 2009a) and the domestic end-use of oil products was 503 PJ (Statistics
Sweden, 2009b). The transportation sector accounted for slightly more than 50%
of the oil use in both Sweden and the EU, or 70% of the oil use outside the refin-
ery and non-energy sectors. The Swedish use of coal was mainly related to the
iron and steel industries (Statistics Sweden, 2009b) and the fossil gas use has been
limited because the gas grid only extends over the south-western-most parts of
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Sweden. There was no primary production of coal, oil or fossil gas in Sweden in
2007. Electricity generation was dominated by nuclear power (45%) and hydro-
power (44%) and only 2% was generated from fossil fuels, far lower than the EU
average. In total, thermal power generation accounted for 54% of the total (Statis-
tics Sweden, 2009a) and 8.2% of all electricity was co-generated with heat (Euro-
stat, 2009a). Electricity is traded on a common Nordic market where marginal
electricity production is much more fossil-fuel intensive than the Swedish average
production (STEM, 2002; Dotzauer, 2010), and the Nordic grid is further linked to
other EU countries.

Swedish GHG emissions amounted to 66.2 Mt CO2q in 2007, of which CO: ac-
counted for 52.2 Mt, excluding LULUCF (SEPA, 2009). Compared with the EU
average, Sweden is responsible for low per-capita emissions of greenhouse gases
(EEA, 2010), but high per-capita oil use, partly explained by the high energy use
for road transportation and a large oil refining industry (Table 1). The share of
GHGs emitted from the transportation sector was higher in Sweden than in the
EU and accounted for one-third of Sweden's total GHG emissions, or 47% of fuel-
combustion-derived CO:, in 2007. In 2007, the Swedish CO:2 emission had de-
creased by 8% below 1990 levels (SEPA, 2009).

Table 1. Per capita GHG emission and oil use in Sweden, the EU and the World

Sweden EU World
average average

GHG emission, tCOye4/capita® 7.2 10.2 6.3
Share of GHG'’s emitted from fuel combustion in°

Public electricity and heat production 13% 28% 28%

Transportation 32% 19% 13%

Manufacturing and construction 16% 13% 11%

Other energy use 13% 19% 13%
Oil consumption, GJ/capita® 63.7 55.5 25.7
Share of oil consumed by°

Refineries 10% 8% 6%

Transportation 53% 55% 53%

Industry 10% 7% 8%

Households and services 3% 9% -

Other energy use 10% 6% 19%9
Energy use for road transport, G\J/capitad 34.3 26.1 10.1
Share of renewables in gross energy supply® 31% 7.8% 12%

a) Sweden, EU: (EEA, 2010), World: (World Bank, 2010); b) Sweden, EU: (EEA, 2010), World: 2005 data, (JRC, 2010); ¢) Sweden, EU:
Gross inland consumption (Eurostat, 2010), Swedish statistics give slightly higher Swedish oil use (Statistics Sweden, 2009b). World:
total primary energy supply (IEA, 2009); d) Sweden, EU: (Eurostat, 2010), World: (World Bank, 2010); e) Sweden, EU: Based on gross
inland consumption (Eurostat, 2010). According to the calculation methodology to be used towards the EU goal of 20% renewables,
the shares were 40% and 8.5%, for Sweden and EU, respectively in 2005 (Swedish energy agency, 2009a) and had increased to 42% in
2007 in Sweden. World: Based on total primary energy supply, (IEA, 2009); f) Assume 5% own energy use, based on EU refinery
sector data; g) “Households and services” are included in “Other energy use”
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1.4 Biomass resources and use

Biomass can be defined as the total mass of living organisms in a given area or
volume; dead plant material can be included as dead biomass (Solomon et al.,
2007). The interest of this thesis is limited to plant matter. Bioenergy is defined as
energy carriers derived from biomass. Global potential for the supply of bio-
energy is theoretically large, but the realisation of this potential depends on many
factors. Hoogwijk (2004) found that the global supply of biomass for energy over
the coming 50 years could range from very low to over 1000 EJ y, depending on
the future development. Currently, the total global primary energy use is ap-
proximately 500 E]J y, and the bioenergy use is approximately 50 EJ y*. Energy
crops from surplus agricultural land were found to have the largest potential
contribution (up to 1000 EJ y). The actual contribution will depend on the avail-
ability of land and on biomass productivity. The land availability, in turn, de-
pends on the land requirements for food production, which is a function of the
future diet, population growth and food production system. The development of
these factors will influence the amount of land available for bioenergy produc-
tion.

The Swedish bioenergy supply is presently based mainly on forest biomass with
little supply from energy crops grown on agricultural land. Studies have recog-
nised that the Swedish supply of biomass for energy could be significantly in-
creased (Commission on Oil Independence, 2006; Hagstrom, 2006). The increase
would depend on, inter alia, forest management intensity (including fertilisation);
the recovery of forest biomass residues (including thinning residues, harvest
slash, and stumps); the use of fallow land for energy crops; the selection of spe-
cies to be cultivated; the level of wood products manufactured and the recovery
of associated by-products; and the recovery of post-consumer wood waste (in-
cluding demolition residues). In 2007 approximately 415 PJ of biomass, municipal
solid waste (MSW), peat etc. were used in the Swedish energy sector (Statistics
Sweden, 2008). Of these 415 PJ, MSW in the district heating sector accounted for
Approximately 40 PJ (Statistics Sweden, 2009a). The Commission on Oil Inde-
pendence (2006) estimated that Swedish biomass production for energy could
amount to approximately 820 PJ/yr in 2050.

There has been some debate over the GHG balance of bioenergy use. The GHG-
related benefits have been questioned on the grounds that the increased use of
biomass for energy could reduce carbon stocks in standing biomass, litter and soil
carbon pools through direct or indirect land-use changes; require substantial
amounts of (fossil) energy for processing and transportation; and increase emis-
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sions of non-CO2 GHGs such as N2O from fertilisation and CHs from increased
release rates from the soil. In addition, the impact of bioenergy production on
food prices and long-term soil nutrient balances have been discussed (Cherubini
et al., 2009). These are all important questions that require attention. However,
several studies indicate that biomass supply for energy can be increased, within
certain limits, with maintained sustainable harvests and that the use of biomass
can provide significant net reductions in GHG emissions and fossil fuel resource
use. The results vary widely for different bioenergy sources, and the benefits
when using agricultural crops seem to be questionable, while the use of forest
biomass depends on adequate forest management (Eriksson et al., 2007a; Fargione
et al., 2008; Soimakallio et al., 2009; Gustavsson et al., 2011b).

1.41 Conversion technologies

Biomass conversion can be divided into two main pathways: thermochemical
conversion and biochemical conversion (Turkenburg, 2000). Biomass can also be
refined through essentially mechanical treatments such as extraction (e.g. oil from
seeds) or pelletizing. The thermochemical pathway can be further subdivided into
combustion, gasification and pyrolysis (Brown, 2004; Faaij, 2006). Biomass com-
bustion is widely applied to generate heat and electricity on a wide range of
scales. Gasification converts biomass into a gas that can subsequently be used to
generate heat and electricity or be converted into fuels or other chemicals. Pyroly-
sis converts biomass into a mixture of char, liquid and gas, and is usually consid-
ered as a pre-treatment option for long-distance transport (Brown, 2004; Faaij,
2006). The biochemical pathway can be divided into two main paths: digestion
and fermentation into methane and ethanol, respectively (Turkenburg, 2000).
Other biochemical pathways are also possible, as anaerobic production of acetone
and butanol together with ethanol (Claassen et al., 1999), but less attention is de-
voted to these pathways today. In this thesis, the focus is on the combustion, gasi-
fication and fermentation technologies. Technologies considered include electric-
ity generation with biomass combustion and steam turbine technology (BST),
biomass gasification and combined cycle electricity generation (BIGCC), biomass
gasification and synthesis of methanol, dimethyl ether (DME) or Fischer-Tropsch
(FT) diesel and ethanol production via fermentation. Co-generation of heat and
electricity (CHP) and of motor fuel and electricity are also considered.

Biomass-based residues in the pulp and paper industry represent large energy
flows. Dissolved lignin in the form of black liquor in chemical pulp mills consti-
tutes the largest part of this resource. Technologies for gasification of the black
liquor and combined cycle electricity generation (BLGCC) or motor fuel produc-
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tion (BLGMEF) are considered in the thesis and compared to the conventional re-
covery boiler (RB) technology.

1.5 Research questions

1.5.1  Earlier research

The ability of biomass energy technologies to reduce CO: emissions by replacing
fossil fuels has been assessed in several studies (Gustavsson et al., 1995; Wahlund
et al., 2004; Cherubini et al., 2009; Cherubini and Stremman, 2011) and the results,
in general, indicate that greater reductions in emissions per unit biomass can be
achieved in heat and power applications than in the transportation sector. Global
energy model studies have come to diverging conclusions on the relative cost-
effectiveness of biomass substitution in different sectors. Azar et al. (2003) found
that it would be more cost-effective to use biomass to generate heat, while Gielen
et al. (2003) reported that it would be more cost-effective to use biomass in the
transportation sector when carbon taxes are high. This disparity stems from dif-
ferent assumptions on the mitigation options available in the transportation sec-
tor (Grahn et al., 2007). Gielen et al. (2005) suggested that only a few options
could meet the joint targets of improved supply security and reduction of CO2
emissions, and that hydrogen, biomass-based motor fuels and energy-efficiency
measures seem to be the only viable options. Hedenus et al. (2010) also studied
the prospects for hydrogen and plug-in hybrid vehicles and came to the conclu-
sion that the development of the primary energy supply system could be decisive
for which of these options is preferable. Berndes and Hansson (2007) studied the
potential for using domestic biomass in Europe with respect to cost-effective cli-
mate change mitigation, employment creation and reduced dependency on im-
ported fuels. These authors found that competition for limited biomass resources
would arise with the implementation of quantitative targets for biomass-based
motor fuels and ambitious climate targets. With respect to the reduction of CO:
emission, biomass was found to be most cost-effective when used in stationary
applications (primarily heat generation). The appeal of different biomass energy
options from the perspective of the security of energy supply may depend on
how oil and gas import dependencies are weighed relative to each other. Reduced
use of oil and fossil gas could improve supply security and reduce vulnerability
to high oil prices but may lead to increased use of coal if no climate mitigation
policies are put in place (Bakker et al., 2009). There does not seem to be an ideal
solution to the dual problem of oil dependence and fossil CO: emissions in the
transportation sector (Wang and Huo, 2009).
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Well-to-wheel studies (GM, 2002; JEC, 2007; RENEW, 2008) have shown that fuel
supply pathways from biomass resources lead to significantly reduced GHG
emissions in most cases but that they are associated with high complexity and a
wide range of results (GM, 2002). Advanced, so-called second-generation bio-
mass-based motor fuels produced from lignocellulosic feedstock have a greater
potential for replacing fossil fuels and reducing GHG emissions than today’s
biomass-based motor fuels produced from traditional agricultural crops (JEC,
2007). However, these studies did not consider in detail the competing uses of
biomass outside the transportation sector.

The combined use of biomass for energy and material may have benefits for CO:
emissions, economics and land-use efficiency (Dornburg and Faaij, 2005; Gustavs-
son et al., 2006). However, Dornburg et al. (2007) found that the large-scale im-
plementation of promising biomass systems for CO: mitigation could drive up
biomass prices as a result of increased land demand and drive down prices of the
biomass products as a result of the increased supply and limited demand of the
product. The prospects for promising biomass options could thus deteriorate if
applied on large scale. Hillman and Sandén (2008) came to similar conclusions
concerning the by-product markets for, for example, biodiesel production from
vegetable oils. The market sizes and price elasticities of the products have large
impacts on the results (Dornburg et al., 2007).

Previous Swedish bioenergy systems research has been driven by ambitions to
increase the bioenergy supply and the need for reduced CO: emissions (STEM,
2003). A need for the further development of methodologies for the optimal de-
sign of bioenergy systems has been identified. A number of issues have been
identified as interesting from a broad socio-economic perspective, but it has also
been found that econometric studies cannot generally provide detailed results for
a bioenergy sector facing rapidly changing conditions. Economic studies have the
benefit of including the interactions of the wider economy, including all sectors of
society. However, the assumptions of economic parameters, such as investment
costs and fuel prices, are also subject to uncertainties. Estimation of these parame-
ters requires that assumptions are made about a number of underlying factors. If
uncertainties in these assumptions are large, it may be at least as useful and more
transparent to study the underlying factors directly than to rely on economic op-
timisation models (Gustavsson and Karlsson, 2006).

There appears to be a gap to fill in research that aggregates findings over several
sectors into strategies on a national level and that applies a process-based ap-
proach considering individual technologies and fundamental driving forces. In
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addition, the influence on different bioenergy options of the objective to increase
energy supply security by reducing oil dependency, along with the aim of reduc-
ing fossil CO2 emissions, has not been as thoroughly studied.

1.5.2 Aim

The aim of this thesis is to evaluate measures for reducing CO: emission and oil
use trough the use of Swedish biomass resources and measures taken within
Sweden. CO: emission and oil use reductions are quantified using a process-
based approach that is based on the fundamental parts of the energy systems and
takes into account important driving forces.

Process-based studies have been performed for individual technologies and sub-
sectors, but fewer studies have attempted to synthesise the results from such
studies into strategies on a national level. This thesis aims to apply and develop a
methodology that is appropriate for national strategies with a process-based ap-
proach, and that considers important boundary conditions, such as the interaction
between the national energy system and the surrounding regional or global en-
ergy systems. Such a methodology could also improve future studies that com-
pare individual technologies and options by providing insights into the signifi-
cance and accuracy of boundary-condition assumptions.

Sweden is a forest-rich region, and the focus of this thesis is the use of forest-
based biomass. Thus, it primarily considers ligno-cellulosic biomass and not, for
example, motor biofuel production from sugar, starch or vegetable oil. The aim is,
however, that the general methodology and results will be applicable for regions
outside Sweden and to other bioenergy resources than those typical of Swedish
forests.
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2 Methodological approaches



2.1 Environmental systems analysis

Empirical sciences rely on the formulation of hypotheses and the testing of hy-
potheses through experiments. When a hypothesis is repeatedly found to be con-
sistent with empirical observations, a theory is formed that describes the ob-
served phenomenon. Large complex systems, such as a national energy system,
the global climate or human societies, are difficult to experiment on, and could
such an experiment be performed, it would be impossible to recreate the condi-
tions that existed before the experiment to repeat it. Parts of the system, such as
individual technologies or processes, can often be isolated and studied with em-
pirical methods. Focusing on the understanding of the parts is known as a reduc-
tionist approach. The reductionist approach can be powerful but tends to neglect
interactions between the parts, which affect each other through complex networks
of relationships (Jackson, 2003). A holistic approach, in contrast, focuses on the
properties of the system as a whole and the interactions between its parts (Jack-
son, 2003). A variety of holistic approaches can be identified under the domain of
systems thinking (Jackson, 2003; Midgley, 2003). One of these approaches is sys-
tems analysis, which commonly studies problems arising from the operations of
sociotechnical systems and considers various responses to these problems (Jack-
son, 2003). In particular, a range of environmental systems analysis approaches
have emerged for the analysis of socio-technical systems with respect to their
impacts on the environment and to suggest paths of action that can reduce envi-
ronmental impacts (Finnveden and Moberg, 2005).

Without being able to experiment on the real world, systems analysts must use
models. Models are simplified interpretations of aspects of reality; they seek to
capture the most important variables and interactions relevant to the purpose at
hand and are used to experiment on as surrogates for real-world systems (Jack-
son, 2003). Systems analysis cannot with certainty generalise model outcomes to
real world systems. Instead of providing facts and proof, the systems analyst
produces evidence and arguments (Finnveden, 2000). The goal of systems analy-
sis is thus not to provide universally applicable theories but to increase the un-
derstanding of a defined system with respect to certain conditions and problems.
A consequence is that systems analysis often focuses on a specific decision-
making situation and analyses the options available to the decision maker (Jack-
son, 2003). Simplification of the real system is unavoidable when a model is cre-
ated, and a challenge is to apply a methodology that makes the study manageable
and understandable while capturing the relevant properties of the studied system
with respect to the research question at hand.
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The future development of complex systems is often analysed using scenarios
(Schwartz, 1998; van Notten et al., 2003; Borjeson et al., 2006). Scenarios describe
future states or development paths. They may take the form of quantified values
for a set of parameters or the form of purely qualitative descriptions. Develop-
ment paths may be forecasted from the present or backcasted from a given future
state to the present. Scenario techniques are diverse, but generally explore alter-
native developments or possible outcomes of different actions and do not try to
predict the future or to identify single-best lines of action. Scenario techniques can
be combined with environmental systems analysis tools to extend their usefulness
(Hojer et al., 2008).

211 Energy and material flow accounting

Many environmental systems analysis methods are based on the accounting of
energy and material flows. Among these methods, life cycle assessment (LCA) is
one of the most widespread and standardised (Finnveden, 2000; Rebitzer et al.,
2004; 1SO, 2006; de Haes and Heijungs, 2007). LCA focuses on individual prod-
ucts (in a broad sense, including services) and their environmental impacts
throughout their production, use and end-of-life (such as waste treatment or re-
cycling) phases. Material and energy flows related to the product life cycle are
quantified in an inventory analysis and then the environmental impacts from
these flows are assessed in an impact assessment.

2.1.1.1  System boundaries and functional units

The features of LCA — the focus on a specific product or service and the life-cycle
perspective — pose certain methodological problems (Finnveden et al., 2009).
Product systems are spread through time and space. Therefore, resource use and
emission may occur at different geographical locations and points in time. For
practical reasons, limits have to be set as to what to include and what to exclude
from a study. For example, emissions from transportation of a studied product
are usually included, whereas emissions associated with the production of the
vehicle that transports the product are often not included. These limitations are
called system boundaries. System boundaries can also define the geographical
area and timeframe to consider (Finnveden et al., 2009; Gustavsson and Sathre,
2010). A distinction is often made between the studied production system — the
foreground or core system — and its environment — the background system (Eriksson
et al., 2007b; Hojer et al., 2008). The foreground system includes the processes
affected directly by the objectives of the study; it interacts with the background
system, usually by supplying or receiving materials or energy.
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The functional unit defines the amount and properties of the studied product or
service that should be produced and is the reference to which energy and mate-
rial flows are related. For two product systems to be comparable, they should
produce the same functional unit.

2.1.1.2  System expansion

The focus on a specific product or service requires that the energy and material
flows that are related to the product or service can be identified and isolated from
other energy and material flows. The isolation of a product system from its envi-
ronment can hardly be perfect. The context, in which a product system exists,
such as the prevailing transportation and energy supply systems, can largely
influence the results of an assessment. In hindsight, it may be theoretically possi-
ble, albeit not practical, to identify the precise nature of all relevant systems. To
assess the future effects of products or services, however, assumptions have to be
made about the development of the product system as well as its environment,
assumptions that will always entail uncertainties. Even if a product system and
its environment is perfectly described, it may be difficult, even impossible, to
attribute resource use or emission to the studied product or service. This diffi-
culty is particularly apparent when two or more products are coproduced, such
as oil products in a refinery (Reinaud, 2005; JEC, 2006) or heat and electricity in a
combined heat and power plant (Gustavsson and Karlsson, 2006). One approach
is to allocate energy and material flows between the co-products by some given
principle; for example, to define the share of the fuel input to a CHP plant that
should be considered to have been used for heat and the share used for electricity.
Allocation, however, is always more or less arbitrary. The method often preferred
is instead to change the functional unit to consider the co-products. If several
systems are compared, separate production of a co-product could be considered
for a system that co-produces less of that product than other systems in the com-
parison; this helps to assure that all compared systems produce the same func-
tional unit. This process is known as system expansion. Thus, in a comparative
study “...system expansion is performed to maintain comparability of product
systems in terms of product outputs through balancing a change in output vol-
ume of a co-product that occurs in only one of the product systems, by adding an
equivalent production in the other systems” (Weidema, 2000). Alternatively, the
energy and material flows associated with separate production could be sub-
tracted from the system in which the co-production occurs.

The functional unit often refers to the assessment of a small unit, and it may be
relevant to ask whether the resource use and emissions found for that unit are
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representative of a larger amount of the product, or of that product in general.
Similarly, intermediate flows in the studied system are typically small in com-
parison to the total flows in society.

2.1.2 Bioenergy systems

The methodological approach used in this thesis is not identical to that of LCA,
but has to a large extent evolved from the ideas and theories that also form the
core of LCA. Methodology for the comparison of bioenergy systems to fossil en-
ergy systems has been developed by, among others, Schlamadinger et al. (1997)
and Gustavsson and Karlsson (2006) and methodology for comparison of wood
with other materials as construction materials has been developed by Gustavsson
and Sathre (2010).

Some issues are of particular importance in the study of bioenergy systems.
Firstly, biomass is a renewable resource, but the life cycles of growing plants may
vary, from annual agricultural crops to trees with life cycles of perhaps 100 years
or more. Growing plants and trees absorb CO: from the atmosphere and store the
carbon. CO:z is emitted back to the atmosphere slowly as dead biomass decays, or
rapidly if biomass is burnt. Hence, biomass can act as a source or a sink for CO: at
different stages. Terrestrial biomass requires land to grow on. It may be relevant
to consider competing land uses - i.e., to ask the question: “How would the land
have been used if it was not used for a particular biomass system?” Bioenergy is
commonly co-produced with other goods. When timber is harvested for use as
construction material, the treetops and branches can be recovered for energy use.
Likewise, sawmill or pulp-mill residues can be used for energy. In addition, post-
use waste streams, such as demolition wood or paper waste, can be important
bioenergy streams. The rationale for advocating bioenergy is often that it is as-
sumed to have benefits compared with other alternatives, for example with re-
spect to GHG emission or supply security. These benefits will be dependent on
the alternative to which the bioenergy system is compared as well as on the bio-
energy system itself.

To determine, for example, the CO: emission reduction that can be achieved
through the use of biomass, it is important to define how the services from the
biomass system would have been supplied had the biomass not been used. The
role of the reference system is to answer the question “Instead of what?”
(Schlamadinger et al., 1997). The arguments for applying a fossil fuel reference
system can be of at least two types: 1) the increased use of biomass will reduce the
use of the fuel that is currently the marginal fuel. Given the current dominance of
fossil fuels and the presently large recoverable fossil resources compared with
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alternative energy sources, it is reasonable to assume that fossil fuel is, generally,
the marginal fuel. 2) If the purpose of the study is to assess how bioenergy can
reduce CO: emissions, it may already be implied by the problem formulation that
bioenergy should be used in such a way that it avoids fossil COz emissions. The
question, then, is not if fossil fuels should be replaced, but how and how much. It is
assumed that increased use of bioenergy will replace fossil fuels under prevailing
conditions, or that such conditions will emerge, for example through policy
measures. To avoid bias, it has been suggested that the fossil fuel reference sys-
tem should be the least-cost fossil fuel alternative with the lowest GHG emissions
and minimised environmental impact, and that its technology level should corre-
spond to that of the studied bioenergy system (Schlamadinger et al., 1997). When
forest biomass is harvested and used for energy, there is a release of CO: to the
atmosphere. If, however, the full lifecycle of the forest is taken into account, the
net emission may be much smaller, or close to zero, as CO:z is absorbed during
forest growth. Also, if a wider geographical area is considered, including the har-
vested part and other parts of the forest that are at other lifecycle stages, the net
CO2 emission at a given point in time may again be small, close to zero or even
negative, if the growing parts of the forest absorb more CO:z than is emitted from
the harvested part. A growing forest acts as a carbon sink. As the forest matures,
it eventually reaches an equilibrium point at which CO: emitted from decay and
respiration equals CO2 uptake, and the forest as a whole no longer acts as a sink
(Schlamadinger et al., 1997; Litvak and Miller, 2003). A change in land use from,
for example, forest to short rotation energy crop production, may cause a large,
one-time change in the carbon balance before a new equilibrium is established.
All these issues demand that the spatial and temporal system boundaries be care-
fully defined in the study of bioenergy systems.

The functional units applied in LCA studies of bioenergy systems have been both
conventional, output-based units, defined by the product or service that is the
output of the studied system and input-based units, where the functional unit is
the unit of input biomass or unit of used land area. The latter approach is used to
study how a unit amount of limited biomass or land resources can be best used
(Cherubini and Stremman, 2011).

Most bioenergy LCA studies have assessed bioenergy systems in relation to a
fossil reference system, whereas fewer studies have focused on comparing differ-
ent bioenergy systems relative to each other (Cherubini and Stremman, 2011).
Factors that are important when bioenergy systems are compared with fossil sys-
tems, such as the carbon intensity of the fossil fuel and the energy inputs in the
fossil fuel and biomass production chains, will be of lesser importance if the aim
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is to compare two bioenergy systems that compete for the same resource and
produce the same kind of output. Instead, relatively small differences in conver-
sion efficiency or auxiliary energy demand can have significant impacts on the
results.

2.2 The methodology of the present thesis

For the studies in this thesis, process-based models were created using a spread-
sheet software to calculate energy and material balances. Input and output data
for individual processes, such as energy conversion plants or means of transpor-
tation, were collected from technical and scientific reports and papers. Papers 11
and VI also include economic data. The inputs and outputs of each process were
expressed based on a unit of the main input or output, and were assumed to be
linearly scalable in the studied range. The processes along the energy chain, from
primary energy extraction to final energy use, were included. Resource use asso-
ciated with the construction of buildings, vehicles or machines or the production
and maintenance of infrastructure, etc., was not included in the analyses but is
expected to be low in comparison to other energy flows (Borjesson, 1996; Vatten-
fall, 2005).

The focus of this thesis is energy systems in a wider sense than single energy ser-
vices. Medium to long-term strategies are of interest, where biomass supply may
be increased and used to reduce climate change and oil dependency. Some as-
sumptions are made on the boundary conditions that are of importance to the
studied systems: 1) biomass is a limited resource. Although biomass potential
could be large in the long term, it is expected that the availability of biomass will
constrain its ability to meet global energy demands. This constraint implies that
biomass use in one application will divert it from other potential uses. Biomass
supply elasticity is not considered, although it is possible that more efficient use
and increased ability to pay for biomass could increase the amount of biomass
that is economically viable to use. 2) Heat sinks are limited. Most energy conver-
sion facilities generate surplus heat that could be recovered and used, for example
for district heating. However, the value of low-grade heat is low, as there are al-
ready large amounts available, which are cooled off, mainly in condensing power
plants. 3) Policy objectives to reduce CO:2 emission and increase energy security
will be important driving forces, as fossil energy currently dominates the energy
supply and will continue to contribute a significant share. Other energy measures
and sources may contribute to reduced CO: emissions and fossil fuel dependency
but not to the extent that bioenergy is made superfluous, in the foreseeable future.
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The calculations of the reduction in CO: emissions rest on two fundamental as-
sumptions. The first is that the carbon outtake from the biosphere is, over time,
balanced by the carbon uptake of the biosphere, so that the emission of biogenic
CO: does not change the long-term atmospheric concentration of CO2. The second
assumption is that a change in energy supply or demand can affect the amount of
fossil fuel used. An increased supply of energy from biomass, as well as reduced
energy demand resulting from efficiency measures, can lead to the reduced use of
fossil fuels and thus reduce CO: emissions and oil dependency. Naturally, an
increased use of biomass for energy could occur in addition to the present energy
use. CO2 emissions or oil use would then not be reduced, but the supply of en-
ergy services to society would increase. COz emissions and oil use could also be
reduced by simply reducing the consumption of energy services in society. This
thesis does not attempt to define the level of energy service consumption that is
appropriate, sufficient or desirable. A reference point is, however, necessary.
Throughout the studies, it is therefore assumed that the supply of energy services
remains constant with respect to a reference case or a reference point in time.

Part of the research is of case-study character, studying energy measures in the
pulp and paper industry (Paper I-1II) and technologies for electricity and motor
fuel production from biomass (Paper IV), and part of the research is focused on
the level of national energy systems and considers the Swedish energy system
and its interaction with the broader EU energy system (Paper V and VI). The case
studies are generally more detailed, but have relatively narrow focuses on limited
systems. The boundary conditions that govern the interaction between the stud-
ied system and its environment are therefore of importance. Careful definition of
the functional unit and reference system and the application of system expansion
are used to model the boundary conditions.

Pulp and paper systems are assumed to be driven primarily by the demand for
pulp/paper products, and hence the functional unit is based on a unit of
pulp/paper product output. The integration of electricity or motor fuel produc-
tion into a pulp mill is driven by the demand for these energy carriers and the
desire to reduce CO: emission and/or oil dependency. Papers II and III apply
systems expansion so that the systems not only yield the same services to the
consumer in terms of pulp or paper product, motor fuel and electricity but also
provide the same societal services in terms of reduced CO: emission and oil use
(Figure 4). The first step when applying systems expansion is to identify the main
output (Gustavsson and Karlsson, 2006). Sometimes, it may not be apparent
which of the outputs that should be considered the main output (such as when
electricity and motor fuel production are compared). Also, the main purpose of
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using bioenergy may not be to increase electricity or motor fuel supply, per se, but
to reduce CO:z emissions or oil use. To include CO: emission and oil use reduction
in the functional unit may therefore be relevant. The problem of comparing sys-
tems that produce multiple outputs is then converted to the problem of compar-
ing systems that yield different amounts of CO:2 emission and oil use reduction.
To choose between options, a decision maker may have to prioritise between the
objectives of CO:z emission and oil use reduction.

Figure 4. System expansion applied to pulp mills with BLG
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Black liquor gasification with electricity production and with motor fuel production are compared
in Paper II. The systems are expanded with stand-alone production of motor fuel (DME) or electric-
ity from biomass. The total production of motor fuel and electricity is balanced so that the com-
pared systems yield the same CO2 emission and oil use reduction, when the biomass-based electric-
ity and motor fuel replaces coal-based electricity and diesel, respectively.

The difference in energy and material flows — or the incremental flows — between
the improved pulp mills and a reference mill are used to calculate changes in CO:
emission and oil use in Papers II and III. By considering only the difference be-
tween a mill where improvement measures are taken and an otherwise equiva-
lent mill, the features that are of interest to the study are isolated from other as-
pects of the pulp and paper production.

Paper IV studies technologies for the co-generation of several energy products
from biomass. The main product is assumed to be motor fuel and/or electricity.
Low-grade heat and refined solid fuels are considered to be by-products and val-
ued on the basis of how much biomass that could be saved if the heat were to
replace heat from CHP plants or how much electricity could be produced from
the fuel. Biomass-based electricity and motor fuel is assumed to replace fossil
reference electricity and motor fuel and results are expressed as COz emission and
oil use reduction per unit biomass input.
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Papers V and VI combine the results from the case studies and other similar stud-
ies reported in the literature into scenarios for important parts of the Swedish
energy system. The aim of the energy system is to maintain the present supply of
energy services, while CO2 emissions and oil use are reduced within Sweden and
the EU.

The design of the reference system and scenarios, and the evaluation of multiple
objectives are important to the results, and deserve an in-depth discussion.

2.21 Reference systems

The CO: emission and oil use reduction, or other changes, from a bioenergy sys-
tem can be calculated by comparing the bioenergy system to a functionally
equivalent reference system that is assumed to represent how the services of the
bioenergy system would have been supplied in the absence of the bioenergy sys-
tem. Alternatively, the bioenergy system can be modelled as a foreground system
that interacts with a background system. The output of, for example, biomass-
based electricity from the foreground systems replaces electricity in the back-
ground system. The energy requirements in the foreground system can be met
either with processes explicitly included in the foreground system or with energy
supplied from the background system. CO: emissions and oil use can occur di-
rectly in the foreground system or indirectly through its interaction with the
background system. The foreground/background system approach and the refer-
ence system approach may in practice be equivalent. In this thesis a combination
of these approaches is used, and the background system is also referred to as the
reference system. Typically, specifying a reference system that is functionally
equivalent to the bioenergy system gives a more detailed comparison, whereas a
general background system may be less detailed but increase the consistency
when several different bioenergy systems are studied.

The identification of marginal energy technologies is often given a key role in the
definition of a reference system. A marginal energy technology is one that will
contribute the supply increase or reduction when demand for a particular energy
carrier changes. The short-term margin is the installed capacity that is regulated
up or down when demand changes, whereas the long-term margin also takes into
account capacity changes, i.e., the plants that are built or decommissioned if the
long-term demand changes. Precise identification of marginal technologies may
be difficult and depend on a number of assumptions including market mecha-
nisms and policy measures put in place. In addition, the marginal energy is, by
definition, infinitesimal and may be representative for small changes but not for
large changes. In this thesis, the focus is on large-scale, long-term changes. Rather
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than modelling the marginal energy supply in detail, the reference systems are
based on large-scale patterns in energy supply and demand, and are designed to
be relevant to the research questions at hand.

Currently, fossil fuels dominate energy supply and capacity investments within
important EU sectors such as transportation and electricity generation (see Sec-
tion 1.3). Meaningful reductions in fossil fuel use will require great changes. To
estimate the potential for bioenergy and efficiency measures to contribute to the
reduction in fossil fuel use, fossil-based reference systems are applied in this the-
sis. To realise the reduction potentials, it is likely that policy measures will be
required that increase the competitiveness of non-fossil energy and energy reduc-
tion measures compared with fossil fuel energy and fossil-fuel-based energy use.
The effect of policy measures already in place is not explicitly considered nor is
the design of future policy measures discussed in detail. In the short to medium
term, other driving forces or constraints that are not considered in the thesis may
be important. Competition for capital may cause the expansion of one renewable
energy technology to limit the expansion of others. There is, however, much in-
vestment presently going into fossil energy projects (VGB, 2010).

The coal, oil and petroleum markets are global whereas other markets are more
local or regional as a result of physical constraints. Increased energy market inte-
gration is an explicit Swedish and EU policy aim (European Commission, 2007a),
including the de-bottlenecking of the Nordic electrical grid and its connexions to
the European continent (Swedish Government Offices, 2009b). Given these facts
and the general integration of EU markets and policy, it is argued that the wider
EU context is also relevant for Sweden, especially in a longer-term perspective
that spans investment decisions, such as the establishment of new renewable and
fossil fuel capacity and the phasing out of older plants.

Gasoline and diesel currently dominate the transportation sector and coal and
fossil gas are largely used in the electricity sector (see Section 1.3). Future devel-
opment in the electricity sector will depend on several factors, such as concerns
regarding the security of the energy supply and CO: emission restrictions (Kjar-
stad and Johnsson, 2007). Because the supply of fossil gas is considered less se-
cure than the supply of coal, it is assumed in Papers II-V that coal will be the
marginal fuel for electricity, as a base case. Fossil gas is used for sensitivity analy-
sis in papers I and IV. Diesel is used as the reference motor fuel in Papers II-V (in
combination with gasoline in Paper V), and compressed fossil gas (CNG)° is used

° Throughout this thesis, I have chosen to use the term “fossil gas” instead of “natural gas”. The acro-
nym CNG for compressed fossil (natural) gas is, however, maintained as it is well established.
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for sensitivity analysis in Paper IV. In Paper I, a situation with bioenergy only is
studied, and fossil fuels are not considered. In Paper VI, the methodology for the
construction of the reference system is further developed and adapted to the driv-
ing forces of CO:z emission and oil use reduction. The reference system approach
in Paper VI is described below.

The driving forces of GHG emission reduction and increased energy supply secu-
rity could be assumed to affect the fossil fuel reference system. Hence, if oil scar-
city becomes a much more important driving force than GHG emission reduction,
coal or fossil gas could be used for motor fuel to reduce oil use. If, on the other
hand, GHG emission reduction is the dominant driving force and oil availability
is relatively high, oil or fossil gas could substitute for coal in electricity genera-
tion, thereby reducing CO2 emissions. Three reference systems have been devel-
oped and classified by their oil availability/CO: intensity relative to the energy
demand:

e High oil/low CO2 - There is enough oil to meet the motor fuel demand
and some oil is used for electricity generation. Fossil gas meets the
small-scale heating fuel demand and part of the electricity demand.
Coal is used for the remaining electricity demand. If oil and gas use is
constant, increased electricity demand will be met with coal-based
electricity. Increased motor fuel demand will be met with oil, remov-
ing oil from electricity production, which has to be replaced by coal
use.

e Mid-oil/mid-CO: — There is not enough oil to meet the motor fuel de-
mand. Some gas needs to be used for motor fuel. There is still enough
gas to supply the small-scale heating fuel and some electricity, but
more coal is needed for electricity generation. If oil and gas use is con-
stant, increased electricity demand will be met with coal-based elec-
tricity. Increased motor fuel demand will be met with fossil gas, re-
moving fossil gas from electricity production, which has to be re-
placed by increased coal use.

e Low oil/high CO:z - Oil and gas cannot meet the motor fuel demand.
Some coal is converted to motor fuel. Coal is also used for all fossil
electricity generation. If oil and gas use is constant, increased electric-
ity demand will be met with coal-based electricity. Increased motor
fuel demand will be met by motor-fuel produced from coal.
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The fossil energy use in the three reference systems is schematically illustrated in
Figure 5. The figure also shows the consequences of increasing the motor fuel
demand, if oil and fossil gas use cannot be increased.

Figure 5. Fossil reference systems with varying oil availability

High oil/low CO2 Mid oil/mid CO2 Low oil/high CO2
A P B B
100% 100% 100%
90% 90% + I 90%
80% 80% I 80%
70% 70% - 70% +
60% 60% I 60% T
50% 50% I 50%
40% 40% i 40% T,
30% 30% i 30%
20% 20% O § - 20%
10% 10% l i I 10%
0% R 0% N 0%
Motorfuel Electricity Domestic Motorfuel Electricity Domestic Motorfuel Electricity Domestic
heating heating heating

"QOil " Gas ®Coal

Schematic illustration of fossil fuel use in three alternative reference systems. Increased or de-
creased use of oil or fossil gas for one application affects the amount of oil or gas available for other
applications. If the oil and fossil gas use is assumed to remain constant, increased energy demand
will ultimately be met with coal. For example, increased motor fuel demand (A) leads to increased
use of coal (B) either directly, or by shifting oil or fossil gas use from electricity generation, where it
is replaced by coal. An increased supply of oil or fossil gas could reduce the use of coal, and hence
lower the CO2 emission with maintained supply of energy services. Similarly, increased use of coal
could reduce oil or fossil gas use, but at the cost of increased CO2 emission.

Applying the data on technology performance and fuel properties to the reference
systems, the CO2 emissions and the oil use associated with reference electricity
and motor fuel can be derived. For example, the increased amount of coal (C)
needed if the motor fuel demand is increased by one unit in the “high oil/low
CO2” case, and oil and gas use is kept unchanged (see Figure 5), can be calculated
according to:

1 1

C=——-: n [
Nom ° Tee

where no» and Noe are the efficiencies for conversion of oil to motor fuel and elec-

tricity, respectively, and n. is the efficiency for conversion of coal to electricity.

The increased use of coal would lead to increased CO: emission (E) according to
E=e.C

where e. is the CO2 emission factor for coal (g CO2/M]J coal).
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The increased amount of oil (O) that, alternatively, would be needed in the refer-
ence system to supply one additional unit of motor fuel at unchanged CO: emis-
sion can be found by solving the coupled equations

0=+ _Mee .
no,m no,e
€o
c=-=2-0
eC

where e, is the CO2 emission factor for oil.

The trade-off is defined as the amount of CO: emission increase per unit of de-
creased oil use (or avoided oil use increase), which can be expressed as

E
tradeof f = 0
Applying data from Paper VI (non=89.8%, No=48.6%, N.=~43.1%, e~102.8 and
e~79.7) the CO2 emission associated with increased motor fuel use at constant oil
and fossil gas supply evaluates to 129 g CO>/MJ and the CO2/oil trade-off to 36 g
CO:2/MJ oil. Similarly, CO:2 emission or oil use changes can be calculated for each
energy end-use demand or energy resource supply change for all three reference
systems. CO2 emission factors under constant oil and fossil gas use and trade-offs
for the three reference systems have been summarized in Table 2.

Table 2. Reference energy carriers and CO, emission factors

high oil/llow CO, mid oil/mid CO, low oil/high CO,

Marginal motor fuel Diesel CNG DME
Primary energy source Oil Fossil gas Coal
CO; emission factor, g/MJ 129 136 179
Marginal electricity

Primary energy source Coal Coal Coal
CO, emission factor, g/MJ 238 238 238
CO./oil trade-off, g/MJ 36 43 81

The table shows the marginal primary energy source for motor fuel and electricity in three reference
systems. Specific CO2 emissions at constant oil and fossil gas use and the CO2/oil trade-offs are
given. The CO2 emission values take into account that increased use of oil or fossil gas for one

application will lead to reduced use of oil or fossil gas in other applications and instead coal use
will increase.

2.2.2 Scenarios

Given factors such as the long-term perspective necessary in energy system stud-
ies, the complexity of the involved systems, the multiple objectives and the un-
known consequences of climate impacts, there are a number of fundamental un-
certainties to deal with. Rather than searching for single, optimal solutions and
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predictions of future developments, it is useful to study the potential conse-
quences of principally different actions under various conditions. Such potential
consequences are studied through the use of scenarios in papers V and VL

The scenarios in Papers V and VI are used to examine how the different uses of
biomass on a national scale could contribute towards reducing CO: emissions and
oil use. In Paper V, bioenergy and fossil fuel technologies are compared pair wise.
The amount of biomass, primary energy and the financial resources used per unit
CO: emission and oil use reduction are calculated. The biomass options are
ranked based either on the amount of CO: emission reduction or oil use reduction
achieved per unit biomass. The amount of biomass needed for a full replacement
of a specific fossil fuel technology with a biomass-based technology is calculated.
Two scenarios are created in which the options with the highest CO. emission
reduction and oil use reduction, respectively, per unit biomass are summed to a
total use of 400 PJ of biomass. A third scenario is created on the basis of a
weighted sum of the CO:z emission and oil use reduction parameters, and a fourth
scenario assigns all biomass to ethanol production to replace gasoline.

In Paper VI, scenarios are instead based on the demand for energy services within
several key sectors. Alternative ways to meet the demand are depicted in six sce-
narios characterised by two dimensions: “biomass use” and “technology effi-
ciency” (Table 3). The “Average/Bio200 PJ” scenario models the base-year (2007)
situation. In the “Modern/Bio200 PJ” scenario, the type of technologies and fuels
used are unchanged, but efficiencies are improved to represent new, modern
installations. The “Efficient” scenarios include structural changes, fuel switching
and emerging technologies, to maximise CO: emission and oil use reduction.
Three levels of biomass use are applied in the efficient scenarios: no biomass use
except pulping liquors (“Efficient/Fossil”); the same level of biomass use as today
(“Efficient/Bio200 P]”); and increased biomass use, so that the national biomass
use is 600 PJ in addition to pulping liquors (“Efficient/Bio600 PJ”). The “Effi-
cient/Bio600 PJ” scenario was made in one version prioritising heat and power
biomass applications and one including motor biofuel production.
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Table 3. Scenarios with varying technology level and biomass use

Biomass use “Fossil” “Bio200 PJ” “Bio600 PJ”
only pulping liquors Pulping liquors Pulping liquors
Tech. efficiency + 200 PJ bio + 600 PJ bio

“Average” .
Today’s average technolo- - Average technologies/ -

gies and structures Bio 200 PJ

“Modern” .
Best available technologies, - gt (sl -

today’s structure Bio 200 PJ

“Efficient” - .

Emerging technologies, Efficient technologies/ | Efficient technologies Egﬂqent techAREricichiltech

efficient structures Fossil fuels /Bio 200 PJ i0 600 PJ/ | Bio 600 PJ/
heat & power Motor fuel

Six scenarios were created in Paper VI. The scenarios are characterised by the two dimensions of
“Technology efficiency” and “Biomass use”. Three levels of technology efficiency are considered:
today’s average technologies, modern “best available” technologies, and efficient technologies
under development. The efficient technology scenarios also included structural changes, such as
conversion of electric heating to district heating, which were not included in the average and mod-
ern technology scenarios. Three levels of biomass use for energy were applied: no biomass use
except pulping liquors, 200 PJ of biomass use in addition to pulping liquors (approximate Swedish
biomass use for energy in 2007) and 600 PJ of biomass in addition to pulping liquors. The Efficient/
600 PJ biomass scenario was made in one version prioritizing heat and power applications for
biomass and one version also including motor biofuel production.

2.2.3 The evaluation of multiple objectives

Bioenergy systems with different outputs, such as electricity and motor fuel, can
be compared on the basis of how well they contribute to the objectives of bio-
energy policy. However, energy policy has multiple objectives, and biomass us-
age that is optimal with respect to one objective may not be optimal with respect
to other objectives. Hence, trade-offs have to be made between objectives. In a
multi-objective decision situation in the absence of uncertainty we often search
for pareto optimal alternatives. One alternative is said to dominate another alter-
native if it is better with respect to all objectives. The pareto optimal alternatives
are all those that are not dominated by another alternative (Winston, 1994; Hobbs
and Meier, 2003). The choice between pareto optimal solutions requires some
form of valuation. How different objectives are valued will depend on the indi-
vidual decision maker. The uncertainty of the decision situation also has to be
factored in. The risks and robustness of alternative lines of action has to be evalu-
ated.

The problem with multiple objectives can be approached by measuring the objec-
tives with a common metric, typically in monetary units, and optimising the sys-
tem with respect to this metric. However, optimisation is inherently difficult in
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problems subject to large uncertainties, as the optimal solution may vary largely
depending on the assumptions made. Least-cost optimisation under uncertain
external costs is one such example (Gustavsson and Karlsson, 2006).

Papers II-VI evaluates bioenergy use towards the dual objective of CO:2 emission
reduction and oil use reduction. Papers IV and V explores methods that applies
weights to the CO2 emission and oil use reduction of an option on the basis of
how well it compares with the maximum achievable CO2 emission reduction and
oil use reduction, respectively. Papers IV-VI also explicitly quantify the trade-off
between CO:2 emission reduction and oil use reduction, that is, how much CO:2
emission reduction is lost for each additional unit of oil use reduction, and vice
versa.

Paper VI acknowledges that there is also a trade-off between CO2 emission and oil
use in the use of fossil fuels, as described in Section 2.2.1. The trade-off depends
on the availability of oil and fossil gas, which are less carbon-intensive compared
with coal and on the demand for different energy carriers, such as motor fuel,
electricity and heat. CO2 emission reduction potentials are calculated at constant
oil use and, conversely, oil use reduction potentials at constant CO:2 emissions, for
different levels of oil and gas availability.
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3 Performed research studies



3.1 Pulp and paper mills

The pulp and paper industry is energy intensive and consumes large amounts of
wood. Wood pulping technologies are of two main types: chemical pulping
where wood is dissolved using chemicals and heat, and mechanical pulping
where the wood is grinded by mechanical processing. Chemical pulping sepa-
rates the wood components, and mainly cellulose is maintained in the pulp.
Therefore, only about half of the wood is turned into pulp. In conventional
chemical pulp mills, the remainder — mainly lignin — is recovered as black liquor
and combusted in a CHP unit to supply process steam and generate electricity.
Chemical pulp mills can be energy self-sufficient. Mechanical pulping turns most
of the wood into pulp, but has to import energy — mainly electricity — from exter-
nal sources.

Here, two main questions are studied:

¢ How does chemical pulping compare to mechanical pulping when all
pulping energy use is biomass-based?

e What benefits can be achieved with co-production of energy and pulp
products, and which co-production options appear to be most promising?

Chemical and mechanical pulps have different properties and are only inter-
changeable to a certain extent. There are, however, areas where chemical and
mechanical pulp products overlap. Also, the relative proportions of mechanical
and chemical pulp in a certain paper grade can be varied. Future development
may increase this interchangeability. National or regional industrial structure
may also change, shifting the product mix towards more chemical or mechanical
pulp products.

It is concluded in Paper I that if all energy use is biomass based, the difference in
biomass use for the chemical and mechanical printing paper products is quite
small, despite the different production processes. The biomass use is slightly
lower for chemical pulp paper than for mechanical pulp paper, per tonne product
(Figure 6). The paper surface weight, i.e. the paper mass per unit area, was found
to be the most important factor for the biomass use per unit area printable paper.
The biomass energy content in the paper product corresponds to 21-42% of the
total biomass used. Hence, the fate of the paper products after their use, e.g. if,
and how efficiently, they are recycled for energy or fibre purposes, influences the
overall efficiency of the biomass use.
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Figure 6. Biomass use for paper production with biomass based energy supply
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Total amount of biomass used per tonne of paper produced in mills representing today’s average
technology and energy-efficient greenfield mills, when all energy is supplied from biomass. The
paper products are newsprint (News), based mainly on mechanical pulp, coated mechanical paper,
which contains both chemical and mechanical pulp, and uncoated woodfree (UWF) paper, based on
chemical pulp. The coated mechanical paper and the UWF paper also contain mineral fillers. The
main part of the biomass used in the production of UWF paper is the pulpwood feedstock, while
energy assortment biomass use is large in the production of newsprint and coated mechanical
paper. Large amounts of energy assortment biomass are needed to generate electricity for mechani-
cal pulping.

In Paper II, novel technologies in the pulp mills are included, such as black liquor
gasification (BLG) for motor fuel productions (BLGMF) or increased electricity
generation (BLGCC). Motor fuel and electricity are assumed to replace diesel and
coal-based electricity, respectively, and the technology alternatives are compared
with respect to CO2 emission and oil use reduction. It is assumed that reductions
not achieved with pulp mill improvements will be met through stand-alone pro-
duction of electricity and motor fuel from biomass. Hence, the compared pulp
mill systems are expanded with stand-alone production, so that all studied sys-
tems yield the same CO: emission and oil use reduction. Figure 7 shows the bio-
mass, primary energy and monetary resources used to achieve the same CO:
emission reduction and oil use reduction at different configurations of the same
chemical market pulp mill. The BLG configurations are more favourable than the
conventional recovery boiler combined with stand-alone production of electricity
and motor fuel. BLGMF combined with stand-alone electricity generation is more
favourable than BLGCC combined with stand-alone motor fuel production.
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Figure 7. Resource use to reduce CO, emission and oil use with BLG
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Biomass use, primary energy use and monetary costs to achieve a given amount of COz emission
and oil use reduction, in addition to one tonne of pulp product. The studied alternatives are

1) stand-alone production of motor fuel (DME) and electricity; 2) black liquor gasification in chemi-
cal pulp mills with electricity production (BLGCC) or 3) with motor fuel production (BLGMF). The
values shown are the additional resources used and costs compared with the production of one
tonne of pulp in a mill with a conventional recovery boiler (RB) and no stand-alone production of
electricity or motor fuel. The systems are expanded with stand-alone production of biomass-based
electricity and DME so that the same total CO2 emission reduction and oil use reduction (1.5 tonne
and 12 GJ, respectively) are achieved for all three configurations. Cost sensitivity ranges are shown
for an oil price of 20-60 US$/bbl, with 40 US$/bbl as the base case. The integration of black liquor
gasification with motor fuel production was found to achieve CO:z emission and oil use reduction at
the lowest resource use and costs.

Paper VI assessed chemical pulp mills under the fossil reference systems de-
scribed in section 2.2.1. Figure 8 shows the CO:2 emission per tonne pulp calcu-
lated for today’s average mill, a modern mill with conventional technology, a
BLGCC mill and a BLGMF mill. Here, all supplied energy except black liquor is
assumed to be fossil-based and the CO: emission is calculated under constant oil
use as described in section 2.2.1. BLGCC is the preferred option when oil or fossil
gas is the marginal energy source for fossil motor fuel production. BLGMF gives
similar or larger CO2 emission reduction than BLGCC when the marginal motor
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fuel is coal-based. With black liquor gasification, a larger part of the energy con-
tent in the black liquor can be converted to high-value energy carriers than with a
conventional recovery boiler. Less energy is then made available in the form of
heat, which could lead to a steam deficit in the mill. The use of a more efficient
technology to supply additional steam favours BLGMF because the BLGMF op-
tion leads to the largest steam deficit.

Figure 8. CO, emitted per tonne pulp under three fossil reference systems
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CO2 emission for chemical pulp production under three fossil reference systems. Results are shown
for a mill with today’s average energy use, a modern mill using conventional technology and for
mills using black liquor gasification with electricity (BLGCC) or motor fuel (BLGMF) production.
The CO2 emission results are calculated under the assumption that the total amount of oil and fossil
gas used in the energy system is kept constant. When electricity or motor fuel production is in-
creased, a steam deficit may occur at the mill. The main bars show the results when a steam turbine
CHP unit is used to supply additional steam. The error bars show estimated results when instead
gasification and combined cycle CHP with higher electricity yield is used. All energy use except the
black liquor is assumed to be fossil fuel based. The reference systems and the CO:z emission calcula-
tion methodology are described in section 2.2.1.

The integration potential for electricity or motor fuel production is limited by the
heat demand of the mill. Modern chemical pulp mills cover most or all of their
heat demand with black liquor combusted in the recovery boiler. Hence, black
liquor is the dominant energy flow and black liquor gasification represents a lar-
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ger potential than solid biomass gasification. As shown in paper III, more motor
biofuel can be coproduced with chemical pulp through integration of BLG in the
mill than through integration of motor fuel production using solid biomass gasifi-
cation. To produce large amounts of motor biofuels at high efficiency, the copro-
duction potentials should be utilised as much as possible, since stand-alone pro-
duction will in general have lower efficiency.

3.2 Heating of buildings

The heating of buildings and of domestic hot water represents a large share of the
energy use in Sweden. Energy use and emissions for heating depends on several
factors, such as 1) the end-use technologies, for example resistance heaters, oil
boilers or connections to a district heating grid; 2) the energy supply sector tech-
nologies, such as power plants or district heating plants; and 3) properties of the
building itself that govern its heat demand, such as insulation, the energy per-
formance of windows and doors etc. These factors and their interaction have been
studied in detail in earlier works (Karlsson, 2003; Joelsson, 2008; Gustavsson et al.,
2011a). This thesis does not study building heating on a detailed level but seeks to
put suggested energy measures in a wider systems perspective and quantify their
total potential in Sweden.

In Paper V the net biomass use, primary energy use and monetary cost per unit
CO: emission or oil use reduction are estimated for biomass heating technologies
replacing fossil technologies. Large CO: emission reduction per unit of biomass
was found for heat pumps with bioelectricity or district heating from biomass-
based CHP replacing electric resistance heating with reference electricity. The
total reduction potential would be largest for district heating. Hence, to produce
large reductions in CO: emissions, district heating would be a better choice than
heat pumps in locations where it is feasible to expand the district heating net-
work.

Switching from a primary energy-inefficient heating technology, such as electric
resistance heating, to a more efficient system, such as a heat pump or CHP-based
district heating, could lead to CO:z emission reductions also if the new technology
uses fossil fuel instead of bioenergy. In Paper V, no distinction is made between
the benefits from increased primary energy efficiency and increased bioenergy
use. Paper VI distinguishes between benefits resulting from increased energy
efficiency and benefits resulting from increased biomass use.

Figure 9 compares eight end-use heating technologies using fossil fuel as the pri-
mary energy supply under the three fossil reference systems described in Section
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2.2.1. Electric resistance heating is the alternative with the highest CO: emission in
all cases, followed by stand-alone boilers and heat pumps. District heating is the
most favourable alternative. To minimise CO: emissions in a fossil-fuel-based
environment, district heating should be the first choice for space heating and heat
pumps the second. These results are in agreement with the results in Paper V and
in similar studies made on bioenergy-based heating systems (Gustavsson and
Karlsson, 2002; Gustavsson and Karlsson, 2003; Joelsson and Gustavsson, 2009).

Figure 9. CO, emission for small-scale heating
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COz emission for small-scale heating under three fossil reference systems calculated with the con-
straint that oil and fossil gas use remain constant. Electric resistance heating gives the highest CO:
emission and CHP-based district heating (DH) the lowest. Oil used for heating, for example, in an
oil boiler will reduce the amount of oil available for use in other applications, where it may have to
be replaced by more CO:z intensive coal, thus increasing CO2 emission. When the oil availability is
low, heat pumps are favourable to district heating from fossil gas- or oil-based CHP, but not to coal-
based CHP. This is because use of oil or fossil gas for district heating diverts these resources from
the transportation sector, where they have to be replaced with coal which strongly increases CO2
emission. Similarly, coal boilers have an advantage over oil or gas boilers but due to difficulties in
handling coal combustion emissions and ash in small-scale applications, this may not be a realistic
option. The reference systems and the CO2 emission calculation methodology are described in
section 2.2.1.

Energy efficiency measures performed on the building to reduce its heat demand
were assumed in Paper VI to lead to primary energy and CO: emission reduction
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proportional to the heat demand reduction. Thus, a 25% heat demand reduction
would reduce CO: emissions shown in figure 9 by 25% in all cases. Reduced heat
demand leads to reduced CO: emissions for all heating systems, but the reduction
in absolute numbers is larger if the heating system has high CO: emissions (e.g.,
resistance heaters) than if its COz emissions are low (e.g., district heating). This is
a simplification, as the actual reductions may be larger for measures that reduce
the heat demand during the peak heat demand season than measures that reduce
heat demand during the off-peak season (Gustavsson et al., 2011a).

Figure 10 shows CO: emission reductions that can be achieved by applying bio-
mass in heating applications to replace fossil-fuel-based energy. Replacing oil or
fossil gas boilers with pellet boilers can give large CO:z emission reduction if the
saved oil or gas is instead used in electricity or motor fuel applications to replace
coal-based energy. The potential to replace oil boilers with pellet boilers may be
limited as district heating and heat pumps are even better options. Biomass can
also replace coal in heat and power plants.

Figure 10. CO, emission reductions when using biomass for heating
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CO:z emission reduction per unit biomass, when biomass is applied in heating applications to re-
place fossil-based energy. Replacing oil boilers releases oil that can be used for electricity generation
or in the transportation sector. This option therefore gives the largest CO2 emission reduction in all
three reference systems. It would, however, give even larger reductions if oil boilers were replaced
by district heating or heat pumps (c.f. figure 9). Replacing fossil gas boilers gives large reductions
when the marginal motor fuel is based on coal (Low oil/high CO2). In the other two reference sys-
tems it gives larger reductions to use biomass for heat and power, to replace coal. Biomass gasifica-
tion technology (BIGCC) gives larger reductions than combustion/steam turbine technology (BST).
The reference systems and the CO:z emission calculation methodology are described in section 2.2.1.
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3.3 Transportation sector measures

Transportation sector energy use and CO: emissions depend on, for example, the
total transportation work!, the transportation modes used, vehicle sizes, the effi-
ciency of the drive trains and the supply chains for transport energy carriers.
Here, measures such as lowered specific vehicle energy use, the introduction of
hybrid-electric drive trains and the use of alternative motor fuels were studied,
whereas modal changes or changes in total transportation work were not consid-
ered.

Johansson (2001) compared fuel consumption for car models available in both
petrol and diesel versions and found it to be, on average, approximately 26%
(ranging between 14% and 35%) lower for the diesel versions than for the petrol
version, on energy basis. For new and future engines, the benefit of diesel cars
over petrol cars has been estimated to diminish to approximately 3-20%, whereas
alcohol fuels or CNG in otto engines are estimated to perform at levels between
diesel and petrol efficiencies (MacLean and Lave, 2000; Weiss et al., 2000; Mac-
Lean and Lave, 2003; Zachariadis, 2006; JEC, 2007). DME and FT diesel are ex-
pected to give equal or higher conversion efficiencies compared with regular die-
sel in a diesel engine (Wang et al., 2000; Ahlvik and Brandberg, 2001; Kowalewicz
and Wojtyniak, 2005; Huang et al., 2007).

Electric motors can be powered with batteries or fuel cells. Several battery-electric
vehicle configurations have been suggested: all-electric vehicles (EVs), hybrid
electric vehicles (HEVs) and plug-in hybrid electric vehicles (PHEVs). EVs have
no combustion engine and rely solely on electric power. HEVs employ a battery
to store energy that is recovered from braking. An electric motor uses the recov-
ered braking energy to assist the combustion engine, but the vehicle cannot be
driven long distances on electricity alone. A PHEV is similar to an HEV but can
be driven longer distances on electricity because it has larger battery energy stor-
age capacity and can be recharged by plugging it into the mains.

A large battery allows the vehicle to travel a larger part of its distance using the
electric drive, but increases vehicle weight and cost. Assuming that the battery
can be recharged at least once a day, it has been suggested that the economically
optimal battery size should be comparatively small, allowing for an all-electric
range of 10-30 km (Shiau et al., 2009). Each M] of grid electricity used in a PHEV
will reduce the motor fuel consumption by 2-3 MJ compared with an HEV (EPRL,

10 Transportation work is a measure of the transportation service produced. The units of person-
kilometres (pkm) and tonne-kilometres (tkm) are often used. One pkm is the transportation of one
person one kilometre. One tkm is the transportation of one tonne of goods one kilometre.
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2002; Markel et al., 2005; Gonder et al., 2007; Ramirez, 2007). Table 4 shows the
energy use estimated for conventional vehicles and corresponding HEVs and
PHEVs from three studies. For EVs, the battery weight needed for driving ranges
comparable to conventional vehicles may be prohibitive (Campanari et al., 2009).
Fuel cells are seen as a longer-term option (Van Mierlo et al., 2006) and do not
appear to provide higher energy efficiency than PHEVs (Hedstrom et al., 2006)
and neither fuel cell vehicles nor EVs are considered in this thesis.

Table 4. Petrol and grid electricity consumption for cars

Ccv HEV PHEV20° PHEV60°
Reference Petrol Petrol Petrol Electricity Petrol Electricity
(EPRI, 2002)* 2.32 1.84 1.03 0.26 0.39 0.50
(Markel et al., 2005)° 3.33 2.40 1.85 0.21 1.20 0.43
(Ramirez, 2007) 2.90 2.12 1.06 0.37 0.27 0.68

a) The data were selected from the “compact sedan” alternative; b) The data were selected from the “lithium-ion” alternative; c) 20
and 60 denotes the distance in miles that the PHEV can travel on electricity only, when the battery is fully charged

Petrol and grid electricity consumption (MJ/km) for conventional (CV), hybrid (HEV) and plug-in
hybrid electric vehicles (PHEV)

CO: emission reduction and oil use reduction potentials with HEV and PHEV
drive trains were studied in Papers IV and VI. Paper VI also makes a rough esti-
mate of the potential for increased efficiency and hybridisation in heavy vehicles
(trucks and busses) and off-road mobile machines (excavators, wheel loaders,
forestry machines etc.). The production of motor biofuel to substitute for fossil
motor fuels was studied in Papers IV-VI and in Papers II and III for the case of
motor biofuel production integrated in chemical pulp mills.

Figure 11 shows the CO: emission per km for functionally equivalent, fossil-
energy driven cars with different drive trains. There is a significant difference in
CO2 emission between a car with the today’s average gasoline car efficiency, and
an efficient HEV. PHEVs, however, have the lowest CO: emission per kilometre
driven in all three reference systems and the CO: emission differences become
larger with decreasing oil availability and increasing CO: intensity of the fossil
fuel reference system.
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Figure 11. CO, emission for fossil energy based car travel
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CO:z emitted per km driven for cars using fossil energy. The motor fuel used is diesel, CNG or DME,
depending on the reference system but the engine efficiencies were selected corresponding to to-
day’s average gasoline cars, today’s average diesel cars and modern diesel, HEV and PHEV cars.
The PHEV car uses marginal electricity from the grid in addition to some motor fuel. With in-
creased efficiency, the motor fuel use — and hence CO: emission — decreases. The CO:z emissions
associated with electricity production for the PHEV car are lower than the CO2 emissions from the
motor fuel that the electricity replaces. Hence, total CO2 emissions are lower for the PHEV than for
the HEV. The reference systems and the CO2 emission calculation methodology are described in
section 2.2.1.

Figure 12 shows the amount of biomass needed to drive a car using only biomass-
based energy, for one kilometre. Conventional and HEV cars are shown as well as
PHEV cars with 20- and 60-mile all-electric ranges. The biomass use was 68%
lower for the PHEV60 in the high engine-efficiency case than for the conventional
vehicle in the low engine-efficiency case. The combustion engine efficiency has a
larger impact for the CV and HEV than for the PHEVs, where the combustion
engine only contributes part of the motive power.
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Figure 12. Biomass use for bioenergy based car travel
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Biomass input required per km driven for conventional (CV), hybrid (HEV) and plug-in hybrid
electric (PHEV) vehicles with biomass-based motor fuel and electricity. The motor biofuel is as-
sumed to be methanol produced using biomass gasification, and the electricity for the PHEVs is
produced using BIGCC. Three combustion engine efficiencies are considered where 1.0 represents a

modern diesel, 0.74 is the petrol-to-diesel efficiency ratio found by Johansson (2001) and 0.93 is an
intermediate value estimated for alcohol fuels or CNG used in an otto engine.

Figure 13 compares the CO2 emission reduction per unit of biomass for 1) wood
pellets replacing heating oil in a small-scale boiler; 2) biomass-based electricity
replacing marginal fossil electricity; and 3) biomass-based DME replacing the
marginal fossil motor fuel. Replacing fossil motor fuel with motor biofuel gives
the lowest CO:z emission reduction for the cases in which oil or fossil gas is the
marginal fuel for motor fuel production. Only in the third case, in which coal is
the marginal fuel, does motor biofuel production lead to a larger CO: emission
reduction than bioelectricity production. The difference is, however, relatively
small and may be within the uncertainty range.
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Figure 13. CO, emission reduction with bio motor fuel compared to heat and electricity
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COz emission reduction per unit of biomass used to 1) replace oil with wood pellets in small-scale
heating; 2) replace coal-based electricity with biomass-based electricity and 3) replace fossil motor
fuel with biomass-based DME. The fossil motor fuel replaced is diesel, CNG or coal-based DME,
depending on the reference system. The CO:z emission reduction is calculated under the assumption
that oil use is constant. Using biomass to produce DME for use as motor fuel gives lower reduction
than using it to produce electricity when the marginal motor fuel is oil or fossil gas based. When the
marginal motor fuel is coal-based, biomass-based DME gives slightly larger reduction. It is, how-
ever, more efficient to use biomass to replace oil boilers.

3.4 Polygeneration

Polygeneration of multiple energy products may be an efficient way to use bio-
mass. However, the evaluation of different polygeneration concepts is associated
with the difficulties of comparing systems with different inputs (e.g., biomass
feedstock and auxiliary energy) and different outputs (e.g., heat, electricity and
various liquid and solid fuels) with respect to multiple criteria such as economic
feasibility, climate change mitigation potential and the security of the energy
supply.

Paper IV compares options for the use of woody biomass, focusing on polygen-
eration in which biomass is used to co-produce electricity and motor fuels. Stand-
alone alternatives and biomass use in pulp mills, heating applications and build-
ing construction are included for comparison. The introduction of electric vehicles
could decouple part of the transportation sector from reliance on motor fuels and
PHEVs using bioelectricity are included in the study.

Figure 14 shows the CO: emission reduction and oil use reduction when fossil
electricity and motor fuels are replaced by electricity and fuels produced from
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1 GJ of biomass. Options that replace high proportions of coal-based electricity
lead to large reductions in CO:2 emissions, whereas options that replace high pro-
portions of diesel have a greater impact on the oil use reduction. PHEVs with
bioelectricity replacing non-plug-in HEVs lead to almost the same reduction in
CO: emissions as when bioelectricity replaces coal-based electricity, but to a
greater reduction in oil use than all other alternatives. Biomass-based motor fuels
are assumed to replace diesel in cars using the same type of drive trains. On a
per-unit biomass basis, it does not make a difference whether HEVs or CVs are
considered. If, however, a biofuel HEV would replace a diesel CV, CO: emission
reductions and oil use reductions would be much larger. Similarly, a PHEV re-
placing a diesel CV would give much larger reductions than indicated in
Figure 14. Results from Paper V, given for comparison, show that much greater
reductions in CO2 emissions or oil use per unit biomass can be achieved if black
liquor gasification replaces conventional recovery boilers in pulp mills than with
biomass-based motor fuel and electricity generation in dedicated facilities. Much
greater reductions are also achieved if biomass is used in heating applications,
replacing oil boilers with biomass boilers or replacing electric heating with bio-
mass-based CHP heat as well as if biomass is used in wood construction replac-
ing concrete.
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Figure 14. CO, emission and oil use reductions achieved with 1 GJ of biomass
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COz emission and oil use reduction per unit of biomass used for several motor fuel and electricity
generation options. The reference electricity generation is coal-based stand-alone generation and
diesel is the reference motor fuel. Black markers represent near-term options from one study per-
formed at Utrecht University (Hamelinck and Faaij, 2006). Grey markers represent other studies
performed at Utrecht University. Also shown are reductions when biomass-based electricity in
PHEVs replaces diesel (marked with ‘+’) and alternative biomass use options described in Paper V

(marked with * *’).

3.5 Swedish scenarios for CO, emission and oil use reduc-
tions

CO: emission reduction and oil use reduction measures in pulp and paper, build-
ing heating, transportation and electricity sectors have been discussed in Sections
3.1-3.4. The following section deals with the potential for CO2 emission reduction
and oil use reduction as measures within all these sectors are implemented in
Sweden and with an increased supply of Swedish biomass.

A first approach to bioenergy scenarios for Sweden was taken in Paper V. Here,
there are four scenarios in which up to 400 PJ/yr of additional biomass is used to
reduce CO:z emissions, reduce oil use, simultaneously reduce both CO:2 emissions
and oil use, or to produce ethanol to replace gasoline. Technologies analysed for
using the biomass include the production of electricity, heat, and transport fuels
and also as construction material and other products.

It is found that optimising biomass use for a single objective (either CO2 emission
reduction or oil use reduction) results in high fulfilment of that single objective
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(63.8 Mt COz/yr and 350 PJ oil/yr, respectively), at a monetary cost of 130 to 330
million €2003/yr, but with low fulfilment of the other objective (Figure 15). A selec-
tion of biomass uses for combined benefits results in reductions of 46.2 Mt CO2/yr
and 230 PJ oil/yr (72% and 67%, respectively, of the reductions achieved in the
scenarios with single objectives), with a monetary benefit of 45 million €2o0s/yr.
Prioritising for ethanol production was found to lead to the lowest CO: emission
reduction, intermediate oil use reduction, and the highest monetary cost.

Figure 15. CO, emission reduction, oil use reduction and resource use in four scenarios
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CO:z emissions reduction (left) and oil use reduction (right) as a function of the additional amount of
biomass used, for the four scenarios in Paper V: maximum CO:2 emission reduction (“CO2”), maxi-
mum oil use reduction (“Oil”), combined CO:z and oil reduction (“Combine”), and ethanol produc-

tion (“Ethanol”).
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Monetary cost (left) and primary energy use (right) in the four scenarios. Values close to zero indi-
cate that the bioenergy options are equally costly (left) or primary energy-intensive (right) as the
replaced fossil fuel alternatives. Values are negative when the bioenergy alternatives have lower
costs or primary energy use than the fossil fuel alternatives.
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Paper VI describes bioenergy scenarios with a particular focus on interactions
between Sweden and the rest of the EU energy system. A methodology is devel-
oped in which energy measures and increased biomass supply are treated as per-
turbations to a fossil fuel reference system, as described in Section 2.2.1.

It is found that with a transition to a more efficient Swedish energy system, EU
CO: emissions could be reduced by 45-59 Mt CO: with current biomass use levels
and constant oil use. Doubling the biomass use for energy in Sweden could lead
to another 40 Mt CO2 emission reduction. Oil use could also be reduced, but 36-81
kt of CO2 emission reduction would be lost per PJ of oil use reduction, depending
on the carbon intensity and oil availability of the reference system. Swedish CO2
emissions and oil use within the studied sectors could be almost entirely replaced
(Figure 16). A surplus of energy could be used to reduce CO2 emission outside
Sweden, giving even larger CO:2 emission reductions for the EU in total (Fig-
ure 17). The expansion of district heating and cogeneration of district heat with a
high yield of electricity or motor fuel were the most important of the studied
measures. Plug-in hybrid electric cars were found to lead to lower CO2 emissions
than conventional and non-plug-in hybrid cars, the difference being larger with
decreasing oil availability.

The most efficient uses of biomass are generally found in the same applications as
for coal. Motor fuel production from biomass is found to be a feasible option in
the case where coal is the marginal fuel for fossil motor fuel production. A niche
where biomass has a comparative advantage over coal could be in small-scale
stationary combustion. Black liquor gasification in pulp mills also represents an
important option.
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Figure 16. CO, emission and oil use in Sweden by sector for six scenarios

OOther ®@Buildings ®Road transport ®Chemicalpulp mills @ Districtheat ®Biomass supply

70 500

.
]
i

60

T
350

400

R
L
%

50

,7
5
S

w
o
o

Tl
355

40

R
L
%

orrirots

,7
5
S

30

L
SN
o ’000

o

200

Mt CO, emitted

20

PJ oil products used

=
o
o

10

Average/ Modern/  Efficient/  Efficient/  Efficient/  Efficient/ Average/  Modern/  Efficient/  Efficient/  Efficient/  Efficient/
Bi0o200 Bio200 Fossil Bio200 Bio600/H&P Bio600/MF Bio200 Bio200 Fossil Bi0o200  Bio600/H&P Bio600/MF

CO:z emission decreases by 5.9 Mt (12%) in Sweden compared to today, when modern technology is
used. The road transport sector accounts for the main part of the CO2 emission in the studied sec-
tors, and for the largest reduction through application of modern technology. In the Efficient/Fossil
scenario, Swedish CO:2 emission increases by 12 Mt compared to today and 18 Mt compared to the
modern scenario, as a result of expansion of CHP-based district heating fuelled by coal, but electric-
ity generation increases and oil use decreases. Road transport emission continues to decrease
through the introduction of HEVs and PHEVs. Increasing the biomass use reduces (Effi-
cient/Bio200) or eliminates (Efficient/Bio600/H&P and /MF) the demand for coal in district heating.
In the Efficient/Bio600/MF scenario, there remains very little CO2 emission and oil use is in the
studied sectors. The scenarios are defined in Section 2.2.2.
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Figure 17. EU CO; emission and oil use reduction for six scenarios
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Total CO2 emission reductions within the EU are shown for the scenarios in Paper VI (above) with
three alternative reference systems. In addition to reductions within Sweden, increased electricity
and motor fuel export could reduce CO2 emission outside Sweden by 45-56 Mt, at unchanged EU oil
use, giving a total CO2 emission reduction of 85-103 Mt. The CO:z emission reduction is largest in the
low oil/high CO: reference system, because it is the most CO2 intensive reference system. In abso-
lute numbers, this reference system gives the highest CO2 emission. If instead, the Swedish energy
export is used to reduce oil use at constant CO2 emission (below), the oil use reduction potential is
largest in the high oil/low COz scenario, which gives the highest oil use in absolute numbers. The
reference systems are described in section 2.2.1 and the scenarios in section 2.2.2.
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4 Synthesis



4.1 Main results and implications

The focus of this thesis is the CO: emission reduction and oil use reduction
achievable with Swedish energy measures within the sectors of building heating,
road transportation and chemical pulp production and increased biomass supply.
As a point of reference, the current demand for energy services is used and as-
sumed to remain constant. The results indicate that with a doubling of the Swed-
ish bioenergy use, in combination with measures that increase primary energy
efficiency, nearly all fossil fuels could be replaced in the studied sectors. There
would also be an energy surplus, which could reduce CO: emissions in other
sectors or outside Sweden. The measures could also lead to reduced oil use but at
the cost of smaller CO:z emission reductions.

Lowering the net CO2 emissions to the atmosphere requires that either the rate of
emission is reduced or the rate of uptake from the atmosphere is increased. This
thesis focuses on measures that reduce CO:z emissions by avoiding the use of fos-
sil fuels, which would otherwise have been extracted and used. The use of bio-
mass for energy can reduce CO: emissions and/or oil use if it leads to the reduced
use of fossil fuels. Biomass could also increase CO: uptake by increasing biomass
carbon stocks. However, biomass carbon stocks tend to be temporary, as they are
subject to natural decay, fires etc. The increased rate of uptake also tend to be
time limited as the biomass stock eventually reaches an equilibrium at which
emissions from respiration and decay balance CO: uptake. Carbon capture and
sequestration commonly refers to the capture of CO: from flue gasses or process
flows and underground or deep-sea storage. This option is not considered in this
thesis, which is a limitation that will be discussed in Section 4.1.1.

The calculated results crucially depend upon how increased use of bioenergy and
other energy measures are assumed to affect the development of the energy sys-
tem. Fossil fuels dominate the energy supply globally and within the EU and are
expected to play a large role in the future. The need to reduce CO: emissions and
increase energy supply security can, however, be expected to act as driving forces
for society to reduce fossil fuel use. Conventional crude oil and fossil gas are less
CO: intensive and more easily used in most applications compared with coal, but
the dependence on oil, and also fossil gas, is increasingly considered to present
energy supply security problems in the EU. To take into account supply security
issues as well as CO2 emission reductions, a reference system was constructed in
this thesis (Paper VI) in which oil and fossil gas availability is assumed to be con-
strained. Using this approach, a number of observations can be made. For exam-
ple, increased use of oil or fossil gas in one application will divert these fuels from
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applications where they have to be replaced by other fuels. Ultimately they will
be replaced by coal, as coal is assumed to be the marginal fossil fuel, and fossil
fuel the marginal energy supply in general. It is easier to replace fossil gas and oil
in stationary applications than in the transportation sector, which suggests that
this is where oil and fossil gas use should first be reduced. These observations
may call into question the sometimes proposed expansion of fossil gas-based
CHP and condensing power as a means to reduce CO2 emission.

The reference system implies a CO2 emission increase of 36 to 81 kt per PJ oil use
reduction. This increase is a function of the fossil fuel reference system. The lower
trade-off value occurs when coal replaces oil in electricity generation and the
higher value when coal-based motor fuel replaces diesel in the transportation
sector. If coal replaces fossil gas in electricity generation, and the gas in turn re-
places diesel in the transportation sector, 43 kt CO: is emitted per PJ oil use reduc-
tion. Importantly, as biomass is similar to coal and is expected to be converted to
electricity and motor fuels with similar efficiencies as coal, the same trade-offs apply
to the use of biomass as for coal. Thus, one unit of biomass that replaces one unit of
coal leads to a relatively large CO2 emission reduction, but if the biomass is in-
stead converted to motor fuel and replaces diesel to reduce oil use, approximately
81 kt of CO2 emission reduction will be lost per unit of oil replaced. This number
is in relatively close agreement with the 90 kg CO2 emission reduction loss per GJ
of oil reduction calculated in Paper IV. The conclusion is that from a COz emission
point of view, oil should primarily be reduced in stationary applications and pri-
oritised for transportation. To replace oil in the transportation sector with alterna-
tive fuels, fossil gas should be shifted from stationary use, such as electricity gen-
eration, to the transportation sector. When most oil and gas is used for transporta-
tion, coal-based motor fuel may become the marginal fuel in the transportation
sector. Biomass primarily competes with coal and should, from a CO: emissions
stand point, not be considered for conversion into motor fuel as long as oil and
gas can meet the motor fuel demand.

The calculated trade-off between CO: emissions and oil use is, in principal, valid
as long as there is both coal and oil used in the energy system but subject to as-
sumptions on carbon content and conversion efficiencies. As long as fossil fuel
use is large compared with bioenergy use, the development of fossil fuel tech-
nologies and use patterns could influence future CO:z emissions and oil use more
than the choice of bioenergy applications. Using bioenergy efficiently increases its
potential to reduce CO:z emission and/or oil use reduction.
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If coal-based electric resistance heating of a building is converted to district heat-
ing using biomass-based CHP, the CO: emission reduction may be more than
double the reduction when biomass replaces coal on a 1-to-1 basis. In this exam-
ple, a fuel switch from coal to biomass is achieved along with a switch from a
primary-energy inefficient heating system (resistance heaters) to a more efficient
system (CHP-base district heating). A certain reduction would have been
achieved also if the CHP plant had been fossil-fuelled. The example explains why
the apparent trade-off between oil use reduction and CO: emission reduction is
much larger in Paper V than in Paper VI. The CO: emission reduction scenario in
Paper V achieves a 64 Mt CO: emission reduction and 63 PJ oil use reduction,
whereas the corresponding figures for the oil reduction scenario are 20 Mt and
347 PJ. Both scenarios used the same amount of biomass, but the CO2 emission
reduction scenario used a larger share of primary energy efficient systems, such
as CHP-based district heating. Paper V mainly considered direct oil reduction in
Sweden and did not take into account that primary energy savings could poten-
tially be used to replace oil elsewhere. Hence, because of the narrower system
boundaries of Paper V, the oil reduction scenario was sub-optimised, compared
with the results of Paper VI, where wider system boundaries were applied.

Paper VI distinguishes between reductions resulting from switching to more effi-
cient systems and reductions resulting from increased bioenergy use. The reduc-
tions resulting from increased efficiency are found to be larger than the reduc-
tions resulting from increased bioenergy use, although the bioenergy use was
doubled with respect to the reference case. Put in another way, each unit of bio-
mass could provide for a larger share of the energy services demanded if used in
a more efficient energy system than if used in the reference (2007) Swedish sys-
tem.

District heating was found to be the most efficient space heating technology fol-
lowed by, in order of priority, heat pumps, boilers and lastly direct electric heat-
ing. The expansion of district heating combined with increased used of CHP and
high electricity yields in the district heating supply led to the largest improve-
ments of the measures studied. Reduced heat demand of the building sector also
reduces primary energy use, although the magnitude of the reduction decreases
as the efficiency of the heat supply increases. PHEV cars were found to be more
efficient than conventional and HEV cars, the difference being larger with de-
creasing oil availability and increasing carbon intensity of the energy system.

Energy efficiency improvement potentials in the pulp and paper industry appear
to be significant. Black liquor represents the largest fuel stream in this sector, and
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increasing the output of high-value energy carriers from black liquor recovery
leads to large benefits. In Paper II, black liquor gasification with motor fuel pro-
duction was found to be preferable to black liquor gasification with electricity
production and stand-alone motor biofuel production, when the compared sys-
tems where expanded to produce the same functional unit. The conditions of the
study, with solid biomass as the marginal motor fuel supply source, are similar to
the low oil/high CO: reference system in Paper VI. With black liquor gasification,
a larger part of the energy content in the black liquor can be converted to high-
value energy carriers. Depending on the steam demand of the mill, the increased
export of energy to the mill could lead to a steam deficit. In Paper VI, it was
found that the choice between motor fuel and electricity production in the mill
may depend on how the steam demand of the mill is met when a larger part of
the black liquor energy is exported. Motor fuel production is more beneficial
when steam supply efficiency increases. In the cases where oil or fossil gas con-
tribute the marginal motor fuel, electricity production is preferred over motor
fuel production.

To prioritise between biomass uses, biomass should be considered to primarily
compete with coal. It could be useful to try to identify areas in which biomass has
comparative advantages over coal. One such niche could be small-scale stationary
combustion, where the high sulphur and ash contents of coal cause problems. The
benefit of using biomass in such applications is illustrated in Figure 10 (based on
Paper VI) where pellet boilers replacing oil boilers is the bioenergy use alternative
that leads to the highest CO2 emission reduction per unit biomass. Note, however,
that heat pumps or district heating would be even better options and that a fossil
gas boiler may be a better option depending on the marginal use of gas. Increas-
ing the share of high-value energy products — motor fuel and electricity — from
black liquor in pulp mills also represents an important option because of the large
flows of black liquor and the pulp mill integration benefits. Replacing concrete
with wood in construction is another example where there are synergies between
biomass use for material and energy, as wood construction processing residues
and demolition wood can be used for energy.

Motor biofuels were not found to be an efficient option compared with motor
fuels from oil or fossil gas. A proactive energy supply security strategy for the
transportation sector could, however, also include measures to diversify the en-
ergy supply in order to reduce its dependence on oil. Electrification of cars could
increase primary energy efficiency as well as diversify the primary energy supply
for transportation. The use of batteries for energy storage leads to higher costs
and higher vehicle mass than conventional liquid fuels. Electric vehicles with

61



driving ranges common to today’s cars will therefore be expensive and use exces-
sive amounts of energy because of their higher mass (Campanari et al., 2009).
Battery-electric drive also appears to be a less attractive option for heavy vehicles.
Plug-in hybrids may be an attractive option for cars, as a smaller battery can
cover most of the driving for a typical car owner, while the combustion engine
provides a longer driving range. Changed car-use patterns or an extensive infra-
structure for quick battery recharging or battery-swap schemes could favour all-
electric vehicles (Nemry and Brons, 2010). Increased vehicle efficiency and PHEV
cars could reduce current road transport fuel demand by up to 63%, while the
increased electricity demand to power the PHEVs (36 PJ) is small in comparison
with, for example, the electricity surplus from the space heating measures. In-
creased use of fossil gas in the transportation sector would also broaden the re-
source base and be more efficient than converting biomass or coal to motor fuels,
as they can more easily replace fossil gas in electricity and heat generation. How-
ever, to reduce the dependency on non-renewable energy sources altogether,
motor fuels from biomass may have a role to play, especially in applications
where battery-electric power is not an attractive option, such as in long-haul
trucks.

In Paper VI, waste heat from motor fuel production was assumed to replace CHP-
based heat in district heating. Other studies have found that motor biofuel pro-
duction in stand-alone plants and the production of electricity in district heating
plants is more cost efficient than the co-production of motor biofuels with heat in
district heating plants (Gustavsson and Truong, 2011). These findings suggest
that district heating systems should not be based on motor fuel production plants.
Possibly, waste heat from motor fuel production could be used for district heating
where suitable, but the district heating demand should not be the dimensioning
factor of the motor fuel plant, and achieving location benefits or economies of
scale may be more important than utilisation of waste heat. The petroleum distil-
lates gasoline and diesel have dominated the transportation sector for a long time
and created a strong lock-in. This lock-in could favour fuels such as FT diesel, FT
gasoline and ethanol, which are relatively compatible with current infrastructure
and vehicles. In a future where petroleum fuels are less dominant, it could be
favourable to break the diesel and gasoline lock-in and to develop fuels that can
be efficiently produced from non-petroleum sources. Methane, methanol and
DME have been suggested as suitable fuel products from the gasification of bio-
mass or coal. Methane production from biomass appears to give higher yields
(Thunman et al., 2008) but is gaseous and needs to be compressed or cooled. DME
has been identified as a very good fuel for diesel engines and requires much
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lower pressure than methane to become liquefied. Methanol is currently pro-
duced mainly from fossil methane and DME is produced from methanol. Ethanol
via the biochemical route has lower fuel yields, since only the cellulose compo-
nent is utilised, and appears less attractive given near-term efficiency estimates.
Ethanol production is dependent on that the efficient use of the lignin component
and could become more favourable with, improved processes and integration
with for example, lignin gasification and combined cycle electricity production.
Ethanol, methane, methanol and DME could also serve as base chemicals for a
variety of other chemicals and materials.

In the studied biomass strategies for Sweden to reduce COz emissions and oil use,
the expansion of district heating and the cogeneration of district heat with a high
yield of electricity were the most important measures. When fully applied, the
final use of electricity for heating was reduced by 69 PJ, and the net electricity
generation in district heating plants was increased by 105 PJ, giving a total 174 P]
more electricity available, mostly during the heating season. The introduction of
plug-in hybrid cars and more efficient heavy vehicles were transportation sector
measures leading to large reductions. The electricity demand increased by 36 PJ
when all cars were replaced with plug-in hybrids.

There is a large potential for improvement of the current bioenergy installations.
The bulk of these improvements lies in increasing the output of high-value en-
ergy carriers, mainly electricity, in cogeneration and heat plants within district
heating networks and the forest industry. In a modern chemical pulp mill, black
liquor is the dominant fuel flow, the and efficient upgrading of black liquor to
high-quality products represents a more important option than the upgrading of
smaller energy flows, such as replacing a bark boiler with a biomass gasification
unit.

4.1.1  Uncertainties and limitations

Energy systems analysis requires that a large number of factors be considered.
The transformation of energy systems takes a long time, since they are large
socio-technical systems, often with large capital investments in energy supply
and distribution infrastructure. The analysis and design of bioenergy strategies
thus need to relate to future conditions, which brings uncertainties into the task.
The work in this thesis has attempted to identify fundamental relationships and
driving forces, and to apply stringent methods to evaluate bioenergy strategies on
the basis of these foundations. The presented research takes a broad approach but
is still limited in scope. Implementation aspects were not studied here, but are
important in the realisation of the identified potentials. The economics of the con-
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sidered alternatives will depend on numerous factors, but the development of
future economic parameters and their interrelatedness was considered too uncer-
tain to allow for a detailed economic analysis. In practice, the studied driving
forces and constraints considered will likely be manifest in economic terms.

Projections of future technology performance are always uncertain. The data for
new technologies in this thesis are mainly based on processes that have been
demonstrated at a small scale, but the performance of large-scale, commercial use
of the technologies is difficult to predict. Future but yet unknown technical break-
throughs are impossible to predict. Resource constraints are relative, and new
technologies may be developed to extract and make use of, for example, fossil
and nuclear resources that are not considered available today.

Many of the results of the thesis are dependent on the fundamental assumptions
that i) CO:2 emissions from fossil fuels represent a large environmental problem,
ii) supply constraints are more severe for oil and fossil gas than for coal, iii) there
are no cheap and easily applied alternatives to completely replace fossil fuels,
iv) biomass can be produced and used for energy in a sustainable manner but
remains a limited resource. There is strong support for these assumptions but
future developments could change the conditions. Large-scale deployment of
other affordable energy supplies with low carbon intensity could reduce the de-
mand for bioenergy. Candidates for such energy supply technologies and sources
are, however, largely lacking. Carbon capture and sequestration (CCS) is a sug-
gested measure to strongly reduce CO: emissions from the combustion of fossil
fuels. CCS could capture some 90% of the CO:2 emissions from a coal power plant
(Davison, 2007) but would incur additional costs in terms of extra processing and
conversion efficiency losses in the plant as well as for handling, transportation
and storage of the COz. CCS could be applied to bioenergy as well as fossil energy
and would thus represent a means to achieve negative net COz emissions. Azar et
al. (2010) found that ambitious CO: reduction targets can be achieved at lower
cost if CCS is applied to bioenergy plants than if it is only applied to fossil plants
or is not applied at all. CCS is not applicable to mobile combustion but a low-
carbon transportation fuel produced from non-fossil resources or from fossil fuels
with CCS could give lower CO2 emissions from transportation. Hydrogen is car-
bon-free and could be used in combustion engines or fuel cells but requires ex-
pensive distribution and on-board storage systems. Hedenus et al. (2010) found
that PHEVs and motor biofuels are cost-effective alternatives for transportation if
the energy supply system is dominated by solar or nuclear energy but that hy-
drogen-fuelled hybrids were the preferred option if coal with CCS dominates the
energy supply. If, however, CCS is also widely applied to bioenergy plants, coal-
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and biomass-based liquid fuels are more cost-effective than hydrogen. Fuel cell
vehicles were not found to be cost-effective by Hedenus et al. (2010). The capture
and storage of COz is performed on a pilot scale today, but would have to be
scaled up by several orders of magnitude to make a significant contribution to-
wards reduced CO: emissions. More research is needed for such scale-up, and
surprises — physical or political — may appear that rule out the CCS option (Azar
et al., 2010).

CCS, hydrogen and fuel cells were not considered in this thesis. None of these
options should be ruled out, but their availability carries significant costs and
uncertainties. Fuel cells do not appear to have significant benefits over other al-
ternatives and the viability of hydrogen as a major energy carrier is uncertain, at
least in the near to medium term.

It is found in this thesis that it is more carbon efficient to use oil and fossil gas
than biomass in the transportation sector. Fossil fuel resources were treated as
three discrete, uniform resources in this thesis, while in reality there is likely to be
a continuous range, from easily accessible resources with low carbon intensity to
carbon intensive resources and resources requiring extensive processing. The
conclusions may not apply to lower-grade and unconventional hydrocarbon
sources such as tar sands. With lower-grade oil sources or sources requiring much
energy to be extracted, the difference in carbon intensity between coal-based and
oil-based energy will be reduced, and the trade-off will decrease, but it will simi-
larly increase if lower-grade coals are being used.

Time dynamics, and the inertia of the energy system, were not considered here.
The existing power plant structure, infrastructure etc., will take a long time to
change. The framework of this thesis is an idealised situation in which a future
state with new technologies is evaluated, but the transition from the current situa-
tion is not considered explicitly. The approach is found useful for studying gen-
eral features and to point out possible directions. Studies that scrutinise devel-
opment paths starting in the present situation, or using backcasting methods
(Robinson, 1982; Dreborg, 1996), would be a valuable addition.

Finally, the deployment of biomass for energy requires that the biomass supply is
sustainable. Any ambitious bioenergy strategy should be accompanied by meas-
ures to ensure that this requirement is fulfilled. See for example Cherubini et al.
(2009) and Marland and Obersteiner (2008) for a discussion on some outstanding
sustainability issues. The risks and disadvantages in using bioenergy should,
however, be weighed against the risks and disadvantages of the continued use of
and reliance on fossil fuels.
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4.2 Conclusions

Energy system measures to reduce CO:2 emissions and oil use have been studied,
with a focus on Swedish measures and biomass resources. It is found that a strat-
egy that increases the biomass supply and develops efficient and rational utilisa-
tion of energy could drastically reduce Swedish CO: emission and eliminate the
fossil fuel use for space heating, road transport and chemical pulping and still
leave a considerable energy surplus available for use elsewhere. The energy sur-
plus could lead to large CO:2 emission reductions and/or oil use reductions out-
side Sweden, as the EU energy system is dominated by fossil fuels. There is, how-
ever, a trade-off between oil use reduction and CO: emission reduction.

The results suggest a strategy where 1) biomass supply is increased; 2) district
heating networks are expanded and building heating demands are reduced; 3)
district heating is mainly based on CHP with high electricity yields; 4) plug in
hybrid cars are introduced in the transportation sector; 5) black liquor gasification
with motor fuel production is implemented in all chemical pulp mills; and
6) some bio motor fuel is produced in stand-alone plants.

This strategy could strongly reduce CO: emission and fossil fuel use. The total
CO2 emission reduction for the EU was found to be 85-103 MtCO2 depending on
the carbon intensity of the reference system. At this rate of CO: emission reduc-
tion, the oil use remains constant. If instead oil use is reduced at constant CO:
emissions, 1300-2300 PJ oil use can be avoided. The higher end of the oil use re-
duction range is achieved if oil can be reduced in stationary applications, and the
lower end of the range if solid fuel has to be converted to motor fuel to replace oil
in the transportation sector.

With the suggested strategy, the Swedish road transport sector would become
fossil-fuel free. However, as long as conventional oil or fossil gas is the marginal
supply source for motor fuel, a strategy that does not produce any motor biofuel
but instead increases bioelectricity production would lead to a greater reduction
in CO:z emissions and/or oil use in the EU.
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