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Abstract
Energy recovery by waste incineration has a double function as waste
treatment method and supplier of electricity and/or heat, thereby linking
the systems of energy and waste management. Both systems are
undergoing great changes, mainly due to new regulations. Important
regulations within waste management in Sweden are a ban on landfill of
combustible waste and organic waste, and a tax on landfill of waste. New
waste incineration facilities are being built in order to increase capacity to
meet these demands.
The aim of this thesis is to investigate impacts on Swedish district heating
systems of increased use of waste as a fuel in economic and
environmental terms, the latter mainly by assessing emissions of carbon
dioxide. Of importance is the influence of various policy instruments. To
highlight the connection between the energy and waste management
systems and how these influence each other is another goal, as well as the
function of district heating systems as user of various waste heat supplies.
An important assumption for this thesis is a deregulated European
electricity market, where the marginal power production in the short term
is coal condensing power and in the long term natural gas based power,
that affects the conditions for combined heat and power in district heating
systems. The method used is case studies of three Swedish municipalities
that utilise waste in their district heating systems. In two papers, the
scope is broadened from the energy utility perspective by comparing the
energy efficiency of energy recovery and material recovery of various
fractions, and the effect of including external costs for CO2 as well as
SO2, NOx and particles. The ambition is that the results can be part of the
decision making process for energy utilities and for policy makers in the
energy sector and waste management.
It is economically advantageous to use waste as a fuel in the energy
sector and regulations in the waste management sector and high taxes on
fossil fuels contribute to profitability. Waste incineration plants are base
suppliers of heat because they derive revenue from receiving the waste.
Economic conditions for waste incineration are altered with the
introduction of a tax on incinerated municipal waste. A conflict may arise
between combined heat and power production in district heating systems
and waste incineration, since the latter can remove the heat sink for other
combined heat and power plants with higher efficiencies. Combined heat
and power is the main measure to decrease carbon dioxide emissions in
district heating systems on the assumption that locally produced
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electricity replaces electricity in coal condensing plants. It can be difficult
to design policy instruments for waste incineration due to some
conflicting goals for waste management and energy systems. Comparing
the energy efficiency of material recovery and energy recovery is a way
to assess the resource efficiency of waste treatment methods. From that
perspective, if there is a district heating system which can utilise the heat,
biodegradable waste and cardboard should be energy recovered and
plastics and paper material recovered. To put costs on environmental
effects, so called external costs, is a way to take these effects into regard
in traditional economic calculations, but the method has drawbacks, e.g.
the limited range of environmental effects included and uncertainties in
the monetary valuation of environmental effects.
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1 Introduction
1.1 Background
Energy recovery through waste incineration1 connects two vital systems
in modern society: the waste management system and the energy system.
In Sweden, with an extensive district heating system that supplies 47% of
the total heating demand of buildings and premises, heat supply from
waste incineration accounts for a substantial share of the total district
heating supply of about 12% (Swedish Energy Agency, 2005a).
Furthermore, both these systems are the focus of attention mainly due to
increasing environmental concerns, and changes are taking place in both
systems. The waste management and district heating sectors are
influenced by the country’s membership of the European Union. Of
importance here are the common legislation and policies in these sectors.
Important regulations regarding waste management in Sweden include a
ban on landfill of combustible waste, and from 2005 a ban also on
organic waste (Ministry of the Environment, 2001), and a tax on landfill
of waste of at present 46.5 €2/ton waste (Ministry of Finance, 2005).
Many municipalities have difficulties in complying with the new set of
rules and therefore invest in waste incineration capacity to treat waste by
an acceptable method and produce district heating and electricity. This
has a significant impact on district heating systems since waste
incineration plants function as the base heat supplier due to the revenue
they receive for treating the waste. In the municipalities that have waste
incineration, it is often a substantial part of the total heat supply.
The deregulation of the electricity market in the EU (European Union,
2003a) and the ensuing cross-border trade are also important. The trade in
electricity has an impact on how to value electricity since the marginal
power producer in the European electricity system is assumed to be coal
condensing power in the short term and natural gas based power in the
long term (Swedish Energy Agency, 2002). The price of electricity is also
assumed to be higher in the future than has traditionally been the case in
Sweden (Trygg and Karlsson). Utilisation of district heating systems for

1
Digestion also has this function, since it is a treatment method for easily
biodegradable waste, where the residual products are a fertilizer and a gas which can
be used for electricity and heat production or for transportation after cleaning, but this
paper will address only waste incineration.
2
1 € is equivalent to 9.36 SEK (May 2006).

combined heat and power production becomes more interesting, both in
economic terms and for environmental reasons. A directive is in place
within the EU that aims to promote increased utilisation of cogeneration
based on useful heat demand (European Union, 2004a). It is seen as an
efficient way to utilise resources and one measure towards fulfilling the
obligations in the Kyoto protocol.
Environmental concerns as regards energy supply and waste management
include e.g. increased global warming, acidification, eutrophication and
health impacts on the public, and the more general issue of how to use
resources. Increased global warming due to anthropogenic emissions of
greenhouse gases is one of the major environmental threats on which the
scientific society is mainly in agreement. Carbon dioxide accounts for the
largest share of the greenhouse gases. The major sources are the burning
of fossil fuel for heat and electricity production and vehicle fuel. It does
not matter where emissions take place and the effects are global. The
risks involved are e.g. increased drought and flooding, decreased harvest,
threat to biological diversity and increased spreading of diseases. This is
the reason why emissions of carbon dioxide are the main environmental
concern of this thesis. Another environmental consideration is the
efficient use of resources, both in energy systems and in waste
management. Different alternatives for increasing efficiency in resource
usage, under the assumptions used, are a basic consideration in this
thesis.
Figure 1 shows how waste management and the energy system are
connected and surrounding systems that are influential. This figure does
not cover every aspect of waste incineration and all factors shown in the
figure have not been analysed but demarcations have been made, as
described in section 1.2 below.
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Figure 1. Waste incineration links the energy system and the waste management
system. A number of factors influence both systems.

1.2 Aim and scope
The aim of this thesis is to highlight the impacts of increasing waste
incineration on Swedish district heating systems by answering the
following research questions:
How are the district heating systems affected by increased use of waste as
a fuel for heat supply, in economic and environmental terms?
How energy efficient is energy recovery of municipal waste compared to
material recovery, provided there is a district heating system able to
utilise the heat?
Can there be competition for space between various forms of waste heat
in district heating systems?
How do various policy instruments affect energy systems and waste
management systems?
Is the inclusion of environmental effects by using data on external costs a
suitable method to assess the environmental impacts of a district heating
system that utilises waste as a fuel for heat and electricity purposes?
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To show the connection between the energy and waste management
systems and how these influence each other is a major goal. The
connection with Europe through strategic goals, legislation, and trade in
electricity is vital to this thesis. The thesis aims to point out resource
effective solutions under the assumptions made. The ambition is that the
results can be part of the decision making process at energy utilities
active in waste management, and for policy makers in energy and waste
management systems.
The scope is not a thorough environmental assessment since the
environmental impacts surveyed are limited to carbon dioxide emissions
in Papers 1-4. Paper 5 tries to broaden the view by calculating energy
efficiency and in Paper 6 other emissions to air are included. The aim of
the study is not to show how to maximise profit in the utilities analysed,
but how to use the resources of the system to fulfil a given demand in the
most cost-efficient way under the assumptions made. How the utilities are
organised, how decision making is done in the companies and how the
networks between people in the organisations affect measures taken are
not considered. The study assumes a fixed heat demand. Public opinion
has not been analysed. Technological development has been surveyed to
a certain degree, in the case of gasification of waste. The fuel market is
included in terms of fuel prices. Political strategies come in via policy
instruments and legislation which are also taken into account. Material
markets are included in the study of energy efficiency comparison of
energy recovery and material recovery.

1.3 Paper overview
This thesis is based on the following papers:
Paper 1
Kristina Holmgren and Michael Bartlett
Waste incineration in Swedish municipal energy systems – modelling the
effects of various waste quantities in the city of Linköping.
In: Afghan NH, Bogdan Z, Duic N. Editors. Sustainable development of
energy, water and environment systems. Proceedings of the Conference,
2-7 June 2002, Dubrovnik, Croatia; 2004
This paper analyses the impact of using waste as a fuel in the existing
district heating system of Linköping, in terms of economic impact for the
energy utility and carbon dioxide emissions. The waste incineration plant
is the base supplier in the district heating system. In that plant, electricity
can be produced when integrated with an oil-fired gas turbine. Other
4

plants include a combined heat and power plant utilising
biomass/plastics, rubber/coal/biomass and oil/animal fat, a combined heat
and power plant consisting of two oil-fuelled diesel engines, hot water
boilers utilising oil and electricity. The conditions varied in the study are
the amount of available waste (three levels) and electricity price (two
levels), making six scenarios. In scenarios with less available waste,
biomass fuel is used in the waste incineration plant instead.
Paper 2
Kristina Holmgren and Alemayehu Gebremedhin
Modelling a district heating system: introduction of waste incineration,
policy instruments and co-operation with an industry
Energy Policy 32 (2004) 1807-1817
This paper studies the district heating system of Skövde, which was
planning to invest in a waste incineration plant and also to extend the
network to include a large industrial consumer. The economic effects on
the district heating system of these measures are studied as well as
environmental effects in terms of carbon dioxide emissions. The
consequences of two different policy instruments, green electricity
certificates and a waste incineration tax, are also assessed.
Paper 3
Kristina Holmgren
Role of a district heating network as a user of waste heat supply from
various sources – the case of Göteborg.
Applied Energy 83 (2006) 1351-1367
This study analyses a Swedish municipal utility, Göteborg Energi, which
uses different waste heat in their district heating system; from industries,
waste incineration and combined heat and power. The base load of heat
supply is waste heat from oil refineries and from a waste-fired
cogeneration plant. Other heat sources are a natural gas fired
cogeneration plant, heat pumps and hot water boilers utilising pellets,
natural gas, and oil. The utility is currently investing in a natural gas fired
cogeneration plant where the profitability of the plant is dependent on
electricity prices and policy instruments, but also on the utilisation of the
heat in the district heating system and annual operating time. The
situation is complicated by the connection to other systems, e.g. the waste
management system and the industries providing waste heat. In the study,
the “competition” between the energy carriers in the municipal district
heating system is analysed. The resulting economic and environmental
consequences, in terms of carbon dioxide emissions, of different amounts
5

of heat delivered by industries and from waste incineration, and of
increasing electricity production at the waste incineration plant, are
shown. The phasing out of heat pumps due to their age or increasing
electricity prices is also analysed. An important assumption in this study
is the realisation of an integrated European electricity market, which will
mean higher electricity prices than are traditional in Sweden.
Paper 4
Dag Henning, Maria Danestig, Kristina Holmgren and Alemayehu
Gebremedhin
Modelling the impact of policy instruments on district heating operations
– experiences from Sweden
In: Lectures, 10th International Symposium on District Heating and
Cooling, Hanover, Germany, 3-5 September 2006, AGFW-VDEW,
Frankfurt a M, Germany; 2006
This paper shows the impact of policy instruments in municipal district
heating systems. Examples used are the Swedish municipalities of
Stockholm, Göteborg, Linköping, Skövde, and Örnsköldsvik. Energy
taxation, electricity certificates, carbon dioxide emission allowance
trading, and a tax on incinerated waste are explained. The function of a
district heating network as a heat-sink resource is elaborated on. The role
of MODEST as a tool to analyse the impacts of policy instrument is also
highlighted.
Paper 5
Kristina Holmgren and Dag Henning
Comparison between material and energy recovery of municipal waste
from an energy perspective. A study of two Swedish municipalities.
Resources, Conservation and Recycling 43 (2004) 51-73
This paper compares material recovery and energy recovery by waste
incineration from the perspective of energy efficiency. Material recovery
saves virgin material and energy, since production processes that use
recovered material are in general less energy intensive than processes that
use virgin material, whereas energy recovery saves other fuels that differ
between energy systems. The study analyses two Swedish municipalities:
Skövde, which is planning to build a waste incineration plant and
Linköping, which is planning to extend their existing waste incineration
facility. Optimisation of the municipalities is performed in order to show
the amount of waste incinerated and the fuels that are replaced by the
waste and electricity production. Energy savings resulting from material
recycling waste are also calculated.
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Paper 6
Kristina Holmgren and Shahnaz Amiri
Internalising external costs of electricity and heat production in a
municipal energy system
Submitted for journal publication
This paper aims to compare a socio-economic perspective and a business
economic perspective on a district heating system (Linköping) using
waste as a fuel. In the socio-economic case, external costs using data
from the EU’s ExternE project are added to private costs. In those cases,
costs for policy instruments, e.g. taxation and emission allowance trading,
are not included, since taxation can be seen as a means to internalise
external costs. Assessment is made of whether putting monetary values
on external effects is a suitable method to analyse the environmental
effects of a district heating system that utilises waste as a fuel.
Paper 7
Kristina Holmgren
Energy recovery from waste incineration: linking the technical systems of
energy and waste management
Invited paper in Conservation and Recycling of Resources: New
Research, ed. Christian V. Loeffe, Nova Publishers; 2006
This paper aims to emphasise the fact that waste incineration has two
purposes: as a waste treatment method and as a supplier of electricity
and/or heat. The difficulties caused by this dual function when designing
policy instruments (green electricity certificates and tax on incinerated
waste) are analysed and conflicting goals in the systems are shown. How
to deal with the dual function in models for assessing waste
incineration/management with the aim of helping decision makers is
discussed. The paper shows the connection between Sweden and the rest
of the European Union through common legislation and trade, e.g. in
electricity and waste, and how this affects waste incineration in Sweden.
The situation in European countries as regards amounts of district
heating, cogeneration, and waste treatment methods is also shown.
1.3.1 Co-author statement
In Paper 1, the author of this thesis did the model runs and wrote the
paper. Michael Bartlett contributed with discussions of the project and
commented on the paper.
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In Paper 2, Alemayehu Gebremedhin and the author of this thesis planned
the project together, did model runs and wrote sections of the paper; the
author was responsible for the parts concerning waste incineration and
policy instruments and Alemayehu Gebremedhin for the part concerning
the connection of the industry to the district heating network.
In Paper 4, the author of this thesis wrote the parts on landfill tax and tax
on incinerated waste, the major part of the section on electricity
certificates, the first half of the section on emission allowances, and some
parts of district heating as demand source.
In Paper 5, the author of this thesis planned the project, did the model
runs for Skövde and wrote the paper. Dag Henning did the model runs for
Linköping, discussed the project, and provided comments on the paper.
In Paper 6, the author of this thesis planned the project, collected data,
and wrote the major part of the paper. Shahnaz Amiri did the model runs,
discussed the project, wrote the part on Linköping’s district heating
system, and commented on the other parts of the paper.
1.3.2 Other publications not included in the thesis
Michael Bartlett and Kristina Holmgren
Waste incineration in Swedish municipal energy systems. 2001. An
investigation of the system consequences of waste quantities in
Linköping and the conditions for conventional and evaporative hybrid
cycle operation. Arbetsnotat 19. Programme Energy Systems. Linköping
Institute of Technology, Linköping, Sweden
Michael Bartlett, Karin Wikman, Kristina Holmgren and Mats
Westermark
Effective Waste Utilisation in Hybrid Cycles for CHP Applications – A
Cycle and Systems Study.
Proceedings ECOS 2002, Berlin, Germany, July 3-5, 2002.
Dag Henning, Shahnaz Amiri and Kristina Holmgren
Modelling and optimisation of electricity, steam and district heating
production for a local Swedish utility
European Journal of Operational Research 175 (2006) 1224-1247
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Kristina Holmgren
Waste incineration in Swedish district heating systems.
In: Waste Management and the Environment III, editors: V. Popov, A.G.
Kungolos, C.A. Brebbia and H.Itoh, WIT Press; 2006
Presented at the Third International Conference on Waste Management
and the Environment, June 21-23 2006, Malta
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2. Sustainable development and environmental
issues
Increasing environmental awareness has led to the introduction of the
concept of sustainable development, meaning “development that meets
the needs of the present without compromising the ability of future
generations to meet their own needs” (World Commission on
Environment and Development, 1987). Two areas of great importance in
sustainable development are the waste management system and the
energy system due to the substantial impacts on the environment from
both systems. Environmental concerns have changed from mainly local
environmental problems and controlling pollutants by regulating
emissions from various activities, to issues on how to use resources and
regional and global concerns. This demands a system perspective on the
activities giving rise to environmental impacts.
This section consists of several parts that describe various methods with
the common purpose of contributing to steering towards a more
sustainable development. They correlate to this thesis in various ways,
e.g. methodology or study object. Environmental economics is discussed
with the purpose of showing where the ideas behind some policy
instruments, mainly taxation and emission allowance trading, originate.
Policy instruments play a large part in this thesis, making this aspect
interesting. Efforts have been made to put monetary values on
environmental effects and some studies that use this to evaluate waste
incineration are surveyed. This method is used in Paper 6. Life cycle
assessment is a large research area with many studies made on the subject
of waste management. The aim of life cycle assessment is to show the
environmental impacts of a product or service from the cradle to the
grave. Life cycle assessment has a system perspective, making it
instructive to compare with this thesis. Finally, some studies that use the
same approach as in Paper 5, energy efficiency, are described, as well as
studies in the research area of industrial ecology. Within industrial
ecology, some studies have focused on the main issues in this thesis,
waste as a fuel and combined heat and power, making it interesting to
survey how another research discipline deals with these subjects.

2.1 Environmental economics
Environmental economics deals with inclusion of the environment in
traditional economics. Bladh (2001) makes an overview of four lines in
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environmental economics, where two are background to some policy
instruments important in this thesis: interventional line and ownership
line.
Interventional line
The main concept is externalities, i.e. the negative effects that arise from
some activity, which are not included in the cost for the activity, but
which affect some third party. If the cost of such effects is not taken into
account, suboptimal consumption of the commodity or service will occur.
This line was principally propounded by Pigou in 1920, and as examples
he points out that the smoke from a factory raises the cost for laundry for
the people living in the proximity, or that sparks from the railway can
cause fires in surrounding woods. This can be written as:
Socio-economic costs = private costs + external costs
That the market can not incorporate the external costs, Pigou views as a
failing that the Government should rectify by taxing the activity that
gives rise to the external cost and that the polluter should pay. Pigou’s
examples mainly concern effects on neighbours, even if he also expresses
concerns as to how natural resources are used. In 1968, Dahmén
published a report in the spirit of Pigou, but he extended external effects
from neighbours to the environment. The environment, e.g. clean air and
clean water, can be seen as a “common”, meaning that the use of a
“common” by one person does not reduce another person’s ability to use
the resource. However, it is seen that the environment is threatened, and it
is therefore necessary to also put a value on these “commons”. Dahmén
claims that the consumption of commodities should be lowered to the
benefit of the environment if the value of the improvement of the
environment is higher than the loss of commodity consumption. Dahmén
favours fees instead of taxes on the environment, since he wants no fiscal
effect.
The main disadvantage of this line is the difficulty of how to put a value
on external effects. However, Pigou lays the foundation for
environmental taxes and fees, mainly by claiming that over-consumption
will occur if a product/service is not priced so as to include all costs and
that the Government should intervene to rectify this. That the polluter
should pay is a guiding principle of environmental taxes. Pigou is also a
starting point for all efforts to estimate external costs for various
activities, elaborated on in Section 2.3.
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Ownership line
This line was introduced by Coase in 1960 and criticises Pigou’s desire to
internalise external cost by means of taxes. Coase instead wants to
internalise external effects by taking the problem back to the parties
involved. By negotiation of “allowances” to use various resources, the
problems of effects between neighbours could be solved. Coase does not
state who should pay since the result is the same in the end. This
presupposes equal partners and obvious effects and involved parties. The
Government should not interfere, the involved parties should deal with
the issue since they have the greatest knowledge of the situation, which
means lower costs. The most important objections to Coase are that
environmental problems affect many people, transaction costs could be
high, and coming generations can not participate at the negotiation table.
Still, trade in carbon dioxide emission allowances, for example, has a
bearing on these lines of thought, e.g. that the involved parties have the
greatest knowledge about how to tackle the problem and thus ease the
Government’s work load. The biggest differences between Coase’s
theory and today’s carbon dioxide emission allowance trading
programme are that the Government regulates the emissions by putting a
cap on them and that the transactions are between the causes instead of
between the cause and the affected parties.

2.2 Policy instruments as a method to internalise
environmental effects
Policy instruments, including taxation, fees, and trading systems are
means of internalising external costs, as described in the previous section.
In Sweden, there are a number of policy instruments, that aim to steer
towards a more sustainable energy system.
Fossil fuels for heating purposes are subject to energy tax, carbon dioxide
tax and sulphur tax. Fossil fuels used to generate electricity are only taxed
with sulphur tax, but the consumer pays an electricity tax (electricity for
industrial purposes has a very low tax compared to that paid by
households and the service sector). The carbon dioxide tax is 97.2 €/ton
emitted carbon dioxide. Fossil fuels producing heat for industrial
purposes have deducted levels as well as cogeneration; for the latter the
change was introduced in 2004. Besides oil and coal, the sulphur tax also
applies to peat. A nitrogen oxide levy equals 4.3 €/kg emitted NOx from
conversion units with a minimum output of 25 GWh /year, regardless of
fuel. The levy is redistributive; most of the revenues are refunded in
proportion to the individual producer’s energy yield. Energy taxation is
further explained in e.g. Paper 3.
12

A tax on incinerated municipal waste was introduced on July 1st 2006
(Ministry of Finance, 2006). Waste should be incorporated in the existing
energy taxation system by taxing the fossil content of the waste, e.g.
plastic packaging. The fossil content is set according to a template. Table
1 shows the levels of taxation on incinerated municipal waste and how
they apply to different energy conversion units. It can be seen that the
level varies greatly between hot water plants and combined heat and
power (CHP) plants. This is a strong incentive for increased electricity
production in waste incineration plants.
Table 1. Levels of taxation on incinerated municipal waste (Ministry of Finance,
2006).

Energy
Carbon dioxide tax Total (€/ton
tax
(€/ton waste)
waste)
(€/ton
waste)
Fossil content 100%
16
360
371
Fossil content: 12.6% of total weight (assumed value for municipal
waste)
Hot water boiler
2
45
47
Condensing power plant 0
0
0
CHP plant, electrical
0
37
37
efficiency 5%
CHP plant, electrical
0
9.5
9.5
efficiency 15%
Important regulations governing waste management in Sweden; a ban on
landfill of combustible waste and from 2005 also of organic waste, and a
tax on landfill of waste of at present 46.5 €/ton waste, also effects the
energy system.
In Sweden, green electricity certificates were introduced in 2003
(Ministry of the Sustainable Development, 2003a). Plant owners receive
certificates when producing electricity in approved conversion units,
primarily plants fuelled with biomass, peat, biogas or sorted demolition
wood waste, as well as solar cells, wind power, and new or small
hydropower plants. Municipal waste is not included in the system.
Consumers need a quota of certificates in relation to their electricity
consumption, creating a demand for certificates, thus giving them an
economic value. The aim is to increase annual renewable electricity
production by 10 TWh from 2003 to 2010, when the system ends. The
system is further described in Papers 2 and 7. A decision was taken by
13

Parliament in June 2006 to prolong the green electricity certificate system
until 2030.
Increasing concern about global warming has led to the implementation
of the Kyoto protocol. The Kyoto protocol aims to curb greenhouse gas
emissions through flexible mechanisms, among them tradable emission
allowances. Trading in emission allowances is scheduled to begin in
2008. Emission allowance trading began in the EU in 2005 (European
Union, 2003b). Every member country has decided its own quantity of
allowances and their allocation. The national allocation plans have then
been approved by the EU; these should be in line with the agreements in
the Kyoto protocol, where the EU has committed itself to decrease
emissions of greenhouse gases by 8% from 1990 levels by 2008-2012.
The allocations are made by “grandfathering”, meaning distribution in
proportion to historical emissions. The only greenhouse gas that will be
traded in 2005-2007 is carbon dioxide. Sectors that are included are the
following:
x Energy (oil refineries and coke oven plants, combustion plants
larger than 20 MW, and plants connected to district heating
systems with a total capacity exceeding 20 MW). Plants for
treatment of hazardous and municipal waste are not included.
x Production and processing of ferrous metals.
x Mineral industry (production of cement clinker, glass, and ceramic
products).
x Pulp, paper and cardboard industry.
The Government has incorporated this into Swedish legislation (Ministry
of Sustainable Development, 2004a). In Sweden, about 700 plants with
around 30% of total emissions of carbon dioxide are included in the
trading system, in accordance with the guidelines in the EU directive.
Allocations will be made based on average emissions during 1998-2001.
For new entrants, allowances are allocated according to a norm, in this
case the average emissions from existing plants (Swedish Environmental
Research Institute, 2004). The system of allocating allowances by
“grandfathering” may give old plants with high emissions an advantage
over newer, more efficient plants. Parliament has laid down guidelines
for the trading system’s next period (Ministry of Sustainable
Development, 2006) and on August 31, the national allocation plan was
delivered to the European Commission. Again, the guiding principle is to
decrease emissions of greenhouse gases within the EU by 8% compared
to 1990 levels by 2008-2012.
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2.3 Studies using external costs as a method to
analyse environmental impacts
Many activities, such as energy conversion and consumption and waste
management give rise to negative environmental effects and if the costs
are not taken into account, suboptimal consumption of various
commodities will occur, as described in Section 2.1. Several attempts
have been made to put a value on these costs in order to incorporate them
into other costs using various methods such as loss of production,
protection costs, avoidance costs, restoration costs, compensation costs,
travel costs, hedonic methods, and contingent valuation. This thesis will
not describe these methods but the reader is referred instead to Carlsson
(2002) for an overview.
Studies which compare energy recovery from waste incineration with
landfill by using external costs are Dijkgraaf and Vollebergh (2004) and
Miranda and Hale (1997), and a comparison of various electricity
production methods is made by Roth and Ambs (2004). Eshet et al (2006)
make a review of studies that have been made that use external costs to
compare landfill and incineration of waste, showing that different
methods are used when putting a value on environmental impacts and that
costs vary significantly. The costs should at best provide an order of
magnitude. The studies reviewed lean towards incineration being more
expensive than landfilling from a social point of view. However, this is
dependent on the benefits of avoided burdens, for example of recovery of
electricity and heat, and how these are included in the studies. Carlsson
(2002) studies how the inclusion of external costs will affect the energy
systems in three regions, an industrial energy system, and the district
heating system of Linköping. The results show more use of biomass fuel,
and when the assumption is that locally produced electricity replaces
electricity produced with coal condensing power, more electricity
production when external costs are taken into consideration.

2.4 Studies using life cycle assessment
Life cycle assessment (LCA) is a widely used method of evaluating
environmental impacts of products and services (Rydh et al, 2002). It
studies impacts over the whole life cycle, from raw material acquisition
to production and use and final disposal. How to perform an LCA is
stated in ISO standards. The methodology has four basic steps:
1. Goal and scope definition
2. Inventory analysis, where data is compiled
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3. Life cycle assessment involving classification of data to different
environmental impacts3, characterisation, where data is analysed as
to what extent they contribute to different impacts, and also
valuing or weighting. However, valuing is questioned since it is
seen as subjective.
4. Interpretation of results.
A great many studies have been made of the environmental impacts of
waste management using life cycle assessment, of which some will be
presented in this section. Of importance when analysing waste
management is that for a fair comparison, all processes must have the
same functions. Waste treatment options provide different output of e.g.
materials and energy. The recommendation is to widen the system
boundaries to include the effects of avoided production of, for example,
heat, electricity, materials, and fuels, instead of trying to allocate the
environmental burdens. The connection between the systems and how to
handle it is very important in this field.
ORWARE is a tool based on life cycle assessment methodology and used
for the environmental analysis of waste management systems, as
described in, for example, Eriksson et al (2002). It was developed in
cooperation between four research institutes4 in Sweden. ORWARE has
been used for a number of studies, e.g. Sonesson et al (2000) and
Eriksson et al (2005). Sonesson et al compare incineration, digestion. and
composting of solid waste and sludge in a Swedish municipality and one
of their conclusions is that fuel used for district heating production is an
important factor when the waste is digested or composted instead of
incinerated to produce heat. If biomass fuel is assumed, incineration has
the greatest negative impact on global warming, and when coal is
assumed, composting has the greatest negative impact on global
warming. In both cases, digestion is the best alternative, but the drawback
with digestion is that it is more expensive than incineration and
composting. Eriksson et al use ORWARE to compare waste treatment
options: incineration with energy recovery, material recycling, biological
treatment, and landfilling with energy recovery in three Swedish

3

Such as greenhouse gases, eutrophication, acidification.
The Royal Institute of Technology, the Swedish Environmental Research Institute,
the Swedish Institute of Agricultural and Environmental Engineering and the Swedish
University for Agricultural Sciences.
4
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municipalities. Their conclusion is that landfilling should be avoided, and
a combination of the other methods may be the most suitable mean to
achieve this.
Finnveden et al (2005) summarise the results from a study comparing
waste treatment methods by using life cycle assessment: incineration,
landfilling, anaerobic digestion, composting and recycling. The study
analyses Swedish municipal waste and aims to help policy and strategic
decision makers in waste management and to test the waste hierarchy of
the European Union. The connection between the energy and waste
management systems and the need to consider both systems when making
policy decisions are emphasised. The main focus is on energy use and
climate change but other environmental impacts are included, such as
eutrophication, acidification, photo-oxidant formation and toxological
effects. The waste hierarchy, that puts recycling before incineration is
valid as a rule of thumb. However, the study shows that assumptions on,
for example, compensatory fuels for district heating and electricity, are
important as well as the time-scale for landfills and what happens with
biomass saved when for example material recycling paper and cardboard.
Finnveden and Ekvall (1998) make an overview of several studies that
compare incineration and recycling of paper. The studies show that less
energy is used in material recycling, but the main feature of the paper is
the discussion of the importance of various assumptions as regards
compensatory fuels/energy sources for heat and electricity production for
example.
Björklund and Finnveden (2005) make a survey of 10 publications using
life cycle assessment for waste management options. Recycling is
compared to incineration and/or landfilling, and total energy use and
global warming potential were evaluated. Key factors effecting
environmental performance are identified: type of recycled material, type
of material avoided, energy sources avoided, and time frame for impacts
from landfills.
Eriksson et al (2006) make a life cycle assessment of fuels for district
heating, waste, biomass, and natural gas, with two options for energy
conversion: combined heat and power or heat only production. They use
two alternatives for alternative waste management, landfill or material
recovery, and two alternatives for marginal power production, fossil lean
or intensive. The marginal power production is derived from energy
system modelling of what this will be in the Nordic power system in the
future. These alternatives are varied in a number of combinations. The
study shows the importance of assumptions made; for example, waste
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incineration is the best option when replacing landfill, but never the best
when replacing material recovery. Natural gas fired cogeneration is an
environmentally interesting solution with intense fossil content in
marginal power production. More robust results are that combined heat
and power has environmental advantages compared to heat only
production, especially when marginal power is based on intense fossil
content. Biomass fuel in combined heat and power production seems the
best option in most cases, but since other uses of biomass fuel are not
assessed, it can not be concluded that this is the most environmentally
preferable option for biomass use.
Other life cycle assessments with regard to waste incineration include an
analysis of the benefits of introducing flue gas treatment in a plant in
Spain (Sonneman et al, 2003). One main aim of the study is to discuss
uncertainties in LCA results. A waste incineration plant in Italy was
studied (Morselli et al, 2005), which applies LCA methodology and an
environmental monitoring system to assess the environmental
consequences of the plant.

2.5 Energy efficiency and industrial ecology
Another way to analyse environmental effects is to calculate the energy
use of various activities. Even if other environmental impacts are not
included, energy usage is often an indicator of other environmental
effects as well. This starting point can be seen in for example Dornburg et
al (2006), who have designed a model for evaluating waste treatment
methods by maximal primary energy savings or minimal cost per unit of
primary energy saving. The model is used for a case study of treatment of
biomass residues and other solid waste in the Netherlands (Dornburg and
Faiij, 2006), which analyses a number of scenarios and shows substantial
savings in primary energy with a combination of recycling methods,
energy conversion plants, and production of transport fuels. Savings from
treatment methods vary between scenarios, but production of
transportation fuels makes only a modest contribution. Of importance is
for example (biomass) integrated gasification technology. Morris (1996)
uses the same approach as in Paper 5 to investigate municipal waste in
the U.S. The study found that for 24 out of 25 solid waste materials,
recycling saves more energy than is generated by incineration. The main
difference in comparison with Paper 5 is the absence of a district heating
system to utilise the heat; instead, only electricity is generated.
Industrial ecology is a concept which looks at natural ecosystems as an
analogy: the ecosystem recycles the essential nutrients and its input is
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energy from the sun. An industrial ecosystem is “an industrial park which
captures and recycles all physical materials internally, consuming only
energy from outside the system and producing only non-material services
for sale to consumers” (Ayres and Ayres, 1996). This is an idealised
picture, but the main endeavour of industrial ecology is to increase
efficiency in material and energy usage by for example integrating actors.
At the industrial level, a group of companies should be organised so that
waste from one company can constitute the raw material feedstock for
another, thus increasing efficiency and reducing the need for primary
materials. Verhoef et al (2006) discuss whether the concept of industrial
ecology is suitable when waste management systems are designed. The
systems should be organised in order to match recovered material with
demands from production processes, to secure the possibility to use
secondary materials. Recycling of materials and cascading of energy are
important in industrial ecology. Energy cascading means that energy is
used in various quality, temperature and pressure levels. Korhonen (2002)
wants to see combined heat and power production as an anchor tenant of
a local industrial ecosystem. An anchor tenant is defined as a key actor in
a region around which the recycling network of actors can be merged.
The energy cascading that takes place in a combined heat and power
plant is electricity production, steam for industrial purposes, heat for
district heating systems, and the last level, for example heating for fish
farms or horticulture. Waste can be used for combined heat and power
production and replace fossil fuels. The plant functions as a decomposer
according to ecosystem analogy (Korhonen, 2001).
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3. Main infrastructural systems related to this
study
In this section, the main infrastructural systems studied in this thesis will
be described: waste management, district heating, and the electricity
market.

3.1 Waste management
The waste management goals for the EU are expressed in the Sixth
Environmental Action Programme from the European Commission
(2001) which states, for example, that the amount of waste should
decrease by 20% between 2000 and 2010 and by 50% over the years up
to 2050. To achieve this, the existing correlation between economic
growth and waste production must be broken. The waste hierarchy, which
is the core of the EU’s waste policy, is described and states that first
comes waste prevention, then recovery (reuse, material and energy
recovery where material recovery, including biological treatment is
preferred to energy recovery), and finally disposal, where landfill and
waste incineration without energy recovery are included. Swedish waste
policy is based upon this hierarchy. The strategy for Swedish waste
management can be found in (Swedish Environmental Protection
Agency, 2005). The responsibility for collecting waste is divided among
three parties. The municipalities collect municipal waste, which is waste
from households and waste which is similar in content. The producers
collect waste which is covered by the law of producers’ responsibility5
and for other types of waste, the responsible party is the one that causes
the waste.
The EU member states are obliged to incorporate EU directives into
national legislation. The main directive concerning waste management is
the Framework Directive (European Union, 1975) which classifies waste.
The Directive on Landfill (European Union, 1999) and the Directive on
the Incineration of Waste (European Union, 2000) aim at harmonising
standards in waste treatment methods in the European Union. The

5

The law of producers’ responsibility prescribes the recovery levels for some waste
fractions, e.g. packaging, used cars, and car tyres, newspapers, and electric and
electronic devices. The legislation is further explained in Paper 5.
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Directive on Packaging Waste, states recovery levels for packaging
materials (European Union, 2004b). These directives are further
explained in Paper 7. As stated, the amount of waste should decrease in
the European Union, but up until now, little has been achieved. For
example, Sweden has been successful in moving waste “up the ladder” in
the waste hierarchy by decreasing amounts of waste for landfill by using
other treatment methods, but the total amount of waste is still increasing
and the first priority in the waste hierarchy, prevention, has not received
much attention. The directives stated above are mainly concerned with
setting emission levels, recovery levels, and technical standards.
However, the European Union aims at taking a broader view in their
thematic approach to material flows and product design (European
Commission, 2005).
In Sweden, the total amount of waste in 2002 was around 90 million tons,
of which the mining industry accounts for 54 million and manufacturing
industry 19 million tons (Swedish Environmental Protection Agency,
2004). Treatment methods for industrial waste are shown in Figure 2.
Mining waste is mostly landfilled at sites the mining companies
themselves run.

11%

4%
Material recovery

43%

Biological treatment
Energy recovery
Landfill

39%

Other

3%

Figure 2. Treatment methods of industrial waste in 2002 (Swedish Environmental
Protection Agency, 2004).

Sewage sludge accounts for 1 million tons per year. Demolition waste is
estimated at around 5-10 million tons per year, and other industrial waste,
apart from manufacturing industry, accounts for around 2 million tons,
but these figures are uncertain (Swedish Environmental Protection
Agency, 2005). Municipal waste was around 4.2 million tons in 2004
(Swedish Association of Waste Management, 2005a) and treatment
methods can be seen in Figure 3.
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Figure 3. Treatment methods of municipal waste in 2004, total 4.2 million tons
(Swedish Association of Waste Management, 2005a).

The amount of landfill has decreased substantially in recent years, for
both industrial and municipal waste. Waste incineration, biological
treatment, and material recovery have increased. In 2004, there were 29
waste incineration facilities in Sweden, both hot water boilers (14) and
combined heat and power plants (15) producing about 8.6 TWh heat and
0.74 TWh electricity (Swedish Association of Waste Management,
2005a) by using 1.95 million tons of municipal waste and 1.2 million tons
of other waste, mainly from the manufacturing industry. Capacity for
waste incineration is forecast to increase from 2.8 to 4.9 Mton between
2002 and 2008, if all planned projects are carried out (Swedish
Association of Waste Management, 2004), resulting in a total of 40 waste
incineration plants. Despite these investments there will still be a lack of
treatment capacity. Quantities of waste are also increasing, between 1985
and the present by some 2-3 % per year. If this trend is not broken,
additional waste treatment capacity will also be needed after 2008.
Waste management systems have been analysed using a variety of
models as described by Morrissey and Browne (2004) who differentiate
between cost-benefit models, life cycle assessment models (described in
section 2.4), and models based on multi-criteria analysis. The article
criticises all models for not being sustainable since no model includes
both environmental, economic, and social aspects. A model developed
and applied to Swedish conditions is MIMES/WASTE which uses a
system approach to find the most cost-efficient waste management
solution with acceptable environmental performance (Sundberg et al,
1994). The article presents the model as well as the results from a pilot
study of the waste management system in Göteborg. The model
NatWaste is built on MIMES/WASTE, but is tailored for national
applications (Ljunggren Söderman, 2000). It was developed for Swedish
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conditions though it could be used for other countries. It uses cost
minimisation and emissions accounting and aims to analyse, for example,
the effects of policy instruments and uncertainties at the national level
and support decision-making.
The biological treatment methods, i.e. composting and digestion, and
material recovery, are described in Paper 5, waste incineration in Papers
1,2, and 5 and Holmgren (2006), and landfill in Bartlett and Holmgren
(2001).
3.1.1 Waste as an energy source
Incineration of waste is the main measure to utilise the energy content in
waste, but there are others. Gasification, where waste is partially
incinerated with limited access to oxygen results in mainly gas and some
tar. Pyrolysis, where waste is heated with no access to oxygen results in
mainly gas and solid char. Biodegradable waste can be digested, resulting
in biogas that can be utilised for heat and/or electricity production or as
vehicle fuel.
Olofsson et al (2003) compare three different waste-to-energy
technologies in the Swedish district heating systems, incineration,
pyrolysis, and gasification, and conclude that incineration is the most
cost-efficient solution and gasification the least. Murphy and McKeogh
(2004) analyse energy production from municipal waste in Ireland by
incineration, gasification or digestion of the biodegradable part, thereby
producing biogas. The biogas is used either for combined heat and power
production or vehicle fuel. Gasification enables a lower gate fee than
incineration, although gasification has not yet been proven on a
commercial scale. The results are sensitive to assumptions as regards
access to a heat market. Biodegradable waste for biogas production for
vehicle fuel enables the lowest gate fee and for combined heat and power
production the second lowest. However, since it is only biodegradable
waste that can produce biogas and the scenarios utilising gasification and
incineration instead use a fraction of non-biodegradable and nonrecyclable waste, the gate fees can not be directly compared. Possibilities
to reduce carbon dioxide emissions are shown and the main measure is to
decrease methane emissions from landfills. Assefa et al (2005) make a
technology assessment of gasification with either catalytic or flame
combustion, incineration with energy recovery and landfill with energy
recovery. The potential for global warming, acidification, eutrophication,
consumption of primary energy carriers and welfare cost are also
assessed. Gasification with catalytic combustion in a combined cycle
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appears to be the most environmentally competitive alternative. The
catalytic combustion decreases the NOx emissions considerably. How to
deal with residues from gasification and estimation of investment cost for
gasification since it is not a mature technology are uncertain parameters.
Compensatory electricity is assumed to be natural gas fired power plants
and for district heating biomass; this can also affect the results.
Anticipated higher electricity prices in the future will make gasification
more economically competitive due to higher electrical efficiency in
gasification plants than in incineration plants.
The high standards of flue gas cleaning in waste incineration plants has
mainly moved the problems with emissions to air to pollution in the
ashes, as stated by Sabbas et al (2003). Sabbas et al. make an overview of
treatment methods of municipal solid waste incineration residues.
Approximately 20-25% of the waste mass remains as residues, where
bottom ash is the main part (Sabbas et al, 2003; Swedish Association of
Waste Management, 2005b). Hazardous substances end up in the fly ash6,
which is around 4% of the total weight of the waste and classified as
hazardous waste and has to be treated in order to prevent leakage. The fly
ash consists for example of heavy metals and various organic substances
(Reijndeers, 2005). Due to the high chloride content, very few landfills
are permitted to receive fly ash from waste incineration. Today, fly ash
from plants in Sweden is mainly exported to Norway and used to fill in
an old mine. The question of suitable places in Sweden for this is being
looked into7.The EU’s Directive on Incineration of Waste (European
Union, 2000) demands that the ashes should be reused to the greatest
possible extent. What happens with the bottom ash is as follows: metals
are separated, then unburnt material is separated in order to be incinerated
again. Slag can be used to replace all-in gravel and crushed rock in for
example road construction and buildings7. Another field of application is
to cover old landfills. There is a great need for this today with many
landfills being closed in anticipation of stricter demands in the European
Landfill Directive (European Union, 1999), but the need will diminish. In
other countries, the slag is used to a large extent in road construction
(Swedish Association of Waste Management, 2005b) and tests have been
carried out to investigate whether this could be implemented in Sweden.

6

Fly ash is the residue from the flue gas cleaning.
Personal communication with Mikael Johnsson, Swedish Association of Waste
Management.
7
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To what extent bottom ashes are recycled today in Sweden differs widely
between plants.
Ashes from waste incineration can be compared to ashes from biomass
combustion, which amounts to at most around 5%, often 1-2%8. Efforts
are being made to recycle ashes from biomass combustion back to the
forest. Why this procedure still is not in place is mainly a matter of costs.
Biomass fly ash is not considered hazardous waste but can be used for
cement construction, for example. Ash from coal combustion amounts to
around 8%, and can be used among other things for road construction.
This is widely done in Europe with its large amount of coal combustion.
One disadvantage of waste incineration is the low electrical efficiency
compared to plants using other fuels. This is mainly due to the impurity
of the fuel. The temperature of the steam in the boiler can not exceed
400ºC without entailing high maintenance costs due to corrosion, as
stated for example by Korobitsyn et al (1999) and Caputo et al (2004). In
Sweden, out of 29 existing waste incineration plants, 14 are heat only
production and 15 combined heat and power (Swedish Association of
Waste Management, 2005a). Apart from the difficulties in using waste
for electricity production, historically low electricity prices also have
influence in this respect. However, the waste incineration tax introduced
in July 2006 with different levels for hot water boilers and combined heat
and power plants should modify this, since the taxation will differ
substantially for hot water boilers and combined heat and power plants,
as described in Section 2.2. The planned waste incineration plants in
Sweden all have electricity production9.
An overview of the historical development of waste incineration in
Sweden can be found in Hrelja (2006) and Paper 7.

3.2 District heating
District heating is a network consisting of pipes that transport heat, using
hot water or steam as energy carrier, from one or several central heat
producers for use as space heating, hot tap water and/or industrial process

8

Personal communication with Claes Ribbing, Svenska Energiaskor AB
Personal communication with Anders Hedenstedt, Swedish Association of Waste
Management
9
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purposes. District heating is characterised by high initial capital cost
when building the system, but also by the ability to use fuels and heat
sources which otherwise would be of limited use, such as combined heat
and power production, heat from waste incineration, industrial waste
heat, geothermal heat and difficult fuels (Andersson and Werner, 2005).
Other advantages include economy of scale and a better environment
when individual heat sources are replaced with efficient boilers with
controlled combustion and emission limits. Furthermore, it is a flexible
system which can change fuels and supplies rather quickly in order to
adapt to changing fuel prices and policy instruments for example.
District heating accounts for 47% of the total heat supply of buildings and
premises in Sweden (Swedish Energy Agency, 2005), and there are
district heating grids in 232 of Sweden’s 290 municipalities. The
municipalities began to be interested in district heating in the late 1940s;
the first district heating grid in Sweden was in operation in Karlstad in
1948. In the beginning, district heating systems were a means of
producing electricity through combined heat and power, since
hydropower was foreseen as insufficient to meet future electricity
demand. During the 1950s and 1960s, the district heating systems
expanded and several combined heat and power plants were built in the
early 1960s. The effect was also increased interest in waste incineration
in the 1970s (Swedish Association of Waste Management, 2005b) as one
measure to decrease dependency on oil and solve the problems of waste
management. As plans for nuclear power emerged, the major Swedish
electricity producer Vattenfall saw the municipal combined heat and
power plants as a threat to the expansion of nuclear power and
discouraged further investment (Werner, 1989). Instead of being a
supplier of electricity, the district heating grids became users of
electricity by utilising electric boilers and heat pumps for heat production,
due to the abundance of cheap electricity in Sweden with both hydro and
nuclear power. Today, electricity production in Swedish district heating
systems is still low. The development of electricity production and
consumption by electric boilers and heat pumps in Swedish district
heating systems between 1970 and 2003 can be seen in Figure 4. The
resulting net electricity can also be seen. Sjödin (2002a) makes a more
thorough survey of the development of the Swedish district heating
systems.
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Figure 4. Net electricity in Swedish district heating networks between 1970 and 2003
(Swedish Energy Agency, 2004, an earlier version shown in Sjödin, 2002a).

The owner structure of the district heating systems is today dominated by
municipal utilities but private actors are also influential owners. The
private actors include the major energy companies in Sweden: Vattenfall,
Eon and Fortum (Andersson and Werner, 2005). Some are still managed
by municipal administration, which was the organisational form under
which the networks were developed. During the 1970s, most of the
municipal administrations were reorganised into municipal utilities that
were partly sold to private actors during the 1990s.
Energy taxation in Sweden has had a significant effect on what fuels are
used in the district heating systems since heat from fossil fuels has been
heavily taxed. There has been a major shift from an almost total
dependency on oil up until 1980 to a diversified supply where renewables
represent a substantial proportion. This can be seen in Figure 5. Energy
tax on oil was introduced in 1980, the main aim being to replace oil with
other fuels and electricity in the wake of the oil crises in the 1970s. Other
fossil fuels were also burdened around that time and the level increased
gradually. Carbon dioxide tax, which has a more environmental profile
since it is linked to the carbon content of the fuel, was introduced in
1991. Bohlin (1998) makes an ex post analysis of the effects of the
carbon dioxide tax between 1990 and 1995 and shows a substantial
increase in biofuel in the district heating sector, mainly replacing coal,
due to the tax. Hillring (2000) points out the carbon dioxide tax as the
main incentive for increased utilisation of biomass in district heating
systems, even if there are others, such as the investment support for
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Figure 5. Development of heat supply to the district heating networks between 1970
and 2003 (Swedish Energy Agency, 2004).

There are several question marks concerning the energy taxation in the
future. One is how the carbon dioxide tax should interact with other
policy instruments, in particular tradable emission allowances. Another is
whether energy taxation needs to be changed to comply with EU rules on
governmental aid. In Sweden, business is divided into sectors, with
differentiated energy tax levels, for which Sweden has been granted
temporary exemption. A governmental investigation has analysed this
and suggests a new energy taxation system that only differentiates
between households and business (Ministry of Finance, 2003). This
would bring energy taxation into line with EU rules. It would lower
carbon dioxide taxes in the district heating sector since the government
would be very reluctant to increase taxes on industry exposed to
competition. It would go hand in hand with the guiding principle that in
the trading sector, trading should be the main policy instrument. Since the
carbon dioxide tax has been successful in transforming the fuel supply in
the district heating sector, it is unclear what will happen.
Up until 1996, district heating activities were governed by the Local
Authority Act of demands for self cost for example, meaning that the
costs for the product should be the foundation for the price, and equality,
meaning that all consumers should have the same price if the cost is the
same. When the electricity market was deregulated (further described in
Section 3.3), it was said that district heating should be operated ”in a
business-like fashion”; prices were set free. Westin and Lagergren (2002)
describe this transition and argue that consequences for district heating
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were overlooked when the electricity sector in Sweden was deregulated.
A governmental investigation of district heating (Ministry of Sustainable
Development, 2003b; 2004b; 2005) aims to study the district heating
market in order to protect the consumers against eventual unreasonable
pricing. According to the Government, the distribution of hot water is a
natural monopoly. There is a risk of cross-subsidisation when utilities
also have activities in the electricity market, which is exposed to
competition. The Government wants an expansion of district heating and
for this to happen, customers must have confidence in the district heating
market. Other issues investigated include how to implement the EU
Directive on promotion of cogeneration (European Union, 2004) and
third party access, i.e. open up the district heating grids for competition.
Activities within electricity and district heating have to be in separate
utilities, this was implemented in 2005. Other proposals are that a model
for calculation of reasonable pricing should be designed, an appointed
District Heating Committee should mediate in disputes and as
Supervising Authority, the Swedish Energy Agency is suggested. The
investigation does not recommend third party access, but energy utilities’
obligation to negotiate with industries who want to supply waste heat,
and to let the District Heating Committee decide if the involved parties
can not reach a decision. There is also a proposal for a new District
Heating Law which will not, as now, be incorporated in the Electricity
Law (Ministry of Sustainable Development, 1997).
3.2.1 Studies on the role of waste incineration in district
heating systems
Sahlin et al (2004) analyse the impact of increased waste incineration in
the Swedish district heating systems. The methods used are a
questionnaire sent to the largest district heating utilities to find out which
fuels are affected by expanded waste incineration and modelling with an
annual merit-order duration curve model of the 163 largest district
heating systems. Results are that the fuel primarily replaced by an
expansion of waste incineration is biomass, that waste incineration
enables an expansion of the district heating grid due to the low
operational cost of waste as a fuel, and that increasing waste incineration
is affecting combined heat and power production. Waste incineration
plants function as base suppliers of heat due to the negative operational
costs for receiving the waste, and can therefore remove the heat sink in
the district heating system, making other, more efficient, combined heat
and power plants operate less.
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Olofsson (2001) links the energy system and the waste management
system in case studies of two Swedish municipalities, Jönköping and
Göteborg, in order to reach cost-efficient solutions with respect to both
systems, emphasising the importance of considering both systems when
choosing waste treatment methods. The model MIMES/WASTE10 is used
to model the waste management system. MARTES, which is a simulating
model using least-cost dispatching order, is used to model the energy
system. In Jönköping, MARTES was run to yield a demand for waste as a
fuel, and that demand was used as input to MIMES/WASTE. Results
were evaluated in cooperation with representatives of both waste
management and energy systems. The most suitable investment is a waste
incineration plant and was not an optimal choice when the systems were
analysed individually. In Göteborg, the working order was reversed.
Additional waste incineration capacity was evaluated together with
investment in a natural gas fired combined heat and power plant and both
options seem economically beneficial. The neutral arena, where the
operators of the waste management and energy systems met was
beneficial to the exchange of knowledge.
Ljunggren Söderman (2003) looks into the potential of recovering energy
from waste in Sweden, aggregating Swedish district heating systems into
one system using a marginal-cost ordering procedure model. The waste
management system is modelled using a linear programming model
which minimises the total annualised cost11. Research questions are if
recovering energy from waste is economically viable from the waste
management perspective and from the district heating perspective, if
waste is a significant untapped energy resource in Sweden, and global
warming implications of recovering energy from waste. From the waste
management perspective, energy recovery is part of the optimal solution
and should be maximised but combined with a high level of material
recycling. The competitiveness of energy recovery in the district heating
sector is analysed by calculating at what selling price it is profitable to
sell heat. The modelling of the waste management system shows that at
that price, less heat is available than the district heating market can
incorporate. This implies that waste types not included in the study could
be used if available at that price. The main factors affecting global
warming are the quantity of heat and power recovered in the waste

10
11

The model is mentioned in Section 3.1.
NatWaste is mentioned in Section 3.1.
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management system, the plastics content of the incinerated waste, and the
marginal power producer assumed, either coal condensing power or
natural gas based power. The study gives a relevant overview of these
questions, but due to the aggregated level of describing the systems,
average carbon dioxide from the district heating sector is used. This can
vary substantially between systems.
A review study that aims to find critical factors for the environmental
assessment of energy recovery by waste incineration in comparison with
landfill, material recovery, and biological treatment are conducted by
Olofsson et al (2005). Important general factors are the time perspective,
technology development, local conditions, alternative electricity and heat
generation, renewable energy supply in Europe, and waste transportation
by passenger car. For incineration, emission levels, efficiency in energy
recovery, the time perspective, and the fate of landfill residues are also
relevant.
Palm (2004) makes an analysis of the policy processes in two municipal
energy systems between 1977 and 2001, whereas one is Linköping.
Institutional factors can connect the waste management system and the
district heating system. One reason for the introduction of waste
incineration in Linköping was that the same municipal utility operated
both the waste management system and the district heating system and
saw that with waste incineration they could solve two problems at the
same time: both an acceptable waste treatment method and heat
production for the district heating system.
3.2.2 District heating and combined heat and power
Combined heat and power production is seen as an efficient way to save
primary energy and is recognised as one measure to decrease carbon
dioxide emissions in the European Union, as well as other emissions.
Additional advantages are avoiding network losses and greater power
grid reliability by means of power generation near load centres. Of
importance is that cogeneration can contribute to security of supply
through its ability to use indigenous fuels. A directive is in place that
aims to create a framework for promoting high efficiency cogeneration
based on useful heat demand (European Union, 2004a). In order to be
defined as high efficient cogeneration, the savings in primary fuel have to
be at least 10%. A governmental investigation has been carried out on
how to implement this in Swedish legislation (Ministry of Sustainable
Development, 2005). However, electricity production in the Swedish
district heating networks is low, as described in Section 3.2.
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The efficiency of combined heat and power instead of separate
production has been assessed in several studies. Werner (2001), for
example, analyses possibilities for district heating systems and combined
heat and power to reduce carbon dioxide emissions in the European
Union. Werner claims that in the short term, as long as coal-fired power
plants with high carbon emissions are the marginal electricity producers,
district heating and combined heat and power production could make a
significant contribution towards fulfilling the commitments of the Kyoto
protocol. This advantage will be weaker in the long term, when natural
gas fired combined cycle power plants are the marginal producer of
electricity. Lund et al (2005) analyse how Lithuania will solve their need
for additional electricity supply when the Ignalina nuclear plant is closed
down, and show fuel savings if combined heat and power in the district
heating systems are implemented in small cities. Mortensson and
Overgaard (1992) give an overview of the development of district heating
and combined heat and power production in Denmark and claim large
energy savings due to an increased share in the Danish district heating
systems utilised for combined heat and power production.
Rydén et al (1993) investigate the potential for combined heat and power
production in five Swedish communities as well as competition between
combined heat and power production and waste heat, and conclude that
there is a significant untapped potential for combined heat and power
production in Swedish district heating systems and that detailed bottomup studies are needed in order to understand how to utilise this potential.
Knutsson and Werner (2003) study the potential for electricity production
in district heating systems if the natural gas grid was extended in
Sweden12. They find that the annual potential for further natural gas based
electricity production is 26 TWh13. Knutsson et al (2006) analyse the
impact of green electricity certificates and carbon dioxide trading on
investments in combined heat and power production in Swedish district
heating systems, showing a large potential of increased combined heat
and power production and hence considerable savings of carbon dioxide
emissions. The Swedish District Heating Association (2005) predicts

12
At the moment, the natural gas grid covers only the south-west part of the country,
but there are plans to extend it.
13
It is important to be aware of one assumption in the study; electricity prices are at a
level that makes only waste heat and heat from waste incineration cheaper than heat
from CHP production. Heat pumps are more expensive than heat from CHP.
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increased electricity production by combined heat and power from 5.7
TWh in 2002 to 12.5 TWh in 2010 in Sweden. Driving factors are the
green electricity certificate system increasing profitability in biomass
fuelled cogeneration and recently changed energy taxation meaning more
beneficial conditions for fossil fuel cogeneration14.

3.3 Electricity market
Electricity production in Sweden is mainly based on hydropower and
nuclear power, accounting for about 90%, with roughly half each. The
rest is fossil and biomass cogeneration plants and some wind power. In
2004, total production was 148.2 TWh (Swedish Energy Agency, 2005a).
In 1996, the Swedish electricity market was deregulated and conditions
are stated in the Law of Electricity (Ministry of Sustainable
Development, 1997). The reason given was to achieve lower electricity
prices through competition among actors since consumers would be able
to choose freely among producers. Distribution of electricity is seen as a
natural monopoly and that meant that distribution and production of
electricity had to be separated into disparate companies to avoid crosssubsidisation between monopoly activities and activities exposed to
competition. Svenska Kraftnät was established to operate the national
high power transmission grid. The Swedish Energy Agency supervises
the prices and conditions the distribution companies offer their
customers. In 1996, the Norwegian-Swedish electricity market Nordpool
was in operation (it had been a Norwegian marketplace since their
deregulation in 1991). Finland joined Nordpool in 1998 and Denmark in
2000. About 40% of the total trade in electricity in the Nordic countries
goes through Nordpool (Swedish Energy Agency, 2005b).
The core of the European Union is free movement of goods, capital,
services and people. The introduction of a common internal electricity
market is in line with this. The objective of the directive (European
Union, 2003a) on a common internal electricity market is to open up the
electricity market by subjecting it to competition in order to increase
efficiency in the energy sector. Industrial consumers can choose their
supplier from July 1st 2004 and all consumers from July 1st 2007. The
European Commission publishes a yearly report about the
implementation of the internal market (European Commission, 2004)

14

As explained in Section 2.2.
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which states that the result of the implementation has so far been
unsatisfactory. One reason is barriers to cross-border trade, e.g. market
structures, and the need for further investments in infrastructure.
However, the report states that these problems must be solved. The
impact of this directive in Sweden is that electricity prices will increase
due to harmonisation with the electricity prices in continental Europe,
which are higher than has traditionally been the case in Sweden. This is
further described in Trygg and Karlsson (2005) for example.
3.3.1 Marginal power
The question of how to value the environmental performance of
electricity is the subject of much debate and opinions vary. The first issue
is whether marginal data or average data should be used. Other questions
are what system boundary to draw and what time frame to consider.
Calculating average data is done by evaluating the environmental impacts
of all electricity production units in for example a country or region
depending on the chosen system boundary. Swedish or European
electricity mixes have been used. The cost of producing an additional unit
according to traditional economics is called the marginal cost. The
producer of this additional unit is called a marginal producer. This also
means that when the electricity demand decreases, this is the unit that
switches off first. When estimating what the marginal power producer is,
system boundaries are important; for example, Nordic marginal power or
European marginal power has been used. In both average and marginal
data, a time frame is essential, since both the mix of electricity production
and the marginal power can be expected to change. The common internal
electricity market in the European Union means cross-border trade and
this affects what system boundaries to chose.
In the research area of life cycle assessment, several publications deal
with this. Average data has often been used in an accounting perspective,
e.g. account for the total environmental impact of activities within a
municipal or an industry. However, when analysing the impacts of
changes, marginal data should be used. Tillman (2000), for example,
differentiates between a retrospective or accounting perspective and a
prospective perspective when performing life cycle assessments, the latter
meaning that the impacts of alternative actions are investigated. The
author claims that the debate on methodological issues within LCA stems
from the failure to recognise these two perspectives. Another division is
between foreground and background systems, the former being all
processes in which measures may be taken as a result of the study (“core
system”) and the latter all processes being affected by measures in the
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foreground system (“enlarged system”). A waste water study is given as
an example, where alternative treatment methods are assessed and
average data is used in the foreground system and marginal data in the
background system. Ekvall (1999) investigates methodological issues
within LCA and analyses the question of whether to use an average mix
of Swedish electricity production or marginal production. The study leans
towards using marginal data since the effect on the total electricity
production in the geographical area is small. Weidema et al. (1999) argue
for using marginal technology in life cycle assessments, and describe a 5
step procedure for identifying marginal technology, using electricity as a
case. Kåberger and Karlsson (1998) discuss how to value electricity in
life-cycle analysis in a deregulated electricity market. How large can a
change be and still count as only affecting the marginal producer? Can a
large change in demand instead affect base load production of electricity?
The authors state that the use of a mix of Swedish electricity production
for life cycle assessment valuation erodes with increased cross-boarder
trade of electricity. What they argue for is contractual valuation, meaning
that when consumers buy electricity they can specify the production unit
and therefore their electricity consumption should be valued according to
that.
Sjödin and Grönkvist (2004) analyse different methods for emissions
accounting for the use and supply of electricity, comparing average,
marginal, and labelled. Their aim is to find an accounting scheme for
energy measures and their emissions of carbon dioxide. They also point
out the impact of price elasticity, meaning that when electricity is added
to the system, prices go down and demand therefore increases. They
argue that the most suitable method to capture the dynamics of the
electricity market is through marginal power and at present this means
coal condensing power. A report from the Swedish Energy Agency
(2002) states that the marginal power producer in the European Union is
at present coal condensing power plants and in the future it is predicted to
be natural gas fired power plants. A mix of marginal producers was used
in a study of life cycle assessment of fuels for district heating supply
(Eriksson et al, 2006), described in Section 2.4. The mix was the result of
energy modelling of perturbations in the Nordic electricity market.
The debate on what data to use is important, since the environmental
performance of electricity varies greatly according to different
assumptions. In this thesis, the assumption is made that marginal data
best captures the dynamics of the electricity market. The underlying
assumption is of a functional deregulated European electricity market
where trade barriers are removed. This is not yet the case since several
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European countries are still not deregulated and additional infrastructure
is needed but implies that this will be the case in the future. The changes
analysed in this thesis; mainly consumption and production of electricity
in district heating systems, can be deemed small in comparison to the
whole system which is a prerequisite of marginal data. The short-term
marginal power producer is assumed to be coal condensing power and
long term marginal power is probable natural gas based power. The time
frame for the change is hard to estimate, so in this thesis both coal
condensing (Papers 1, 2, and 6) and natural gas based power (Papers 3
and 6) have been used and assumption is made that locally produced
power can replace marginal power. Varying the marginal power producer
highlights the impact of these assumptions.
3.3.2 Impact of carbon dioxide emission allowance trading
Carbon dioxide emission allowance trading means a cap on carbon
dioxide emissions in the sectors included in the trading system. This has
implications for the assumption that locally produced power replaces
power produced by the marginal production unit in the European power
system. In the trading system, the replacement of coal condensing
electricity means that carbon dioxide emissions saved in those plants
would instead take place elsewhere in the trading system. Replacement of
electricity implies instead that the price of emission allowances decreases
since it liberates emission allowances for sale.
The argument for showing potential savings in emissions of carbon
dioxide is nevertheless that it is still interesting to see the possible
contribution of various measures. The trading system is a policy
instrument in effect at the moment and how the future will be is not
certain. The cap on emissions needs to be tightened in the future and by
highlighting efficient measures to decrease emissions, political
agreements on tightening of the cap might be easier to achieve.
In a report from the International Energy Agency (2002), system
boundary issues are discussed in relation to emission allowances. These
arise in several contexts, e.g. whether or not the sector where a saving
take place is included in the trading scheme and whether an entity taking
measures resulting in reductions has ownership or control of where the
reductions take place. This applies to reductions in demand in the power
grid, whether it be electricity produced in combined heat and power
plants, a demand side measure, or electricity production from renewables.
The utility enabling the reduction do not receive the credit. The electricity
price has increased due to the trading system since the marginal power
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production in the European power system is carbon intensive. A higher
electricity price naturally means increased incentives to for example save
electricity or invest in combined heat and power production. The question
is whether this is enough.
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4. Method
4.1 System analysis and system boundaries
The main aim of this section is to present how the concept of system
analysis is used in this thesis. The terms “system analysis” and “system”
are today applied in a variety of meanings, making it important to clarify
their meanings as they are used in this thesis.
Ingelstam (2002) makes an overview of system analysis; how it has
evolved, how it has been used and how it is being used. Ingelstam gives
some definitions of what characterises a system; there are components
and connections between these and they form some kind of entity. The
system must be discernible in relation to its surroundings; a system
boundary must exist. Only in exceptional cases is the system closed. The
rest of the world that does not belong to the system but still has influence
on the system is called its surroundings. The connection to the
surroundings and the influences on the system is an essential part of
system analysis.
The system approach, as described by Churchman (1968), gives guidance
as to how to use the concept. Churchman can be seen as an offspring to
operational research. Operational research began during the Second
World War, mainly for military purposes. It was characterised by
borrowing thoughts and methods from different fields for military
problems in tactics, organisation and behaviour. Many prominent
researchers from different fields were involved. It was target-oriented and
of importance was that the problem guided the methods used in an
unconventional way.
Churchman lists five basic considerations as regards how to view a
system:
“1. The total system’s objectives and, more specifically, the performance
measures of the whole system
2. The system’s environment; the fixed constraints
3. The resources of the system
4. The components of the system
5. The management of the system”
Churchman states that system analysis is a method to avoid suboptimisation, but one always has to keep in mind that the system is in its
turn embedded in a larger system. The system is influenced by its
surroundings but can not influence them. Churchman states that the
38

problem should define what tool to use. Churchman summarises his view
on system analysis by stating, for example:
“1. The systems approach begins when first you see the world through the
eyes of another.
2. The systems approach goes on to discovering that every world view is
terribly restricted.
3. There are no experts in the systems approach.”
4.1.1 Implications for this thesis
System analysis is used as a “thought model” when approaching the study
object. How the concept of system analysis is used in this thesis differs
somewhat in the various papers. The first perspective is the energy utility
perspective in Papers 1-4 and part of Paper 5. The system consists of the
municipal district heating system with the objective of fulfilling a given
heat demand with available resources at the lowest possible cost. The
management of the system is the management of the energy utility
operating the district heating system. The resources of the system are the
various conversion units available for heat and power production. Factors
belonging to the surroundings but influencing the system include the fuel
market and the electricity market by setting prices, and legislation and
policy instruments, that also affect the system via price signals.
In Papers 5 and 6, it is more complicated since these studies have the
objective of analysing what is most suitable for society as a whole. In
Paper 5, an energy efficiency method is used, and in Paper 6, external
costs are added to the private costs. Who is the management in these
cases? In this kind of study, which aims to draw a picture of the benefits
to society as a whole, Churchman (1968) also states that it is often
difficult to point to who the management is. Even if it is delicate to
identify the management of the systems, the aim is to offer guidance to
decision makers on a national level and increase general knowledge.

4.2 Models
A model is a reproduction of reality (Gustafsson et al, 1982), where the
essential properties of the system should be included. Arguments for
building a model are that real-world experiments are costly and risky or if
you want to study a planned system. Other arguments are that when
building a model and making analyses with that model, much is learnt
about the system which is being studied. It can also have educational
value for others; you can discuss around a model. One risk with using
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models is that you must always be aware of the limitations in the model.
You must also be aware of what purposes the model can be used for.
When discussing results from the model, it is important to point out that
reality can differ from the results obtained from using it. Churchman
(1968) states that models are a way in which “human thought processes
can be amplified.”
Mathematical models of energy systems are powerful tools for finding
suitable ways to use available resources. Complex connections in the
system can be found and impacts by the surroundings can be analysed.
Wene and Rydén (1988) discuss the issue of what role a mathematical
model can have in municipal energy planning processes. They claim that
the greatest advantage is not the optimised results but the learning process
a model can mean for an organisation. Eriksson et al (2003) discuss how
model-based system analysis can be improved to make it more common
to use in waste management decision making. Two case studies are
carried out in the same municipality using two different models15, a
follow-up study is made by interviewing representatives for the energy
utility and the municipal organisation responsible for waste management.
One of the essential results of using models and systems analysis is
building competence in the organisations. As for decision making, the
officials in the organisations interpreted the results and presented them in
a form suitable for where the decisions were taken (the board of the
energy utility and politicians) Other aspects of modelling were to be
specific in scenario building, divide between internal (impacts that the
organisations decide, e.g. investments in treatment capacity) and external
(factors the organisation can not decide, e.g. electricity price and policy
instruments), the importance of sensitivity analyses of compensatory
systems, since these are often crucial for the results and the level of
detail. Groscurth and Schweiker (1995) point out that models may
support decision making by enhancing understanding of energy systems.
When decision makers base their decisions on model results, it is vital
that they thoroughly understand the assumptions made and agree with
them. There are qualitative parameters, e.g. security and safety, that can
not easily be incorporated into mathematical energy models.
A number of energy models have been built for various purposes. Jebaraj
and Iniyan (2006) give a broad survey of such models. Henning (1999)

15

ORWARE, described in Section 2.4 and MIMES/WASTE in Section 3.1
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makes a survey of the ones that are most related to the one used in this
thesis, MODEST, such as MARKAL, MESSAGE, and EFOM and
compares the differences and similarities between them. After consulting
this survey, MODEST is deemed appropriate to use for the purpose of
this study.
4.2.1 MODEST model framework
An optimisation model known as MODEST (Model for Optimisation of
Dynamic Energy Systems with Time-dependent components and
boundary conditions) is used to optimise the district heating system in
this thesis. The model is thoroughly described in (Henning, 1998; 1999).
It is a linear programming model that minimises the cost of supplying the
heat demanded during the analysed period. Several alternatives with
regard to energy supply and conservation may be included in an analysis.
The model has a flexible time division, which can reflect demand peaks
and diurnal, weekly and seasonal variations in energy demand and other
parameters. The main purpose of the MODEST modelling program is to
find suitable investments in the studied energy systems but the program
can also be used to optimise operations at existing plants. A Windows
interface has been developed and is used in this thesis (Gebremedhin,
2003).
MODEST is made up of nodes connected by flows of energy. The nodes
are divided into starting, conversion, storage, demand and waste nodes. In
the nodes, various properties and constraints are set. Starting nodes have
only outflow, conversion both outflow and inflow, demand and waste
nodes only inflow. Examples of parameters that describe the energy
system include the costs of fuel, electricity and taxes, capital costs of
investments, efficiencies and capacities of plants, and limitations in fuel
supply. Emissions of carbon dioxide, NOx and SO2 are also parameters
that can be set. A cap on emissions can be set as a constraint. The cap has
not been used in this thesis, but emissions of carbon dioxide have been
calculated in Papers 1-3. An objective function is formulated by
MODEST which is solved by the optimisation tool CPLEX.
The model can choose whether energy conservation measures should be
implemented instead of supplying energy. This has not been analysed in
this thesis but a fixed heat demand varying in time has been used.
All costs are discounted to their present day value. In this thesis, the
studied time period is ten years, and this means that if investments are
included and their economic lifetime is longer, a residual value exists
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which is deducted from the system cost. Other time periods can also be
chosen. The model can also include several time periods, where the
model can make investments between the time periods.
The MODEST model does not calculate a utility’s maximum profit. The
calculations show minimised costs for satisfying a demand. There can
therefore be other ways to use the available resources when making
investment decisions; these are for the utility to decide. Desired profit, for
example for an investment, is an input to the model, in terms of the
discount rate used. Hence, the chosen value for the discount rate has a
large impact. In this thesis, the value is 6%.
Figure 6 shows an example of the principle of a model built in MODEST.
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Figure 6. An example of the principle of a model built in MODEST

One limitation in MODEST is the absence of mixed integer linear
programming. No fixed costs, e.g. start-up costs, can be attached to the
plants. Neither can investment costs be fixed; they are calculated in
SEK/kW, which means that after the modelling, the results must be
checked. If the plant chosen by the model is considerably smaller than the
one planned, investment costs must be changed and additional modelling
performed. No minimum level can be set at which the plants can operate.
This must be checked manually and if necessary changes must be made
and additional model runs carried out.
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Simplifications are always made in models and in the Papers the
simplifications made to the models for the various municipalities are
described.
4.2.2 Input data and uncertainties
The input data to the modelling of the energy system consists, for
example, of plant characteristics, fuel costs, operation and maintenance,
electricity prices, energy taxation, and investment costs. The
characteristics of the plants in the energy system were obtained from the
utilities operating the district heating systems. The central characteristics
are built into the MODEST framework to replicate the energy system.
Costs for fuels are collected from the utilities and sometimes from other
sources, as described in the Papers. In the Linköping and Skövde studies,
electricity prices are based on data from Nordpool, the Nordic electricity
market. In the Göteborg study, a model was used to calculate the
electricity price based on the assumption that natural gas based power
was the long-term marginal power producer, at least for high loads. This
is described in the Papers.
To compare the energy efficiency of material and energy recovery, data
on energy usage in production processes from virgin and recovered
material was obtained from literature and through contact with industries,
all described in Paper 5.
The costs of external effects were obtained from the EU’s ExternE
project. Emission levels from plants in the district heating system was
obtained from the utility’s environmental report, the environmental
permission for the new waste incineration plants, and from literature, as
described in Paper 6.
There are uncertainties in this data. For example, assumptions of
electricity and fuel prices and policy instruments. The time frame in this
study is ten years and during that time changes can occur that are difficult
to predict. Groscurth and Schweiker (1995) state that energy prices are
different from, for example, conversion data such as efficiencies, since
the prices reflect current preferences which are uncertain and can change,
especially during the long life-times that are usually used in energy
system modelling.
Sundberg (2001) analyses which parameters are most influential when
investing in combined heat and power production and concludes that
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these are fuel price, taxation, operation and maintenance costs, electricity
price, investment cost, and overall efficiency. The ratio between
electricity price and fuel price is analysed, and when investment is
profitable. Combined heat and power plants is a long-term investment,
and important factors can change drastically during the life-time of the
investment. A thorough sensitivity analysis of various parameters is
therefore essential when investment decisions are being made.
The aim of this thesis is not to make this kind of thorough analysis of
whether various combined heat and power plants are profitable, but it is
important to keep in mind the uncertainty in such assumption as fuel and
electricity prices. Fuel prices have proved difficult to predict as can be
seen from the increases as regards fossil fuels in recent years. Kjärstad
and Johnsson (2006) discuss the development of the European gas market
and what influences the price of natural gas. The phasing out of nuclear
power, the carbon dioxide emission allowance trading system, and too
slow an increase in the supply of renewables are pushing Europe towards
a substantial increase in natural gas usage, especially in the power sector,
making Europe more dependent on energy imports and more vulnerable
as regards security of supply. Another factor influencing the development
of natural gas usage is the future for storing carbon dioxide in subsurface
reservoirs. The price of natural gas has been linked to the oil price and
even if the gas-gas competition increases in the future, the oil linkage will
still be strong. The oil price is dependent on the demand/supply balance,
geopolitical tensions, the weather affecting production, and also a fear
that “peak oil” is approaching (Kjärstad and Johnsson, 2006). What can
make natural gas prices competitive is that there are many suppliers and
in the short term, Europe may be over-supplied. An upward pressure is
the growing proportion of liquid natural gas (LNG), which is more
expensive to produce.
Taxation and other policy instruments can change rapidly due to political
decisions, which can prove a challenge for energy utilities when making
investment decisions. The cost level for some policy instruments is set by
the market, e.g. green electricity certificates and carbon dioxide emission
allowances, and the future picture is thus uncertain.
4.2.3 Validation
MODEST has been applied to electricity and district heating supply for
approximately 50 local utilities, see for example (Sjödin, 2002b;
Sundberg and Henning, 2002). The model of the district heating system
in Linköping built in MODEST has been used in several studies of
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various issues, thoroughly described in Henning et al (2006). The
Linköping model is used in Papers 1, 5, and 6.
A type of validation has been made by Byman (1999) who has compared
results from MODEST with a traditional consultant investigation
showing similar results. Another validation is made by Sjödin and
Henning (2004) who calculate the marginal cost of district heating of a
municipal utility by using three separate methods: MODEST, a least-cost
dispatching model; MARTES; and manual calculation. All show similar
results.
Since this thesis is not about model development, no validation of the
model is provided here; the reader is instead referred to the papers and
literature mentioned above. The results of the case studies have been
shown to representatives of the utilities and discussed to varying extents,
which constitutes a validation against reality with the people most
familiar with the actual operation of the district heating system’s
resources.

4.3 Case study research
4.3.1 Cases studied
This thesis is based on three case studies; the district heating systems in
three Swedish municipalities: Skövde, Linköping, and Göteborg. They
vary in size but have in common that they all use waste incineration to
supply substantial amounts of heat for the district heating system.
Linköping is investigated in Papers 1, 5, and 6, Skövde in Paper 2, and
Göteborg in Paper 3. In Papers 4 and 7, experience from all three cases is
used. The municipalities’ district heating systems are described in detail
in the papers; a brief description follows below.
Skövde is the smallest district heating system with a heat demand of 280
GWh/year, including the demand of the largest industrial consumer,
Volvo. At the time the study was made, Volvo was not connected to the
grid, but one aspect of the analysis was whether such a connection would
be an advantage. Apart from the waste incineration plant that was
planned, there are a wood-chip fired plant with a capacity of 50 MW, oil
fuelled boilers, some waste heat from a cement factory, and electric
boilers. Only the planned waste incineration plant is equipped for
electricity production.
Linköping is studied in Papers 1, 5, and 6 and some changes have taken
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place over the period between the studies. In Paper 1, heat demand is
1 340 GWh/year, and plants include the waste incineration plant where
electricity can be produced when integrated with an oil-fired gas turbine,
the central combined heat and power plant utilising biomass, plastic, coal,
rubber, oil and animal fat, and the two oil-fuelled diesel engines for
electricity and heat/steam production. Peak loads are covered by means of
oil boilers and electric boilers. In Papers 5 and 6, the district heating
system has been connected to nearby population centres, Mjölby and
Ljungsbro, which has increased heat demand to 1 640 GWh/year. Two
biomass fuelled boilers are added to the system, as well as extended
capacity for waste incineration producing electricity and heat.
Göteborg is the largest system, with a heat demand of 4 600 GWh/year. A
large part of the demand is covered by waste heat from oil refineries and
waste incineration, which the energy utility buys from the industries and
the company operating the waste incineration plant. The energy utility
operates a natural gas fired combined heat and power plant, heat pumps,
hot water boilers fuelled with oil, natural gas, biomass (wood chip and
pellets), and bio-oil. An additional natural gas fired combined heat and
power plant are taken into operation in autumn 2006.
4.3.2 Theory on case studies
Since cases are used in this thesis, case study research will be defined and
the thoughts behind it used in this thesis will be accounted for. The theory
is mainly based on Yin (1994), but to some extent also on Merriam
(1988). Yin defines case studies as “when a ’how‘ or ’why‘ question is
being asked about a contemporary set of events over which the
investigator has little or no control”. Case studies can use various
methods, and they can be of both quantitative and qualitative
characteristics. Case studies seek more to bring forward theories instead
of trying hypotheses, which is more common in experimental research. A
case study ”investigates a contemporary phenomenon within its real-life
context, especially when the boundaries between phenomenon and
context is not clearly specified”. This can be compared with system
analysis, which emphasises the need to set a system boundary. But one of
the main aims of system analysis is to analyse the impact of the
surrounding system on the system itself, and both theories stress the
importance of context or embedded systems. As can be seen in Section
1.2, the aim of this thesis is mainly to answer “how” questions.
Another idea from Yin that is worth considering is how case studies can
be generalised. A common complaint is that case studies can not be
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generalised and the results only applies to the specific case. Yin uses the
term “external validity” when discussing how to generalise case studies.
The key is to not try to make a statistical generalisation since that will
fail, but to rely on analytical generalisation, in analogy to how the
experimental results are generalised to theory. Yin also states that the
theory that leads to a case study in the first place will help identify other
cases where the results are generalisable. What thoughts can be drawn out
of this that helps this thesis? The results from the case studies can not be
generalised as such, since they depend on the specific characteristics of
that particular district heating system. What can be generalised to some
extent is what can be learnt from the case studies, what might be expected
from the next case study and what research questions that could be
interesting to study in the next case.
4.3.3 Descriptive or normative case study
Another issue to keep in mind is what kind of study is being attempted.
Merriam (1988) defines case studies to be descriptive, analytical or
normative. A descriptive study aims at making an account and gathering
information without any aspirations to build theories or hypotheses.
Analytical case studies include descriptions but are also used to highlight,
support or questions theories. A normative case study includes
descriptions and explanations but also valuations. Merriam states that
most case studies are a combination of descriptive and analytical or
descriptive and normative.
Yin (1994) uses the definitions descriptive case studies, exploratory case
studies, and explanatory case studies. The goal of an exploratory study is
to develop hypotheses and propositions for further inquiry. An
explanatory study seeks to build explanations of various events.
Korhonen (2006) writes about normative and prescriptive research, which
is defined as how the world ought to be and what we should do, and
descriptive and analytical research which asks questions as to how the
world is, how things are. The concept of sustainable development is
ethically loaded. Industrial ecology strives to be a means of moving
towards a more sustainable society, and as such includes several
normative values. These are recycling, diversity and cooperation, for
example. Korhonen wants to break down normative values into
descriptive indicators and to look into every specific case to find out what
is the most suitable solution for that case. Noteworthy is that Korhonen
does not differentiate between descriptive and analytical research.
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This thesis has both a descriptive and a normative approach. The
descriptive approach include accounts for the energy system, waste
management, and various policy instruments. A model is a normative tool
which describes what should be done under the assumptions made. The
model shows an optimal way to use existing resources and possible
investments according to the input data. The thesis includes an analytical
phase that aims to explain various relationships and connections.
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5. Results from case studies
This section will summarise the results from the case studies. The
summary will follow the perspective taken in the studies: energy utility
perspective, energy efficiency perspective, and external cost perspective.
There is also a section on the double function of waste incineration and
Sweden’s linkages to the EU through legislation and trade.

5.1 Energy utility perspective
Papers 1-4 have the energy utility perspective, as does part of Paper 5.
The municipalities studied are: Skövde (Paper 2), Linköping (Papers 1
and 5) and Göteborg (Paper 3). Paper 4 deals with the knowledge gained
of the impacts of policy instruments in several municipalities, including
the three mentioned. Some comments from Paper 7 are also included.
The system studied is the district heating system of a municipal utility
and the managers of the system are the managers of the energy utility.
The resources of the system are the various conversion plants that supply
heat to the district heating network and also electricity when it is
profitable. The surrounding system affects the studied system in terms of,
for example, electricity and fuel prices. Legislation and policy
instruments belong to the surrounding system even if this is not totally
correct; an energy utility can have an impact on decisions on policy
instruments through lobbying. An individual energy utility’s possibility to
influence decision on policy instruments, however, is considered to be
small.
The studied impacts are
x system costs, which constitute the cost of supplying heat for, in
these cases, a ten-year period where both operating costs and
investment costs for new plants are included
x environmental impacts in terms of carbon dioxide
x fuels and conversion units used to provide heat
x electricity produced and by which fuels.
Scenarios illustrate both measures the utility can decide upon, e.g. the
amount of waste used as a fuel, investment in waste incineration,
inclusion of a big industrial consumer in the district heating grid,
introduction of a natural gas fired combined heat and power plant; and
circumstances the utility can not decide upon, such as electricity prices
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and various policy instruments. Some sensitivity analyses are carried out
on issues the energy utility can not decide upon such as taxation and
electricity prices. The scenarios are chosen to reflect the research
questions stated in Section 1.2.
5.1.1 Effects on system costs
Due to the revenue collected for receiving waste at the waste incineration
facility, waste has a negative operational cost making it profitable to use
as a fuel in the district heating systems. This is shown for the case where
waste is used as a fuel in an existing plant (Papers 1 and 3), when a new
waste incineration plant is constructed (Paper 2), and when more capacity
is added (Paper 5). The waste incineration plants are used as base load in
the systems. Waste incineration plants are costly investments, due to high
costs for among other things flue gas cleaning, compared to plants using
other fuels, but a negative operational cost compensates for this. Waste
management legislation banning landfill of combustible and organic
waste and the tax on landfill in combination with favourable taxation of
waste used as a fuel in the energy system contribute to profitability. The
tax on incinerated municipal waste introduced July 1st 2006, as described
in Section 2.2, will have an effect on the profitability of using waste as a
fuel. This is further elaborated on in Section 5.1.5.
The electricity price assumed is a factor that influences system costs.
Since electricity sales generate an income to the system, a high electricity
price means additional electricity generation, at a higher price, generating
more income. This means decreasing system costs, as shown in Paper 1.
This paper describes scenarios with both low and high electricity prices.
With a high electricity price, the gas turbine in the waste incineration
plant operates, but the electric boilers in the system do not.
Another issue effecting the system cost is shown in Paper 2; connection
to the district heating grid of a large industrial consumer, Volvo. This
connection is profitable and lowers the system cost of the district heating
system, due to substantial savings in the usage of oil. The reduction in
system cost is also larger when Volvo is connected, since more waste is
used as a fuel. In general, peak loads are mainly supplied by oil boilers
and in order to keep system costs down, the operational time for these
plants must be kept down.
Waste heat from industries is shown in Paper 3 to have a beneficial
impact on system costs in Göteborg’s district heating system. In one of
the scenarios studied, the amount of waste heat was reduced, and that
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meant higher system costs since more expensive conversion units had to
operate more. The decrease in waste heat enabled the combined heat and
power plants to operate more, but in this case, the additional income from
increased electricity sales could not compensate for the loss of an
economically beneficial energy carrier. This was the same for a scenario
with assumed gasification of waste; less heat from waste involves more
expensive conversion units to operate which the increased electricity
sales could not cover. A scenario where heat pumps were removed also
meant higher system costs due to longer operational times for more
expensive units.
5.1.2 Waste replacing other fuels
Waste incineration plants are the base load suppliers of heat in the district
heating networks where there is such a plant, due to the revenue received
for accepting the waste. When waste incineration is introduced in a
district heating system, other plants are affected. What fuel the waste
replaces differs between district heating systems due to different
configurations. In Linköping, in Paper 1, when waste amounts decrease,
the main replacement is biomass. This is due to the assumption that
biomass is the only fuel that can replace waste in the existing waste
incineration plant because it has a similar moisture content and calorific
value. Another alternative is the boiler in the central power plant which
utilises a biomass/plastic mix. In Paper 5, that analyses the extended
waste incineration capacity in Linköping, the fuel affected most is oil, but
all plants are affected except for two biomass fuelled hot water boilers.
Hot water plants fuelled with oil function as peak load supply and with
the new plant it was possible to reduce this oil supply substantially.
In Skövde, presented in Paper 2, where investment in a new waste
incineration plant is introduced, the main replacement is biomass, since
that was the previous base supplier of heat in the system, but also oil and
electricity used in electric boilers. In Göteborg, presented in Paper 3, one
scenario with additional heat from waste incineration and one with less
heat from waste incineration are analysed, the latter due to the
introduction of a waste gasification plant. Such a plant would mean more
electricity from waste and hence less heat to the district heating grid since
only the same amount of waste is available. In both these scenarios, all
other production units are affected, but the greatest impact is on the heat
pumps in the system.
The results show that in order to state the replacement fuel for waste,
studies need to be made in the specific district heating system, since
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every system has its unique combination of various conversion plants and
heat supplies.
5.1.3 Waste and combined heat and power
Combined heat and power production is seen as an effective way to use
resources and a large untapped potential for increased combined heat and
power production exists in Swedish district heating systems. Increased
waste incineration can impact the possibilities for combined heat and
power production in district heating networks, since it can "occupy
space" for more efficient combined heat and power plants. This is shown
in Linköping, where increased waste incineration affects the operating
time for the other combined heat and power plants in the district heating
system. In Skövde, the existing production plants have no electricity
production, so this does not happen in that particular district heating
system. In Göteborg, there seems to be space in the district heating
system for all waste heats since the new plant mainly replaces hot water
boilers. However, in the scenario with much less heat from waste
incineration due to an assumed gasification plant, the electricity
production in the natural gas fired combined heat and power plant can
increase.
A conflict can arise between the need to treat waste in an environmentally
acceptable manner, and to utilise the energy content in the waste as
efficiently as possible, and the goal of increasing combined heat and
power production in district heating systems. This is further elaborated on
in Paper 7.
5.1.4 Carbon dioxide emissions
In Papers 1-3, carbon dioxide emissions are calculated, both emissions
resulting from the local plants, and global emissions, meaning that the
local carbon dioxide emissions are credited with the saved carbon dioxide
emissions since locally produced electricity can replace power produced
with the marginal production method in the European power system. In
Papers 1 and 2, it is assumed that the marginal power producer is coal
condensing plants and in Paper 3 natural gas fired power plants. The
theory behind this is presented in Section 3.3.1. Production units using
electricity, meaning electric hot water boilers and heat pumps are
burdened with these carbon dioxide emissions. Fossil fuels are burdened
with their resulting emissions of carbon dioxide, whereas biomass fuel is
assumed to have zero net emissions, due to carbon dioxide capture in
growing biomass. This can be debated since biomass can be regarded as a
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limited resource and savings in biomass may therefore mean savings in
fossil fuel elsewhere in the energy sector. In Paper 7, some studies are
surveyed that attempt to estimate the potential biomass supply, giving an
indication that biomass utilisation could increase substantially, but a vast
expansion could lead to other environmental and social problems. Waste
has fossil content, e.g. plastic packaging, and that is included. Waste heat
from industries is assumed to have zero carbon dioxide emissions, even
though this could be discussed since it presupposes that everything has
been done to optimise the energy usage within the industry.
The result is that local carbon dioxide emissions that arise from
introducing, increasing or decreasing heat from waste incineration differ
according to what fuel the waste replaces, which varies in the different
cases due to the disparate configurations of the systems. In Linköping, the
local emissions decrease slightly when waste incineration decreases,
since waste is largely, but not fully, replaced by biomass. In Skövde,
carbon dioxide emissions increase when waste incineration is introduced
since waste largely replaces biomass but also oil and electric boilers.
Volvo’s connection to the district heating grids saves large amounts of
emissions since oil can be replaced. Waste heat is important in Göteborg
to keep carbon dioxide emissions down, since otherwise heat production
in fossil fuelled hot water boilers needs to increase. More waste
incineration decreases local carbon dioxide emissions since it replaces
heat pumps and fossil fuel hot water boilers.
The main measure in all cases to decrease global carbon dioxide
emissions is to increase electricity production in the district heating
systems since it can replace marginal power in the European power
system. Which marginal power producer is assumed is an important
factor; results will be different depending on whether the marginal
producer is natural gas based power or coal condensing power. Combined
heat and power production is much more beneficial when it is coal
condensing power instead of natural gas which is replaced. The benefit of
combined heat and power production will not be of the same magnitude
as at present in the long run as electricity production will be more carbon
lean. In line with this goes that heat supply from conversion units using
electricity, is detrimental; in Göteborg, the removal of heat pumps as heat
supply reduces carbon dioxide emissions even though fossil fuelled hot
water boilers operate more, and in Linköping, carbon dioxide emissions
decrease when the electricity price is too high to operate the electric
boilers.
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5.1.5 Impact of policy instruments
The impacts of policy instruments on district heating, electricity
production and waste management are profound and the impacts of
various policy instruments have therefore been assessed. In Paper 2, the
impacts of a tax on incinerated waste at two levels are analysed as well as
if electricity produced by waste were to receive green electricity
certificates. In Paper 3, the costs for carbon dioxide emission allowance
trading are included in the modelling of the system, and a sensitivity
analysis is carried out of abolishment of carbon dioxide taxes in the
trading sector. In the Papers, energy and carbon dioxide taxes are
included, as is the landfill tax at least partly, since it can be assumed to be
incorporated in the revenue the waste incineration plants receive for
treating the waste. Paper 4 is a survey of studies made in several
municipalities of the impact of various policy instruments.
In Paper 7, the conflict between waste management goals and energy
system goals when designing policy instruments is shown. When
designing the tax on incinerated waste, the energy system perspective was
the predominant factor, the main objective being to harmonise taxes on
incinerated waste with taxes on other fuels and greater incentives for
cogeneration. The incentive for increasing material recovery and
biological treatment was mainly set aside, except in the case of plastic
waste. In the design of the electricity certificate system, the waste
management goals, e.g. more biological treatment, prohibit waste
incineration plants from receiving certificates even if this would increase
the incentive for cogeneration, consistent with the goals for the energy
system.
In Paper 2, the impact on the investment in a waste incineration plant in
the municipality of Skövde of two policy instruments are assessed; green
electricity certificates and a tax on incinerated waste. When a waste
incineration tax level of 11 €/ton is introduced, the investment in waste
incineration is still profitable, but not at the level of 42.5 €/ton. These
levels were chosen since they were proposed in an earlier governmental
investigation. They are in the proximity of the levels introduced for a
combined heat and power plant and hot water boilers respectively.
Naturally, this is on the assumption that the utility can not raise their gate
fee. However, at the higher tax level, there is an incentive to start looking
at other solutions. The study shows that with the electricity prices
assumed, it is necessary to receive green electricity certificates for
municipal waste in order for the investment in electricity production to be
economically feasible.
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In Paper 3, it seems that the new natural gas fired combined heat and
power plant is a beneficial investment even though there are costs for
carbon dioxide emission allowance trading. This is partly due to
assuming higher electricity prices, that reflect a deregulated European
electricity market and the costs for emissions trading, which raise
electricity prices still further. Of importance for the municipal utility’s
decision to invest in a new natural gas fired combined heat and power
plant was the change in taxation on fossil combined heat and power
plants, with a reduction from full carbon dioxide tax applied to fuels for
heat production in cogeneration plants to the industrial tax level of 21%.
When carbon dioxide taxes were removed in the sensitivity analysis, it
was clear that heat supply from hot water plants fuelled with natural gas
and oil increased substantially. This presupposes that the price ranges of
fossil fuels and their possible substitutes continue to be the same.
5.1.6 A district heating network as a heat sink resource
District heating systems have an important advantage: they utilise heat
that would otherwise be of limited use, hence raising the efficiency of
resource usage. This is done by means of various alternatives, e.g.
combined heat and power production, utilisation of waste heat from
industries, and waste incineration. Paper 3 is an example of a system
which uses all the above-mentioned energy sources, i.e. heat from
industries, waste incineration, and combined heat and power, in its
district heating system. The base load of heat supply is waste heat from
oil refineries in the vicinity of the city, and heat from a waste-fired
combined heat and power plant that treats waste from Göteborg
municipality and neighbouring municipalities. The utility is currently
investing in a natural gas fired combined heat and power plant, in
addition to an already existing one, where the profitability of the plant is
dependent on electricity prices and policy instruments, but also on the
utilisation of the heat in the district heating system and annual operating
time. In Paper 3, the “competition” between the energy carriers in the
municipal district heating system is analysed. The conclusion is that there
is space in the system for all these different waste heat sources. However,
this can differ between systems.
5.1.7 Additional comments on the studies with an energy
utility perspective
The studies presented in this section were conducted
over a period of several years. The energy and waste management
systems exist in a changing environment, and assumptions made in the
studies might therefore be different if they were carried out today. This
highlights the difficulties involved in making predictions, for example as
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regards prices in the fuel market. Electricity prices have risen
substantially since the studies in Papers 1 and 2 were made. In Paper 1,
for example, scenarios with an electricity price based on data from
Nordpool for the year 2000 was used, as well as a doubling of the prices
after ten years. Today, the latter electricity prices seem more realistic. In
Paper 2, there is a scenario where the effects of municipal waste receiving
green certificates were analysed and the conclusion was that certificates
were needed for electricity production at the waste incineration plant.
However, today’s electricity price would make it profitable to produce
electricity even without certificates. This possible development was
mentioned in the Paper. It can also be mentioned that the assumed cost
for green electricity certificates was also too low, 120 SEK/MWh
compared to the average price between August 2nd 2005 and August 2nd
2006 of 199.4716 SEK/MWh. Both green electricity certificates and
emissions trading are policy instruments where future prices are unknown
and can be hard to predict. The price of emission allowances has been
volatile but the market is still not mature. The waste incineration plant
that was eventually built in Skövde is a combined heat and power plant.
The municipality has also connected Volvo to the district heating grid. At
the moment, the utility is considering investing in biomass fuelled
combined heat and power to increase electricity production in the district
heating grid.
In Paper 3, the largest difference which can impact the results is the
increase in natural gas prices that has taken place in recent years. This has
naturally had an impact on the investment in the natural gas combined
heat and power plant. However, since the electricity price was calculated
on the assumption that natural gas based power is the marginal producer,
at least at high load, and hence sets the electricity price, the higher natural
gas prices would also increase the electricity price. That means that the
investment might still be profitable due to higher electricity price. The
sensitivity analysis show that the hot water boilers fuelled with natural
gas would operate substantially more if carbon dioxide tax were removed
at the expense of, for example, the pellet boilers. Recent developments
with a substantial increase in fossil fuel price should mean changed
results, however depending on development of biomass fuels. In autumn
2006, the new natural gas fired combined heat and power plant is in trial
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The price can be found at the homepage of Swedish Energy Agency: www.stem.se
(accessed August 2006).

56

operation and will according to schedule be handed over to Göteborg
Energi in December 2006.
The introduction of the tax on incinerated waste will affect the
profitability of the plants in the three municipalities studied. However,
since all the plants are cogeneration plants, the tax level is not very high.
Their profitability is also dependent on the possibility to raise waste fees
for consumers to let them shoulder the increasing costs due to this tax.

5.2 Energy efficiency perspective
In order to extend the study from the perspective of the energy utility to a
wider range, material recovery and energy recovery through waste
incineration are compared from the perspective of energy efficiency in
Paper 5. The starting point for this is that even though other
environmental impacts are not included, primary energy use is often an
indicator of other environmental impacts as well. The aim is to show the
implications for two existing district heating under present conditions.
Material recovery saves virgin material and energy, since production
processes that use recovered material in general are less energy intensive
than processes that use virgin material, whereas energy recovery saves
other fuels that differ from energy system to energy system.
The study analyses two Swedish municipalities: Skövde, which is
planning to build a waste incineration plant, and Linköping, which is
planning to extend their existing waste incineration facility. Optimisation
of the municipalities by using the MODEST model is performed in order
to show the amount of waste incinerated, what fuels are replaced by the
waste, and the resulting electricity production in the district heating
systems. Energy savings resulting from material recycling various
fractions are calculated. For biodegradable waste, the assumption is made
that it is treated by anaerobic digestion. Composting is not considered
since no biogas is produced which can be utilised for heat and/or
electricity production or as vehicle fuel.
The fractions of glass and metal do not make any heat contribution when
incinerated, but save varying amounts of energy when material recycled,
metals substantially more than glass. One main incentive to sort out glass
is that it occupies space in the incineration facilities and only ends up as
slag in the ashes. Concerning the combustible fractions, the study shows
that even if there is a district heating system able to utilise the heat, paper
and plastics should be material recycled, whereas cardboard and
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biodegradable waste is more suited for energy recovery through waste
incineration. An essential assumption is that biomass fuel is a limited
resource. This implies that when biomass is saved, it is used for example
in another district heating system and eventually it saves oil.
Furthermore, in the calculations, electricity was multiplied by 2.5, based
on the assumption that electricity is produced in a condensing plant with
an electrical efficiency of 0.4. This makes it extra important with
combined heat and power production in district heating systems and also
to consider how electricity intensive the various material production
processes are. The difference in results for paper and cardboard are
largely a result of the assumption that paper is produced by and replaces
mechanical pulp, a electricity intensive production process, and
cardboard is produced by chemical pulp, which is not so electricity
intensive. Plastic waste is beneficial to recover, but there have been
problems with the recovery system; a large amount of reject. These
results imply that efforts should be made to develop this technical system.
In order to do so, greater efforts are needed earlier in the process, already
in the design and construction phase.
Concerning system analysis and this perspective, it is complicated
compared to the energy utility perspective. The system modelled is still
the district heating systems, influenced by fuel prices and policy
instruments such as energy taxation, but the waste management system is
also included with the energy use of material recovery and biological
treatment of waste. The aim is to show a resource effective system that is
beneficial for society as a whole. Management of the system is hard to
point out, but the aim is to support policy makers on a national level.

5.3 External cost perspective
This study is presented in Paper 6 and is another attempt to widen the
perspective from energy utility to society. This is done by putting
monetary values on external effects, as outlined in Section 2.1.
Linköping’s district heating system is used as an example. The main aim
is to investigate whether using external costs is a suitable way to assess
the environmental performance of a district heating system with special
emphasis on waste incineration.
The scenarios compared are a business economic case where taxes and
other policy instruments are included and socio-economic cases where
external costs are included instead of taxes. Taxes is a means of
internalising external costs, so these have to be excluded when adding
external costs otherwise double accounting for environmental impacts
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can occur. Data used is from EU’s ExternE project. In this way, how data
for external costs correlates to taxation can be studied. Environmental
effects included in the data are emissions to air of CO2, SO2, NOx and
particles. Electricity production in the district heating system is credited
with avoided marginal power production in the European electricity
system. Electricity used in electric boilers is burdened with the same
external costs. The socio-economic cases differ due to assumptions as to
which source is the marginal power producer, coal condensing power or
natural gas based power. Then assumptions, as to what discount rate to
use when assessing costs for emissions of carbon dioxide are varied, 1%
or 3%, giving different values for carbon dioxide, according to the
ExternE project. Waste incineration is credited with the avoided burden
of landfill, but only emissions of methane and carbon dioxide are
included.
The result is that waste as a fuel is used to full extent in all scenarios. The
main difference is that in the socio-economic cases with natural gas based
power as marginal producer, more waste is used for heat only production.
Lacking an incentive to steer towards cogeneration applied in the
business economic case, in the cases with natural gas as marginal power
producer, the additional crediting of electricity does not compensate for
the loss of a policy instrument that strongly steers towards cogeneration
at waste incineration plants. When coal condensing power is assumed to
be the marginal power producer, the compensation is enough and more
electricity is produced than in the business economy case. In those
scenarios, even the diesel fuelled power plant produces some electricity.
In the business economic case, it can be seen that the policy instruments
in place at present, green electricity certificates, deductions in carbon
dioxide tax for fossil fuel based cogeneration, and the introduction of a
tax on incinerated municipal waste with significantly different levels for
hot water boilers and combined heat and power plants, are strong
incentives for cogeneration, also in comparison with adding external
costs and crediting locally produced electricity for avoided costs for
marginal power production.
When it comes to whether using data on external costs from the ExternE
project constitute a beneficial method to analyse the environmental
performance of a district heating system with waste incineration as a base
supplier, there are advantages and disadvantages. One advantage of using
external costs of environmental impacts is that data can be incorporated
directly into the optimising modelling of the system, or in other economic
calculations. The data obtained from ExternE is site-specific, which is an
advantage compared to most life cycle assessment studies, for example.
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The human health impacts are explored quite thoroughly. Damage costs
are used, which can be deemed the most realistic way to put value on the
cost, in comparison to other methods such as hedonic pricing,
experimental judgment, avoidance costs, and using taxation as a method
for valuing.
The main disadvantages could be listed as follows:
-Uncertainty in data: Both in methodological issues, such as willingness
to pay, data collection for dose-response functions, and emissions from
conversion units.
- Limited number of environmental effects included. Environmental
impact of ashes, for example, is not included in the ExternE data. Today,
when advanced flue gas cleaning has moved a lot of the emissions from
the air to mainly end up in the fly ashes, the lack of inclusion of ashes is a
drawback.
- How to treat inter-generational environmental impacts is difficult.
Carbon dioxide, for example, has a global impact which is extended in
time. The ExternE project also highlights the fact that the uncertainties
are considerably larger for emissions of carbon dioxide than the regional
emissions of NOx and SO2. How to discount the cost for intergenerational
impacts are debated and in the ExternE project, different discount rates
are presented. Two discount rates for the cost of carbon dioxide are used
in Paper 6, 1% and 3%, and this means that the environmental cost for
emitting carbon dioxide varies considerably as a result of that
assumption.
- How to treat avoidance burdens for other waste treatment methods is
not clear. In this study, data from another study using data for emissions
from landfill of carbon dioxide and methane is deducted from the cost of
waste incineration. This is not really satisfactory, but in the absence of
other data, this was used.
As in the energy efficiency perspective, it is a complicated matter to point
out, for example, the management of the system, compared to the energy
utility perspective. The system modelled is still the district heating
system, influenced by fuel prices and policy instruments such as energy
taxation, but external costs are included in some scenarios to reflect costs
to society. The aim is to show a resource effective system that is
beneficial for society as a whole. Management of the system is hard to
point out, but the aim is to support policy makers on a national level.

60

5.4 The double function of waste incineration and
links within the EU
One aim of this thesis is to highlight the double function of waste
incineration as a supplier of heat and/or electricity and a waste treatment
method. In Paper 7, this is stressed by considering some models used to
support decision-making and when designing policy instruments. The
difficulty when designing policy instruments for waste incineration is
elaborated on in Section 5.1.5.
Various models are often used as decision support tools in decision
making processes, e.g. when municipalities make investment decisions.
When designing and using these models, the dilemma of the two
functions needs to be faced and the ways in which some models handle
this is described in Paper 7. The importance of being aware of the double
function of waste incineration and the impacts of different assumptions,
for example as regards a compensatory system in life cycle assessments,
are discussed. Various models deal with the double function in different
ways, and have their own strengths and weaknesses. A model’s
construction and the results from it should be seen as way of gaining
knowledge of the system and as a support in decision-making. When
decisions are to be made, there are other aspects that can be of
importance that have not been included in the model.
Policy instruments in Sweden are highly dependent on legislation in the
European Union. The policy instruments discussed in this paper are no
exception. Therefore, the second issue in focus in this paper is the
connection via common legislation between countries in the EU. The
consequences of this are discussed, with a special emphasis on its impact
on waste incineration in Sweden. Furthermore, the countries in the EU
are connected via trade, and of special importance for waste incineration
in Sweden is naturally the trade in waste, but also in electricity. The
market share of district heating as well as the total heat supply from
district heating is included and compared to the waste management
systems in the European Union, to search for similarities and differences.
Sweden has extensive district heating networks and therefore better
possibilities to efficiently recover the energy content in the waste than
countries with a less developed infrastructure of this type. There is a
correlation between extensive district heating networks and substantial
incineration as a waste treatment method in Sweden, and the connection
is both historical and organisational. This correlation can not be
unambiguously shown to exist in any other EU country. In this context,
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Sweden differs from other Western European countries, since relatively
little electricity is produced in the district heating networks. In other
countries in Western Europe with extensive district heating, cogeneration
has been more important and a driving force for district heating. Many
countries in Eastern Europe have extensive district heating but untapped
potential for increased supply from various sources of waste heat:
cogeneration, waste incineration, and waste heat from industries. There
are possibilities to make these systems much more efficient from both an
economic and an environmental perspective.
Waste incineration can decrease the potential for producing combined
heat and power in the district heating networks and this can be seen as a
conflict between the need to treat waste in an acceptable way and the goal
of more combined heat and power production in the energy system as
described in Section 5.1.3. There is a conflict in the European Union
between the internal market and waste management policy, e.g. that
waste should be treated close to its origin. A shortcoming in the directives
is that they do not clearly define what an energy efficient waste
incineration plant is and hence not when a waste incineration plant should
be defined as recovery versus destruction.
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6. Discussion, conclusions and further work
6.1 Discussion
Many Swedish municipalities have chosen to make substantial
investments in waste incineration, and this is an ongoing process. Waste
incineration as treatment method will be a major part of the Swedish
waste management system for years to come. It is an important supplier
of cheap heat in the district heating grids. One risk with the massive
infrastructural development of waste incineration in Swedish
municipalities is lock-in and dependency in a system which might
hamper other efforts, for example waste reduction. The significant
investment costs for waste incineration plants in comparison to plants
using other fuels mean that profitability of a plant is dependent on an
abundant supply of waste which yields high revenue when received.
Those responsible for collecting and treating municipal waste, the
municipalities, are often owners of energy utilities that invest in waste
incineration, which can stifle interest in other treatment methods and
waste reduction. The risk of lock-in and “stiffness” in industrial systems
are discussed within industrial ecology, e.g. O’Rourke et al (1996).
Increased interdependency among industries might impede process
innovation. One example can be less effort in waste minimisation when
the waste from an industry is used as raw material to another.
The main environmental problem existing today concerning waste
incineration is the residues from incineration, the ashes. The ashes
constitute a substantial proportion of the total weight of the original
waste, some 20-25%, which is more than for other fuels. The flue gas
cleaning residues are hazardous. Usage areas are available for the large
bulk of bottom ash and efforts are ongoing in this field as well as for
ashes from other types of fuel combustion. This development must
continue in order to increase the sustainability of using waste as a fuel.
For the fly ash, it is difficult to find a suitable treatment method, and is at
the moment used for filling up old mines and this should be kept in mind
when considering the sustainability of waste incineration.
It would make sense to start dividing waste streams according to
materials instead of e.g packaging waste, for example, with their own
legislation on treatment methods. Looking at materials in the waste
stream to sort out how to treat the different material fractions in the most
suitable way from an environmental and economic viewpoint would be
beneficial. This is in line with a more holistic approach to waste
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management that looks into the whole chain and works with design and
construction in order to minimise waste. Within the EU, the need for this
kind of approach is receiving increasing attention. It seems that most
agree that landfill is to be avoided, otherwise various methods should
complement each other and the most suitable choice can be site-specific
and dependent on material fractions.
A model is a powerful tool to try different scenarios and learn about the
system under study. However, it is vital to keep in mind the limitations of
the model and what assumptions lie behind the results. The systems of
energy and waste management are both changing rapidly; the latest
developments in the fuel market and electricity markets, for example, are
examples of the difficulties involved in predicting future price levels.
Policy instruments are also a factor that greatly influences the systems;
they are the results of political decisions which might be delicate to
predict. Other examples are the levels of the policy instruments, e.g. the
price for carbon dioxide emission allowances which has tended to vary.
The question of at which level these will be in the future, what
sectors will be included, or if the system will even exist are difficult to
estimate. A model can then be a tool for assessing the impact of these
changes. The most profound value of using a model is the knowledge and
understanding of the system which is gained. This can be used for
decision-support, but in the end the decision maker must make the
decision and needs to value other aspects as well.
What is the contribution of this thesis in comparison to other studies? The
point of departure is to show resource effective solutions under the
assumptions made. The main contribution is the examples of three real
municipalities to show how waste incineration affects the system in terms
of for example system costs, fuel used for heat production, and the
amount of electricity production. It increases knowledge about the
uniqueness of different district heating systems and the predicament in
stating in general terms what fuels are affected when waste incineration is
introduced. This complements similar studies on the national level. The
difference compared to studies that use life cycle assessment is the
procedure to seek the most efficient way to use resources while those
studies mainly compare the environmental impact of chosen scenarios.
District heating is often assumed to be for example biomass and then
varied in sensitivity analyses. The contribution of this study is to give
examples of actual replacement fuels. A diversion from most other
energy system studies is the clear focus on waste incineration. The
methodological approach with an optimising model is also a departure
from some studies. In studies using an energy efficiency perspective or
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external costs as an assessment method, a difference is how the recovery
of heat is handled; most studies presuppose electricity only production
and that the heat is wasted.

6.2 Conclusions
Waste incineration has a negative operational cost due to the fact that
revenues are received for treating the waste. Waste incineration plants are
base load suppliers of heat in district heating grids and introduction of
waste incineration therefore entails new conditions for other plants which
can make them operate less. Waste as a fuel is economically profitable
for the energy utilities operating the district heating grids. Waste
management legislation banning landfill of combustible and organic
waste and the taxes on landfill make waste even more competitive as a
fuel. Heat can be sold to district heating customers, making incineration
of waste competitive compared to other waste treatment methods. An
additional effect is the favourable taxation of waste as a fuel and high
taxes on fossil fuels. However, a tax on incinerated waste has recently
been introduced which will alter the economic conditions for waste
incineration.
The Swedish infrastructure with its extended district heating systems has
great potential for several purposes: untapped potential for increasing
resource effective combined heat and power production, taking care of
waste heat from industries that would otherwise be wasted, and treating
waste in an acceptable way and recovering a large part of its energy
content. However, the purposes might conflict with each other. Waste
incineration can make combined heat and power production in district
heating networks less viable and this can be seen as a conflict between
the need to treat waste in an acceptable way and the goal of more
combined heat and power production in the energy system. Combined
heat and power production is the main measure to decrease carbon
dioxide emissions from district heating systems on the assumption that
locally produced electricity replaces electricity produced in coal
condensing power plants. The results are dependent on what power
production is assumed to be marginal; the environmental benefit is much
less when it is natural gas power instead of coal power. How the future
looks and when a shift will take place is hard to say, but it is vital to be
aware of the impact of the assumptions made.
Policy instruments have a significant impact on the development of both
energy and waste management systems, e.g. green electricity certificates,
carbon dioxide taxes, emission allowance trading, landfill taxes, and
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taxes on incinerated waste. Aspects affected are for example fuels used in
the district heating systems and incentives for combined heat and power
production. It can be a complicated matter to design policy instruments
for waste incineration since the goals for waste management and the
energy system conflict in some areas.
It is important to sort municipal waste in order to treat the different
fractions of the waste according to the most preferable method for that
fraction, and a variety of treatment methods are needed to avoid landfill.
When choosing a waste treatment method, the connection to the technical
energy system is important; whether it is possible to utilise the heat from
the waste incineration and what other energy carriers are used. The
structure of the energy system affects the consequences of choices made
in the waste management system. The importance of a district heating
system to utilise the heat is shown in the comparison of energy efficiency
of material and energy recovery. Plastics and paper are more energy
efficient to material recover whereas cardboard and biodegradable waste
are more appropriate for energy recovery. The level of cogeneration in
the district heating system and how electricity intensive production
processes are important for the result, since electricity is multiplied with a
factor 2.5. This is the main difference between paper and cardboard. An
essential assumption is that biomass fuel is a limited resource. That
implies that when biomass is saved, it is used in another district heating
system, for example, and eventually it saves oil.
The concept of external costs is one way to include environmental impact
in economic calculations. The data from the ExternE project is sitespecific in contrast to the data often used in life cycle assessments for
example. There are many uncertainties, both methodological and ethical.
One example of an ethical uncertainty is the discussion as to which
discounting rate to use. The higher the rate, the higher burden laid on
coming generations. The ExternE project include a limited number of
impacts, and especially important concerning waste incineration is that
the environmental impact of ashes is not included. How to value an
avoided burden in other treatment methods is a question that can affect
results. An advantage of using external costs and of the efforts made by
the ExternE group is the knowledge gained of environmental impacts and
of the system under study.
The situation in Sweden differs from other European countries with
extended district heating systems in combination with the historically low
interest in Sweden for combined heat and power production due to the
abundance of cheap hydropower and nuclear power. Other Western
66

European countries with a high amount of district heating also have a lot
of combined heat and power. In Sweden, the connection has not been
strong, and that can be a reason why waste incineration has been such a
suitable solution for municipal authorities; two functions and problems
solved in one plant. Some Eastern European countries also have a
significant number of district heating systems but their waste
management systems are not particularly developed and rely heavily on
landfill. This might change with increasing demands for waste treatment,
e.g. decreased landfill, from the European Union. These district heating
systems have the potential for more cogeneration and utilisation of heat
from waste incineration and waste heat from industries.

6.3 Suggested further work
It is interesting to follow the development of the connection between the
systems of district heating and waste management, e.g. the impact of
various policy instruments. Of special importance here is the introduction
on July 1st 2006 of the tax on incinerated municipal waste: will this
impact the development of waste incineration? The design of the tax
implies that the main influence should be increased cogeneration in waste
incineration plants. The total amount of incinerated waste is less likely to
be affected.
It would be informative to put costs on the calculations of the energy
efficiency of the waste treatment methods shown in Paper 5 in order to
obtain costs per unit saved energy. It could further point in directions
where the greatest effort in material recycling should be made.
In the waste management sector, it is essential to “move up the ladder” in
the waste hierarchy. The main step to take in the years ahead is to find
ways of reducing the amount of waste and breaking the correlation
between economic growth and waste growth. How can we reduce waste
in order to move towards sustainability? What means are there to break
the connection between economic growth and waste growth? How can
we develop design and production processes in order to decrease waste
amounts? What kind of policy instruments would be necessary to
stimulate this progress?
Concerning district heating systems, the development of electricity and
fuel prices, principally natural gas, is interesting to study as is the
progress of the common European electricity market. More sensitivity
analyses of the impact of various electricity and fuel prices on district
heating systems would be valuable. There are uncertainties as regards the
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development of taxation and other policy instruments, such as the
emission trading programme. Further studies of the impact of policy
instruments would be instructive. Combined heat and power has been
shown to be efficient and is it necessary to support it in additional ways,
apart from the green electricity certificates and the changes in fossil fuel
taxation for combined heat and power? Concerning district heating, does
it need further encouragement for extension?
The people who are part of these systems have not been very visible in
this thesis. However, the aim of the thesis is to support the decision
makers and policy makers and to increase knowledge about the district
heating and waste management systems and their interaction. It would be
interesting to study how decision makers and policy makers work and
what their aspirations are. Incorporating the public would also be
valuable. Public acceptance is necessary to achieving a functional waste
management system. How do the public view the increase in waste
incineration? How do the public think we could reduce the amounts of
waste? Concerning district heating, it would be interesting to study the
public’s opinion of and confidence in district heating.
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