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Abstract
Future energy systems and thus the climate are affected by many
factors, such as energy resources, energy demand, energy policy
and the choice of energy technologies. Energy systems of the
future are facing three main challenges; the steady growth of global
energy demand, the energy resource depletion, as well as the
increasing emissions of carbon dioxide (CO2) and other
greenhouse gases and their impact on climate change.
To meet the mentioned challenges with sustainability in mind,
actions that increase energy efficiency and choosing an energyefficient energy system which is cost efficient will be essential.
Combined heat and power (CHP) plants and district heating and
cooling could contribute greatly to increased system efficiency by
using energy otherwise wasted.
The aim of this study is to increase the understanding of how
CHP-based district heating and cooling systems using different
primary energy sources can contribute to more cost-efficient
energy systems, which reduce global CO2 emissions, and to
highlight the impact of some important parameters and measures
on Swedish municipal district heating systems.
An important assumption in this study is the estimation of CO2
emissions from electricity production, which is based on marginal
electricity perspectives. In the short term, the marginal electricity is
assumed to come from coal-fired condensing power plants while
in the long term it consists of electricity produced by natural gasfired combined cycle condensing power plants. This means that
the local electricity production will replace the marginal electricity
production. The underlying assumption is an ideal fully
deregulated European electricity market where trade barriers are
removed and there are no restrictions on transfer capacity.
The results show that electricity generation in CHP plants,
particularly in higher efficiency combined steam and gas turbine
heat and power plants using natural gas, can reduce the global
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environmental impact of energy usage to a great extent. The results
confirm, through the scenarios presented in this study, that waste
as a fuel in CHP-based district heating systems is fully utilised
since it has the lowest operational costs. The results also show how
implementation of a biogas-based CHP plant in a biogas system
contributes to an efficient system, as well as lowering both CO2
emissions and system costs.
The results show that replacing electricity-driven (e.g.
compression) cooling by heat-driven cooling using district heating
(e.g. absorption chillers) in a CHP system is a cost-effective and
climate friendly technology as electricity consumption is reduced
while at the same time the electricity generation will be increased.
The results of the study also show that there is potential to expand
district heating systems to areas with lower heat density, with both
environmental and economic benefits for the district heating
companies.
The results reveal that the operation of a studied CHP-based
district heating system with an imposed emission limit is very
sensitive to the way CO2 emissions are accounted, i.e., local CO2
emissions or emissions from marginal electricity production. The
results show how the electricity production increases in the
marginal case compared with the local one in order to reduce
global CO2 emissions.
The results also revealed that not only electricity and fuel prices
but also policy instruments are important factors in promoting
CHP-based district heating and cooling systems. The use of
electricity certificates has a large influence for the introduction of
biogas-based cogeneration. Another conclusion from the
modelling is that present Swedish policy instruments are strong
incentives for cogeneration with similar impact as applying
external costs.
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Sammanfattning
Framtidens energisystem och därmed även klimatet påverkas av
många faktorer, såsom energitillgångar, efterfrågan på energi,
energipolicy och valet av energitekniska lösningar. De framtida
energisystemen står inför tre viktiga utmaningar: den ständigt
växande efterfrågan på energi i världen, problemet med minskande
energitillgångar samt den ökande koldioxidhalten i atmosfären och
utsläppen av andra växthusgaser och deras påverkan på
klimatförändring.
Det blir alltmer angeläget att möta de nämnda utmaningarna med
hållbarhetsbegreppet i åtanke, att agera för att öka
energieffektiviteten och att välja ett energieffektivt energisystem
som också är kostnadseffektivt. Fjärrvärme och fjärrkyla baserade
på kraftvärme (CHP) kan i hög grad bidra till ökad effektivitet
genom användning av energi som annars skulle gå till spillo.
Syftet med denna studie är att öka förståelsen för hur CHPbaserad fjärrvärme och fjärrkyla som använder olika energikällor
kan bidra till mer kostnadseffektiva energisystem som även ger
minskade globala koldioxidutsläpp samt att belysa effekterna av
vissa viktiga parametrar för svenska fjärrvärmesystem.
Ett viktigt antagande i denna studie är beräkningarna av
koldioxidutsläppen från elproduktion som är baserade på
marginalelsperspektiv. På kort sikt antas marginalelen komma från
koleldade kondenskraftverk, medan den på lång sikt utgörs av el
som produceras av naturgas i gaskombi-kondenskraftverk. I
beräkningarna antas den lokala elproduktionen ersätta
marginalelsproduktionen. Det underliggande antagandet är en
ideal, helt avreglerad, europeisk elmarknad där handelshindren är
borta och det inte finns några begränsningar i
överföringskapaciteten.
Resultaten visar att elproduktion i kraftvärmeverk, speciellt i
högeffektiva kraftvärmeverk med en kombination av ång- och
gasturbiner med naturgas, kan minska den globala miljöpåverkan
av energianvändningen avsevärt. Resultaten bekräftar också,
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genom de scenarier som presenteras i denna studie, att avfall
utnyttjas fullt ut som bränsle i kraftvärmebaserade
fjärrvärmesystem eftersom det har de lägsta driftskostnaderna.
Resultaten visar också hur införande av ett biogasbaserat
kraftvärmeverk i ett biogassystem bidrar till ett effektivt system för
att minska koldioxidutsläppen och systemkostnaderna.
Resultaten visar att det är kostnadseffektivt och klimatvänligt att
byta ut eldrivna kompressorkylmaskiner mot värmedrivna
absorptionskylmaskiner
i
ett
CHP-system
eftersom
elanvändningen minskas och elproduktionen samtidigt kommer att
öka. Resultaten av studien visar också att det finns potential att
bygga ut fjärrvärmesystem till områden med lägre värmetäthet med
både
miljövinster
och
ekonomiska
fördelar
för
fjärrvärmeföretagen.
Resultaten visar att driften av ett studerat CHP-baserat
fjärrvärmesystem där olika gränsvärden för utsläpp införs är
mycket känsligt för hur koldioxidutsläppen redovisas, d v s som
lokala koldioxidutsläpp eller utsläpp från marginalel. Resultatet
visar hur elproduktionen ökar i marginalelsfallet jämfört med det
lokala fallet för att minska de globala koldioxidutsläppen.
Resultaten visade också att inte bara el- och bränslepriserna, utan
också styrmedlen är viktiga för att främja kraftvärmebaserad
fjärrvärme och fjärrkyla. Elcertifikat har t ex stor inverkan på
införandet av biogasbaserad kraftvärme. En annan slutsats från
modelleringarna är att de styrmedel som finns i dagens Sverige
utgör starka incitament för kraftvärme och har en liknande effekt
som att använda externa kostnader.
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1 Introduction

This chapter includes the background and purpose of the thesis. Research
questions and the scope as well as important assumptions in this thesis are
defined. Furthermore, an outline of this thesis and an overview of the appended
papers are presented together with co-author statements. Other publications not
included in this thesis are also presented in this chapter.

1.1

Background

Future energy systems and thus the climate are affected by many
factors, such as energy resources, energy demand, energy policy
and the choice of energy technologies. Energy systems of the
future must face three main concerns. The first is that the demand
for energy is growing in the world, see Figure 1.1.

Figure 1.1 - The global demand for primary energy in Mtoe (Source:
IEA, World Energy Outlook 2010).
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IEA predicts that demand for primary energy will increase by onethird from 2010 to 2035 and fossil fuels will account for 75% of
primary energy use in 2035 [1]. As shown in Figure 1.1, the
majority of the future growth in energy demand will come from
the non-OECD countries.
The second concern is the problem of energy resource depletion.
Maximum level of oil or Peak Oil is the most common example
when energy resource depletion is considered. Peak oil will occur
because oil is a finite resource [2]. Oil currently accounts for about
33% of global primary energy use, 41% of the world’s total fossil
fuel use, and 95% of global energy used for transportation and is
likely to remain the dominant fuel in the primary energy mix
during the period 2008 until 2035 (i.e. about 30%). Currently,
fossil-based energy resources, such as oil, coal, and natural gas, are
responsible for about three-quarters of the world's primary energy
use. Nuclear power (6 %) and renewables (13 %) currently
represent about one-fifth of the world's primary energy use. The
dominance of fossil fuels also applies to the EU where fossil fuels
represent three-quarters of EU primary energy use, see Figure 1.2.

Figure 1.2 - Fossil-fuel share of energy supply in the world (total
12,369 Mtoe, right picture) and EU 27 (total 1,703 Mtoe, left
picture), (Source: IEA World Energy Outlook 2010 and Eurostat 2011,
respectively).
The third main issue is increasing concern over carbon dioxide
(CO2) and other greenhouse gas (GHG) emissions and their
impact on climate change, despite the fact that fossil fuels are likely
to remain the dominant energy sources in 2035.
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The future energy challenge is therefore to reconcile growing
energy demand with efforts to reduce CO2 emissions while
maintaining economic growth, see Figure 1.3.

Figure 1.3 - Main concerns facing future energy systems.
EU currently imports 54% of its energy. EU dependency on
imports is increasing for all fossil fuels, see Figure 1.4.
Dependency on oil and gas imports reached 84% and 64% in
2009, respectively. The number of oil and gas suppliers is limited.
Energy security is at risk due to poor energy efficiency, the limited
number of suppliers and supply routes, and rising prices.

Figure 1.4 - EU-27 Energy import dependency (Source: Eurostat
2011).
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EU needs to improve its energy security. Meeting the mentioned
challenges with sustainability in mind and improving energy
security will require further diversification of energy sources,
energy supply, energy technologies, increase in renewable energy's
share of primary energy use and reducing primary energy use. In
this context action to increase energy efficiency and choose an
energy system which is both energy- and cost-efficient will be
essential.
Combined heat and power (CHP) plants and district heating and
cooling can contribute greatly to increased system efficiency by
using of energy otherwise wasted. Together with renewable energy,
wasted energy is regarded as the EU’s greatest potential source of
indigenous energy [3].
Energy and climate policy and measures are the keys to a
sustainable society, with a secure supply of energy. CHP-based
district heating and cooling systems can significantly contribute to
the achievement of national and European Union energy policy
objectives and are key infrastructures for a resource-efficient
European energy system, both today and in the future.
With European Union energy policy objectives and “2020 targets”
[4] in mind, the benefits that can be achieved within Europe by
expanding the CHP-based district heating and cooling systems are
higher security of energy supply, lower primary energy use, and
reduced greenhouse gas emissions.
Investment in energy infrastructure and cross-border
interconnections enable better use of resources, may keep energy
prices down, curb climate change, and will help maintain a secure
supply of energy in the future, which is of great significance for
achieving the EU’s energy policy objectives [5].
The combination of the deregulation of the electricity and gas
markets in the EU [6 and 7], ensuring cross-border trade and the
important assumption that coal-condensing power is the marginal
power production in the European electricity system in the short
term and natural gas-based power plants in the long term, will
make CHP-based district heating systems more beneficial both in
economic and environmental terms. This applies especially in
16

Sweden when the deregulation of the electricity market in the EU
will lead to higher electricity prices in the future than has
traditionally been the case in Sweden [8 and 9].
In this thesis, results from energy system analyses show economic
and environmental benefits of CHP-based district heating systems,
especially with higher electricity prices, for a number of
municipalities in Sweden using different forms of primary energy
sources. Energy policy and policy measures as well as electricity
prices play important roles in this thesis, and are significant for the
outcome of the analyses.

1.2

Purpose

The aim of this thesis is to increase the understanding of how
CHP-based district heating systems using different primary energy
sources can contribute to more cost-efficient energy systems with
reduction of global CO2 emissions as a result, and to highlight the
impacts of some important parameters and measures on Swedish
municipal district heating systems by answering the following
research questions:
-

How does CHP, using different primary energy sources and
technologies, influence a municipal district heating system regarding
energy supply, system costs, and global CO2 emissions?

-

What is the impact of increased district heating and cooling demand
on the companies with CHP-based district heating systems?

-

What is the impact of energy policy instruments and electricity and
fuel prices on municipal CHP-based systems?

The scope of the study is to show how to use the resources of the
system to fulfil a given demand in the most cost-efficient way
under the assumptions made. To show the importance of using
CHP in a district energy system, in order to increase system
efficiency while reducing system costs and global CO2 emissions, is
the main focus. The importance of the EU’s deregulation of the
electricity market for a Swedish energy system, which leads to
higher prices for Swedish electricity users, is one of the most
importance issues for the outcome of the thesis.
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1.3

Important assumptions in this thesis

In this thesis estimates of CO2 emissions from electricity
production are made based on marginal electricity perspectives, in
the short term (Paper I-VI) and long term (Paper III and V). In
the short term, the marginal electricity is assumed to come from
coal-fired condensing power (CFCP) plants while in the long term
it consists of electricity produced by natural–gas-fired combined
cycle condensing power plants. This means that the local electricity
production, e.g. by bio-fuel CHP plants, will replace the electricity
produced by coal-fired or natural gas-fired condensing power
plants in other European countries, since coal-fired and naturalgas-fired condensing power plants are the marginal power
producers in the European electricity system, in the short and long
term, respectively. This also means that carbon dioxide emissions
can be credited for the local electricity production. The underlying
assumption is an ideal fully deregulated European electricity
market where trade barriers are removed and there are no
restrictions on transfer capacity. The Swedish average electricity
production mix (SAEM) has also been used (Paper V) in this thesis
to calculate the CO2 emissions in order to reflect the traditional
accounting method used in Sweden.

1.4 Outline of the thesis
The thesis consists of ten chapters. Chapter one gives a
background and aim of the thesis and a description of the research
questions together with the scope and important assumptions
defined in this thesis. The chapter also gives a short overview of
the six published papers included. In Chapters two, three and four
some topics related to the research papers are discussed. These are
CHP and district heating and cooling in the EU and Sweden.
Energy policy in the EU and Sweden, and the energy policy
concerning CHP and district heating in the EU and Sweden as well
as the general impact of some important European/Swedish policy
instruments on CHP and district heating are discussed in Chapter
three. Cross-border trading in electricity along with different
system perspectives for electricity production is discussed in
Chapter four. Related literature on CHP and district heating and
cooling studies is briefly discussed in Chapter five. Chapter six
describes the methodology including system boundaries used in
this thesis. The case studies, including a brief description of the
18

analysed energy systems, are presented in Chapter seven. Results
from the included papers are presented in Chapter eight.
Conclusions and some suggestions for further work end the thesis
in Chapter nine and ten, respectively.

1.5 Overview of the appended papers
This thesis is based on the six papers presented below. The energy
system optimisation model MODEST has been used for modelling
the CHP-based district heating and cooling and biogas systems in
all papers.
Paper I

The main aim of this paper is to describe the MODEST model of
the CHP-based district heating system in Linköping and show how
the system is affected by CO2 emission limits by comparing two
different cases: Local case and Marginal coal case. In the first case
(Local), only emissions from local plants are considered. Case two
(Marginal coal) is based on the assumption that a coal-condensing
power plant is the marginal electricity supply.
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Paper II

This paper aims to compare a socio-economic perspective and a
business economic perspective on Linköping’s CHP-based district
heating system. An assessment is also made of whether putting
monetary values on external effects is a suitable method to analyse
the environmental effects of a CHP-based district heating system,
using waste as a fuel.
Paper III

This paper aims to emphasise the fact that heat-driven cooling in
CHP systems, by converting vapour compression chillers to heatdriven absorption chillers in a CHP system is cost-effective and
environmentally friendly as electricity consumption is replaced
with electricity generation. The studied system is the Norrköping
district heating system and the seven largest industries connected
to the municipality’s district-heating systems.
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Paper IV

The aim of this paper is to investigate impact of using natural gas
on the Linköping, Norrköping and Finspång energy systems in the
County of Östergötland, Sweden. The sensitivity of the studied
municipal energy systems to a broad range of parameter variations
that influence the energy systems has been explored.
Paper V

The objective of this paper is to analyse economic and
environmental benefits of connecting residential buildings in heat
sparse areas to the district heating systems in Gävle, Sandviken and
Borlänge in Sweden. To estimate CO2 emissions, three alternatives
for electricity production have been considered, i.e., short-term
marginal electricity production or coal-fired condensing power
(CFCP) plant, long-term marginal electricity production or the
natural gas combined cycle (NGCC) plant and Swedish average
electricity production mix (SAEM). The sensitivity of the studied
21

municipal energy systems to a broad range of parameter variations
that influence the energy systems has been explored.
Paper VI

The objective of this study is to create a model for the biogas
production system in Linköping in order to achieve an even more
cost-effective system and to analyse economic and environmental
benefits of implementing a biogas-based CHP plant in the
Linköping biogas system. The optimization tool MODEST has
been applied to many district heating systems but this is the first
time that the model is used for material flows and biogas
production.

1.6 Co-author statement
Prof. Björn Karlsson and Prof. Bahram Moshfegh contributed
valuable comments on the structure as well as the whole concept
of this thesis.
In Paper I, the author of this thesis contributed to the modelling
of the energy system. The author of this thesis wrote the part on
Linköping’s energy supply. Dag Henning did the model runs. The
results were analysed and discussed by all authors.
In Paper II, the author of this thesis did the model runs,
contributed the elaboration and refinement of results (heat and
electricity production in the district heating system of Linköping),
wrote the part on Linköping’s energy system structure and updated
all the major model data needed for the optimisation and
simulation of the system. The author of this thesis and Dr.
Kristina Holmgren wrote the part on system boundaries used in
this paper. The results were analysed and discussed together.
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In Paper III, the author of this thesis developed a model that
Associate Prof. Louise Trygg expanded to include the use and
production of cooling at different electricity prices. Louise Trygg
contributed with writing and the model runs. The results were
analysed and discussed together.
In Paper IV, the author of this thesis contributed the modelling of
the energy systems, did the model runs, and wrote the paper. Prof.
Bahram Moshfegh provided constructive discussions and
comments on most of the paper, especially the conclusions. He
also contributed valuable comments on the structure of the paper.
The results were also discussed by all authors.
In Paper V, the author of this thesis contributed with the
modelling of the energy systems, did the model runs, and wrote
the paper. Prof. Bahram Moshfegh contributed with valuable
comments on the structure of the paper. The results were
discussed together.
In Paper VI, the author of this thesis did the modelling of the
Linköping biogas system with supervision from Associate Prof.
Dag Henning. The author of this thesis did the model runs and
wrote the major part of the paper. Dag Henning contributed to
model description and with the structure of the paper. The results
were discussed together. Prof. Björn Karlsson provided
constructive discussions and comments.

1.7 Other publications not included in
the thesis
Amiri, S, Trygg, L., Söderberg, S., Moshfegh, B. Naturgasens
möjligheter och konsekvenser för energiföretag och industrier i
Östergötland (Consequences and possibilities for natural gas in
Östergötland) LiTH-IKP-R-1390, Linköping Institute of
Technology, Sweden, 2005. Report SGC 115, Swedish Gas
Technical Center, Malmö, Sweden, 2006 (in Swedish).
Amiri S., Nilsson F., Moshfegh B. Möjligheter och konsekvenser
av avreglering av den Europeiska elmarknaden för anslutning av
värmeglesa områden till fjärrvärmesystem – Värmegles projektet
(Possibilities and consequences of deregulation of the European
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electricity market for connection of heat sparse areas to district
heating systems). Department of Technology and Built
Environment, University of Gävle, Gävle, Sweden. Dnr 151034/06; 2007 (in Swedish).
Amiri S., Henning D., Karlsson B.G. Modelling of a Swedish
biogas system. Proc. of the World Renewable Energy Congress XI 2530 September 2010, Abu Dhabi, UAE.
Amiri S. The Benefits of energy co-operation between industries
and utility in the municipality of Kisa, October 2012, Estonia.
Available
online:
http://projektwebbar.lansstyrelsen.se/woodenergy-and-cleantech/En/technology-and-production/Pages/
default.aspx.
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2 Cog eneration and district
energ y

This chapter provides a brief overview of advantages of CHP plant and district
heating and cooling systems and their status in Europe and Sweden.

2.1 CHP and district heating and cooling
systems in Europe
The European energy balance reveals that the losses in energy
conversion and distribution processes account 50% of the primary
energy of the used fuels. A significant of the heat loss occurs in
condensing power plants and can be recovered by operating them
as CHP plants connected to district heating systems [1 and 2].
District heating systems act as cooling fins by connecting the
condenser of the CHP plant with the municipality’s heat demands.
As a result, the energy losses and the total volume of primary
energy needed in the energy system will be reduced. In other
words, the district heating systems improve the total efficiency of
the condensing power plant by re-circulating the heat in the district
networks. Otherwise this heat would be wasted to the
environment. However, it is worth mentioning that this measure
will reduce electricity production to some extent.
The CHP technology is receiving world-wide attention due to its
higher energy supply performance, lower fuel consumption and
lower CO2 emissions per MWh. The CHP plants improve the total
efficiency of steam power from roughly 36-45% to more than 8090%. The total efficiency of CHP plants can further be improved by
integrating with a gas-turbine plant and/or using flue gascondensing units.
District heating is a convenient and often sustainable way of
heating space and tap water. In many processes, for example when
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electricity is generated or municipal waste is burned, large parts of
the fuel energy are set free in the form of surplus heat. The district
heating systems provide the possibility to use this surplus heat
which otherwise would be wasted from electricity production,
from fuel- and biofuel-refining, and from different industrial
processes. The district heating systems open also windows of
opportunity for introducing renewable energy such as solar
thermal and geothermal.
Another interesting opportunity with a district heating system is to
integrate it with an absorption cooling unit and deliver district
cooling to the residential and industrial sectors. Figure 2.1 shows a
schematic sketch of a CHP plant that supplies heat to a district
heating system, chilled water by means of absorption chillers to a
district cooling system as well as electricity to the grid. District
cooling using heat-driven absorption cooling process is a more
sustainable alternative to conventional compressor chillers [3].

Figure 2.1 - Schematic figure of a CHP plant integrated with the
district heating and cooling systems (Source: Lecture material, course
TMES 12 Energy systems, Linköping University).
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The overall benefits of district heating and cooling systems are:
-

Potential for lower primary energy use
Potential for integration of renewables
Potential for CO2 emission reduction
Potential for reduction of energy import dependency

District heating and cooling systems can therefore play an
important role in the supply of low-CO2 emissions heating and
cooling in Europe. In Europe, district heating systems are
particularly common in Sweden, Finland, Denmark, the Baltic
countries and Eastern Europe [4].
CHP plants or so-called cogeneration process were the focus of a
2004 directive from the European Parliament and Council [5],
whose aim was to increase the number of CHP plants across
Europe.
The share of CHP electricity in national electricity production
varies in the EU. Countries with a high market penetration of
CHP electricity include Denmark (45%), Finland (36%), and the
Netherlands (33%), see Figure 2.2. The share of CHP heat in heat
production varies to a great extent in the EU-27 countries. The
countries with high CHP penetration are Finland (38%), Denmark
(32%) and Sweden (29%), see Figure 2.3. Finland, Denmark, and
Sweden are countries with a high share of district heating, while
Finland also has many energy-intensive industries which use CHP
extensively.
The national support mechanisms and incentives for CHP plants
play a vital role in the share of CHP as an energy supply system in
the EU Member States.
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Figure 2.2 – CHP share of national electricity production in % in
EU-27 in 2005 and 2009, respectively in TWh (Source: EEA,
European Environment Agency).

Figure 2.3 - CHP share of national heat production in % in EU-27
in 2009 in TWh (Source: EEA, European Environment Agency).
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Natural gas accounts for 39% of the fuel usage for the CHP plants
in EU-27. This is due to the fact that a gas-fired CHP plant (i.e. gas
turbine with steam power plant) using natural gas has a higher αvalue (i.e., electricity-to-heat output ratio) and lower environmental
impact compared with oil. However, the competitiveness of gasfired CHP plants have been reduced in recent years due to the
higher natural gas prices and decreasing electricity prices in EU-27
[6].
The cooling demand accounts for roughly 10% of the electricity
usage in the EU and is a bottle neck for many EU countries during
summer. The cooling demand is mainly provided by using
compressor chillers. A heat-driven cooling system, such as the
absorption process, is an alternative solution to reduce the
electricity usage by compressor chillers. The Coefficient of
Performance (COP) (i.e., cooling effect-to-power input to
compressor ratio), for a compressor chiller is about 2 while for an
absorption chiller the COPel for electricity (i.e., cooling effect-topower input to pumps ratio) is about 50 [1, 2, 7 and 8].
Thus heat-driven cooling systems based on district heating are a
promising technology but their market share is still modest at 3
TWh or about 2% of the total cooling market in EU-27. However,
it is worth mentioning that one can observe a clearly growing
tendency of heat-driven cooling systems in the market. Hence, an
EU initiative to promote district cooling as a measure to address
the growing demands for cooling appears to be necessary [9].
An international study co-financed by the European Commission
confirms the benefits that can be achieved within Europe by
expanding the district heating and cooling markets. According to
this study, a market share for district heating and cooling of 20%
and 25%, respectively could reduce the CO2 emissions by 560
million tonnes and primary energy use by 640 TWh per year. At
the same time the use of renewable energy could be increased by
25%. It is worth mentioning that these measures have a significant
impact on reduction of the European primary energy dependency
[1, 2 and 9].
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2.2 CHP and district heating and cooling
systems in Sweden
The city of Karlstad was the pioneer city in Sweden to implement
a CHP-based district heating system, which occurred in 1948 [10
and 11]. In the 1950s and ’60s, investments in building new CHP
plants were considered a supplement to hydropower in order to
manage the future demand for electricity [12]. Later in the 1970s,
the high fuel oil prices because of oil crises resulted in the
introduction of nuclear power in the Swedish energy system. This
in turn reduced the electricity prices in Sweden and made
investments in CHP production less attractive. The utilisation of
CHP heat in the Swedish district heating systems has therefore
been low. However, interest in CHP returned as a result of deregulation of the electricity markets in the 1990s, introduction of
certificates for renewable electricity system in 2003 and especially
energy tax advantages in 2004 to promote investment in efficient
gas combined cycle CHP plants [13, 14 and 15].
In Sweden, district heating and cooling systems are based on a
highly flexible energy mix with a large portion from renewable
energy sources. New fuels and energy sources are integrated when
a switch of energy source is needed. District heating and cooling
systems in Sweden provide an opportunity of using biomass (e.g.
waste wood, forestry residues). District heating and cooling
systems also play an important role in the rational management of
municipal waste in Sweden by converting it to useful energy. In
2011, 41%, 18% and 3% of district heating systems energy supply
were from biomass, municipal solid waste and peat, respectively
[16]. District heating and cooling systems in Sweden also enable
the utilisation of surplus heat from industries. In 2008 roughly 7%
of the district heating supply in Sweden was based on industrial
excess heat, by means of more than 60 excess heat collaborations
between industries and district heating utilities. Industrial excess
heat collaborations have been the key driver for energy urban
planning in some Swedish cities such as Gävle in collaboration
with Billerud-Korsnäs pulp and paper mill and Borlänge in
collaboration with steel producer SSAB. Today district heating
systems annually supply almost 50 TWh of heat, which account for
more than 50% of the total heat market [17].
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Moreover in 2012, 31% of the energy supply for district heating
systems was from heat pumps (8%), fossil fuels (11%) and other
sources (12%) [16]. District heating has been one of the most
successful areas in the transformation of the Swedish energy
system towards a more sustainable development. Fossil fuels have
been phased out and biomass fuels have been introduced and are
now the dominant fuels.
Figure 2.4 shows how the district heating energy mix has
developed in Sweden from 1980 to 2007. The figure reveals both
the diversity of the fuel sources and that the share of renewables
and recycled heat is steadily increasing. District heating systems are
also an efficient, environmentally sound and climate friendly form
of heating. The average CO2 emissions from electricity and heat
production in Swedish district heating systems was 86 kg/MWh in
2007 and according to the Swedish District Heating Association
the estimated CO2 emissions will be around 46 kg/MWh in 2015
[18].

Kg/MWh

TWh
CO2 emissions

Figure 2.4 – Energy mix in the Swedish district heating systems (left
axis) and the average CO2 emissions in the Swedish district heating
systems (right axis) 1980–2010 [19].
District heating system is a commonly used heating system in
residential and public buildings, see Figure 2.5. For multi-family
houses the dominant heating system is district heating [20].
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Figure 2.5 – Final energy use in sector building and service. (Source:
Statistics Sweden and the Swedish Energy Agency).
So far, commercial, governmental and institutional buildings
including hospitals are the main users of district cooling.
Absorption chillers, adsorption systems and free cooling e.g. by
means of seawater are the main technologies. Today about 0.8
TWh of district cooling is delivered to commercial and public
buildings and it is expected that an increase to 1.3 TWh will be
seen by 2015 [21]. As mentioned earlier, one measure to reduce the
global CO2 emissions is to reduce the use of electricity in Sweden.
This can be done by utilising district heating more and by also
using the heat for production of cooling in absorption cooling
systems. Then the use of electricity and the production of
electricity by means of coal-condensing power plants would be
reduced, which leads to reduced CO2 emissions [22 and 23].
The future role of CHP in Swedish energy systems is illustrated by
the Swedish Energy Agency's forecast. According to the forecasts,
in 2030 Sweden will have an electricity production of 175 TWh
compared to today's approximately 145 TWh. The share of
electricity from cogeneration in district heating systems is 11% or
19 TWh. The report also stated that the electricity demand in 2030
is predicted to be 150 TWh, which means that we will have a
surplus of electricity at 25 TWh, which can be exported. Export of
produced electricity from Sweden provides income to power
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producers in Sweden and can reduce CO2 emissions from power
production in other parts of Europe [24]. The global
environmental benefit of exporting 25 TWh of electricity is
roughly 25 million tonnes less CO2 emissions, when considering
coal-fired condensing power plants as marginal electricity
production system.
Figure 2.6 shows the overall benefits with CHP-based district
heating and cooling systems in the Swedish energy systems when
considering coal-fired condensing power plants as marginal
electricity production system. For the overall efficiency of a
Swedish CHP plant (approximately 100%) is compared to a coalfired condensing power plant in Europe (approximately 30%), see
Figure 2.6.

Figure 2.6 - The overall benefits with district heating and cooling
systems in a European electricity market (Source: Lecture material,
course TMEL 03 Energy technology systems, Linköping University).
In the report Energy Scenario for Sweden 2050 [25], full advantage
of the possibilities of district heating and cooling systems is taken.
A higher portion of excess heat from industrial processes is
anticipated in the district heating systems. The report assumes
further expansion of district heating systems in Sweden as well as
reducing the energy losses in the distribution systems. At the same
time the demand for district heating will decrease during the 20302050 period as a consequence not only of energy efficiency
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improvement measures in buildings, but also due to reduced need
for heating as a consequence of higher outdoor temperature. In
parallel the need for cooling will increase. According to this study
the share of CHP for electricity production will be decreased
during the period 2030-2050. This is due to the fact that the
heating demand for the building sectors will decrease and at the
same time the use of excess heat from industries and renewable
energy sources is assumed to increase.
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3 Energ y policy and
measures

The core of European and Swedish energy policy both in general and related to
CHP and district heating and cooling systems is presented in this chapter. The
concept of some important policy measures that have shaped the Swedish
district heating systems and CHP is also presented in this chapter.

3.1 EU climate and energy policy
In March 2007, European leaders reached a historic agreement to
create a common European climate and energy policy [1]. The aim
of the energy policy is to increase security of supply, keep
European economies competitive, promote environmental
sustainability and combat climate change with low CO2 emissions.
The EU energy policy is therefore based on three pillars [2]:

Sustainability

Security of supply
EU energy
policy

Competitiveness
-

Sustainability- “to ensure that the EU addresses climate change by
reducing its greenhouse gas emissions to a level that would limit the
global average temperature increases to no more than 2°C above preindustrial levels. The EU will do this by committing to a 20%
reduction in greenhouse gas emissions compared to 1990 levels; 20%
reduction of primary energy use through energy efficiency; 20%
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increase in renewable energy's share of EU’s final energy use
compared with 9.5% today (2010), as well as a 10% share of
renewable energy in the transport sector, all by 2020. These are
known as the 20-20-20 targets”. There is also a long-term goal
to reduce GHG emission levels by 80-95% (95% in the
power sector) by 2050 – with reference to 1990 emission
levels.
-

Security of supply- “Securing our energy future: to minimize
possible energy crises and uncertainty on future supply”. The EU
will do this by introducing measures which ensure the
diversification of supply sources and transportation routes.

-

Competitiveness- “to ensure the effective implementation of the
internal energy market by creating a more competitive market”.

Focus has been put on the need for combating climate change by
decreasing greenhouse gas emissions and relying increasingly on
renewable energy sources rather than fossil fuels. While trade in
energy has a significant role to play, energy efficiency, diversity of
energy sources and diversity of supplies are essential throughout
the energy system [3].
The core of the European energy policy is summarized according
to the following [1 and 4]:
-

Establish the internal energy market
Ensure a secure energy supply
Reduce greenhouse gas emissions
Achieve higher energy efficiency
Use more renewable energy
Develop energy technologies
Consider the future of nuclear energy
Implement a common international energy policy

EU has moved each of the three pillars of Sustainability, Security
of Supply and Competitiveness forward by proposing separate
packages of legislation [5]:
-

The Climate & Energy package [6]
The 2nd Strategic Energy Review package which also
includes the “EU Energy Security and Solidarity Action
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-

Plan”. Furthermore the review includes a roadmap for a
low-carbon economy for 2050 and shows how the EU can
achieve its long-term goal of reducing greenhouse gas
emissions by 80-95% by 2050 [3 and 7].
The third package on the internal market is a raft of
proposals to liberalize the electricity and gas markets in
Europe [8 and 9].

3.2 Swedish energy policy and measures
Sweden’s climate and energy policy is based on three pillars in line
with the EU [10]:
-

Ecologically sustainable society
Security of energy supply
Competitiveness

The aim is to increase the proportion of renewable energy, to
reduce the overall use of energy, to increase the efficiency of
energy use, and to reduce emissions of carbon dioxide.
In short, Sweden's 2020 climate and energy targets are:
-

50% renewable energy
20% more efficient energy use
40% reduction in greenhouse gas emissions
10% renewable energy in the transport sector

The vision for Sweden is to have a sustainable and resourceefficient energy supply by 2050 with no net emissions of
greenhouse gases into the atmosphere. The use of fossil fuels for
heating should be phased out by 2020. Also, by 2030, Sweden
should have a transport fleet that is independent of fossil fuels
[10].
Several national policy measures have been introduced in order to
achieve the country’s climate and energy policy. Energy taxation in
the form of an energy tax and a carbon dioxide tax has had
significant importance for reducing effects on the climate. Funding
for research, development and demonstration of energy
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technologies is another important measure in order to achieve the
Swedish climate and energy policy targets [11].
Other important policy measures are:
-

Renewable energy certificate system (RECs)
EU emissions trading scheme (EU ETS)

Energy taxation, EU ETS and RECs all support district heating
and CHP more or less. EU ETS and RECs, due to EU directives
[12, 13 and 14], have been implemented in Sweden. The concept
of these instruments together with energy taxation is therefore
presented in the next chapter where the Swedish energy policy is
presented.

3.3 EU energy policy on CHP and district
heating and cooling
“Promotion of high-efficiency cogeneration based on useful heat demand is a
EU priority given the potential benefits of cogeneration with regard to saving
primary energy, avoiding network losses and reducing emissions, in particular
of greenhouse gases” [15].
The European Commission has promoted more energy-efficient
energy systems, district heating and cooling and CHP plants,
renewables as well as cross-border trade in energy in the “climate
and energy package” [2], in the “2nd Strategic Energy Review
package’ [3] which also includes the “EU Energy Security and
Solidarity Action Plan” and in the third package on the Internal
Market. The third package on the Internal Market is a raft of
proposals to liberalize the electricity and gas markets in Europe.
All of the referenced packages consist of several directives and
proposals: The new Energy Efficiency Directive (EED) [16] the
Renewables Directive [17], the Gas and Electricity Directives [8
and 9], the Energy Taxation Directive [18], and the Emissions
Trading Directive [19] are the most important Directives in this
context. Figure 3.1 shows the most important EU directives
influencing CHP and district heating.
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Figure 3.1 - EU directives influencing CHP and district heating.
The Renewables Directive [17] promotes the use of energy from
renewable sources, and highlights that access to grids for electricity
from renewable energy sources is important for integrating
renewable energy sources into the internal market in electricity.
This directive aims to increase the share of electricity generated
from renewables in the EU-27 from 8.6% in 2005 to 20% by 2020.
This directive promotes district heating and cooling from
renewable energy sources.
Cross-border trading in electricity and gas and the related
directives [8 and 9] are of utmost importance for the purpose of
ensuring the transmission and distribution of electricity produced
from high-efficiency cogeneration.
The new Energy Efficiency Directive (EED) [16] promotes
utilisation of CHP with district heating as a key mechanism for
increasing energy efficiency across the EU. The Directive requires
that member states establish national plans for district heating and
cooling. This directive highlights the need for development of
district heating and cooling infrastructure to utilise CHP as well as
the capture of surplus heat from industrial processes.
The Energy Taxation Directive [18] specifies that CHP plants
should be subject to more favourable treatment. Therefore, tax
exemptions may be granted for electricity from combined
production of electricity and heat in a CHP plant.
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The objective of the Emissions Trading Directive is to reduce
greenhouse gas emissions in a cost-effective manner [19].

3.4 Swedish energy policy on CHP and
district heating and cooling systems
To form future sustainable energy system for energy, transport and
industrial sectors a long-term national climate and energy policy is
needed [10].
The oil crises of the 1970s (1973, 1979) were the start of a longterm Swedish energy policy. Since then district heating has been a
very important tool in this policy.
Sweden has also a strategic waste management policy which
together with the climate and energy policy is important for the
development of district heating and CHP. A short description of
these policies with some policy measures related to district heating
and CHP are briefly presented in this chapter [20], see Figure 3.2.

Figure 3.2 – National policies and support measures for district
heating and CHP used in Sweden.
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National climate and energy policy: Swedish energy policy programme
in the 1980’s, especially the so-called oil reduction program to reduce
the oil dependency mainly for heating and the national climate change
policy programme to reduce the greenhouse gas emissions in 1990s
have been important for the development of district heating
systems in Sweden.
The Swedish energy policy programme in the 1980s was supported
by higher energy tax for fuel oil in the early 1980’s and the national
climate change policy programme was supported by introduction of the
carbon dioxide tax in 1991. The CO2 tax has played an important
role in the development of district heating systems and district
heating systems have in turn been very successful measures to
reduce GHG emissions (see Section 3.4.1) [20 and 21].
Waste management policy & landfill bans: There has been a strategic
waste management policy for many years in Sweden. Introduction
of a tax on landfilled waste in 2000 [22], landfill ban on
combustible waste in 2002 [23] and landfill ban on organic waste in
2005 [24], abolition of incineration tax on municipal waste in
2010 [25] and tax exemption for biogas transported in pipelines in
2010 [26] are some important legislation that promote waste-toenergy or waste-to-biogas as a method to solve many problems at
the same time, providing heat, electricity and biogas as well as
taking care of the waste. These measures have led to the extensive
use of CHP-based district heating systems. The number of plants
for producing biogas has also expanded and a vision is for Sweden
to increase the production of biogas from 1.4 TWh in 2009 to 14.5
TWh in 2020 [27].
The energy taxation system including, energy tax and CO2 tax,
CHP tax exemption, the RECs and the EU ETS, have impact on
CHP-based district heating systems and renewable energy sources.
These policy instruments are also used in this thesis. The concept
of these important policy instruments and their general impact on
CHP-based district heating systems are presented in the following
sections.
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3.4.1

Energy taxation

The aim of the energy taxes during the oil crises of the 1970s was
to reduce the use of oil and increase the use of electricity. The aim
of present energy taxation policy is to improve the efficiency of
energy use, promote the use of bio-fuels, reduce environmental
impact and establish favourable conditions for production of
electricity [28].
The present energy taxation system is very complex. There exist an
energy tax and a CO2 tax. The CO2 tax is a fuel tax based on the
carbon content in the fossil fuels. The energy tax is based on the
energy content of fossil fuels. Bio-fuels and peat are tax-free.
Electricity and heat production are taxed differently. Electricity
production in Sweden is exempted from energy and CO2 taxes.
However, the use of electricity is taxed.
Energy and industry sectors and domestic users also pay different
energy and CO2 taxes. Fuel used in CHP plants is apportioned
between that part which is used for electricity production and that
part which is used for heat production. Heat production in CHP
plants is taxed in the same way as for industry. For heat
production in CHP plants 30% of the general energy tax on fossil
fuels and 30% of the CO2 tax are paid.
Energy and CO2 tax levels for fuel used for heat production have
been relatively low for industry, but starting in 2011, the energy tax
increased from 0% to 30% and the CO2 tax increased from 21% to
30% of their general levels. The industrial CO2 tax will be further
raised to 60% of the general carbon dioxide tax level in 2015 [28
and 29]. This increase in CO2 and energy taxes also applies to heat
production in CHP plants. There are exemptions for plants
covered by the EU ETS, see Table 3.1. In the Table 3.1, 30%
means that 30 % of the tax for heat-only production (not industry
& or CHP) are paid.
Waste incineration is not subject to any tax as of 2010. No energy
tax or CO2 tax is charged on biogas, while natural gas used in the
transport sector is free from energy tax but subject to CO2 tax [28].
There is also a sulphur tax, which is equal for all purposes.
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Table 3.1 - Energy and environmental taxation system for energy
and industry sectors as of 1 January 2013.
Production
Energy tax CO2 tax
Heat only (not industry or CHP)
100%
100%
CHP-heat
30%
30%
CHP-heat (covered by EU ETS)
30%
0
Industry-heat
30%
30%
Industry-heat (covered by EU ETS)
30%
0
Electricity
0
0
The fuel mix in Sweden’s energy supply has changed due to
taxation. In 1970, oil accounted for more than 75% of Swedish
energy supply; by 2010, the figure was just 31% [28]. The taxes
have been very effective and have resulted in the change of fuels
within the district heating sector and an extensive use of surplus
heat from industry as well as the use of biomass and energy from
waste (see Section 2.2, Figure 2.5). Significant switching from oil to
district heating has occurred due to taxation, which increased the
cost for oil products for heating applications (see Section 2.2,
Figure 2.6). Since January 2004 the taxation of heat from CHP is
lower than for the corresponding heat-only boiler which is an
advantage for CHP.
3.4.2

Renewable energy certificate system (RECs)

The EU target of 20% renewable energy sources (RES) in final
energy use by 2020 is broken down into binding national targets
via the RES Directive 2009/28/EC. The 2020 targets vary from
10% for Malta to 49% for Sweden. The implementation of the
RES Directive is supported in Sweden by the RECs. RECs were
introduced in Sweden in 2003 as a support system for promoting
electricity from renewable sources. RECs is a market-based
support system and covers wind power, certain types of
hydroelectric power, certain biofuels, solar energy, geothermal
energy, wave energy, and peat in CHP plants.
The aim with the RECs is to help Sweden achieve the EU target
for the country’s proportion of renewables and also to meet two of
the most important national climate and energy targets, namely
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40% reduction in greenhouse gas emissions and that the share of
energy from renewable sources must be at least 50% of final
energy use by 2020. To reach these targets, the Swedish RECs has
set a goal of increasing electricity production from renewable
energy sources by 25 TWh by 2020, compared to the 2002 level
and by an extension of RECs to 2035. In fact Sweden has already
reached the EU target for the country’s share of renewables, being
the top country in EU with 49% renewables in the final energy use
in 2010.
The basic idea behind the RECs is that the government gives
producers of renewable electricity an electricity certificate for each
MWh of renewable electricity they produce while the electricity
suppliers are required to purchase renewable electricity certificates
from producers that correspond to a fixed percentage of their total
electricity sales to consumers, a so-called quota obligation. The
purpose of the quota obligation is to create a demand for
electricity certificates. By increasing the quota obligation, the
demand for electricity certificates also increases which in turn
results in more electricity production from renewable sources.
The sale of renewable electricity certificates gives electricity
producers an extra source of income apart from electricity sales,
which provides further support for their production of electricity.
In this way, the system supports the expansion of electricity
production from renewable sources, for example from biomassfired CHP plants, and the introduction of new sustainable
technologies. RECs covers electricity produced in Sweden and
Norway and the two countries have a common electricity
certificates market which is extended to the year 2035 [28].
RECs have increased the investments in biomass CHP and also
increased the production of renewable electricity from biomass
CHP. The fact that biomass fuels are exempted from energy
taxation, together with the electricity certificate support system for
renewable energy sources, have resulted in an increase in biomass
CHP plant capacity. According to the Swedish Energy Agency
report, the electricity production from biomass CHP plant and
wind power increased by 1.2 TWh and 1 TWh, respectively in
2009. This outstanding expansion is due to a great extent to the
electricity certificate system [30].
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3.4.3

EU Emissions Trading Scheme (EU ETS)

Emissions trading schemes started in the US in the 1990s with
trading of traditional air pollutants such as oxides of nitrogen
(NOx) and sulphur (SOx). Europe was the first region to begin a
mandatory CO2 cap-and-trade scheme, known as the EU ETS.
The scope of the system is to reduce the amount of greenhouse
gases emitted within the EU in a cost-effective manner [31].
The EU ETS is governed by the Emissions Trading Directive [12]
and has been an important measure to reduce CO2 emissions. This
directive introduced a cap and trade system, which is a marketbased instrument to reduce the amount of greenhouse gases
emitted within the EU. By implementing a cap on the total amount
of emissions allowed, the market actors are free to trade the rights
to emit GHGs among each other. Emission allowances are the
trading “currency” of the system, and the limit on their total
available number gives them a value. Each allowance gives the
holder the right to emit one tonne of CO2. In addition to carbon
dioxide, the ETS includes the GHGs nitrous oxide (N2O) and
perfluorocarbons (PFCs).
The EU ETS has been operating since 2005 and includes 30
countries (the 27 EU Member States plus Iceland, Liechtenstein,
and Norway). Currently, more than 11,500 energy-intensive
facilities are covered by the EU ETS which emit about 45 % of the
total GHG emissions in the EU. These facilities include energyintensive industries and electricity and heat production units (i.e.,
combustion plants with thermal input larger than 20MW) and as of
2012, aviation. The implementation of the EU ETS has taken
place in phases. The first trading phase was from January 2005
until the end of 2007. The second trading phase was from January
2008 until the end of 2012. Phase three is from 2013 until the end
of 2020 [32].
The EU-wide rules for emissions trading have been applied in
Sweden through the Emissions Trading Act [33 and 34]. More
than 700 Swedish energy-intensive facilities are covered by the EU
ETS and they emit about 35 % of the total GHG emissions in
Sweden. In the Swedish energy sector, the EU ETS covers all
individual combustion plants with thermal input larger than 20
49

MW and all district heating systems where the plants together have
a larger thermal input than 20 MW [28].
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4 Cross border trading in
energ y

A well-functioning internal energy market is essential if all three of Europe’s
energy challenges of competitiveness, sustainability and security of supply are to
be met. A truly integrated market will contribute to diversification and thus to
improved security of supply. The creation of an internal market for energy
would provide an incentive for cross-border interconnections and is therefore one
of the European Union's priority objectives [1].
Whereas the electricity market is characterized by cross border power trading,
district heating, due to the increased use of excess heat, renewable energy and
cogeneration, will provide opportunity to establish a heating market. The
heating market will interlink municipalities to form a regional energy system
and create local cross border trading.
Cross border trading in electricity in the Nordic countries is presented in this
chapter. In connection with this, CO2 assessments of electricity use from a
Nordic and European electricity system perspectives are also presented in this
chapter.

4.1 Cross border trading in electricity in
the Nordic region
There have been major changes in the electricity markets in the
Nordic countries and the other EU-states have experienced the
liberalisation of the electricity market during the last two decades.
Norway was the first Nordic country that opened its market in
1991, followed by Finland in 1995, Sweden in 1996 and Denmark
in 1999. The purpose of the liberalisation was to improve
competition, and thus to better utilise production resources. With
deregulation in 1996, Sweden together with Norway formed the
wholesale electricity market Nord Pool. In 1998, Nord Pool was
expanded to Finland, and in 2000 it was further expanded to
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include Denmark. Today all Nordic countries except Iceland are
included in the common Nordic electricity market. The
transmission capacity between the Nordic grid and other countries
is expanding continuously (see Figure 4.1). The Swedish electricity
grid is now effectively fully integrated in the Nordic system and
the Nordic deregulated electricity market. Sweden is directly linked
to electricity systems in Denmark, Finland and Norway. The
country also has interconnections with the German and Polish
electricity grids. This means that Sweden is indirectly linked to
several other countries in Europe. The total transmission capacity
with neighbouring countries, represents more than a quarter of the
total installed power production in the country, which was 36,000
MW in 2011 [2 and 3]. The cross-border connections and their
capacity expansion increase the number of electrically
neighbouring countries to the Nordic transmission system to
include Russia, Estonia and the Netherlands. The link with Russia
is currently a one-way export link to the Nordic region, [3].

Figure 4.1 - Transmission networks of electricity between Nordic
countries and between the Nordic region and neighbouring
countries (Germany, the Netherlands, Poland, Estonia and Russia)
[3].
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4.2 CO2 assessment of electricity from
system perspectives
Electricity use or production should be seen from a system
perspective, i.e., considering the real impact of decreased or
increased use/production of electricity. This applies whether the
impact occurs in Sweden or any other country. Changes in both
electricity production and electricity use affect the development of
our energy system. The EU goal of a common European electricity
market and measures to increase transmission capacity and
eliminate transmission bottlenecks are likely to increase crossborder trading in energy in the future [4]. Due to the EU goal of a
European electricity market and system perspective thinking, it is
more relevant to consider the Nordic or European electricity
system perspective instead of the Swedish system in isolation for
analysis of the changes in electricity use/production or where a
decision basis for a future change of electricity use/production is
developed [5 and 6].
The operating margin electricity method is used for CO2
assessment of used/produced electricity when assuming a Nordic
and European electricity system perspective [6]. This method has
been used in this thesis but also in many other theses; see e.g. [7
and 8], to name a few. The proposed method has also been used in
many other studies, see Section 5.2.
What is marginal electricity production in the Nordic and
European electricity systems in the short term, so-called operating
margin electricity, or long term, so-called build margin, depends in part
on the structure of power supply and electricity demand. A brief
description of the power supply and electricity demand in the
Nordic electricity system is therefore presented in the next section
before the marginal electricity method is discussed.
Another method for CO2 assessment of electricity production or
use is the so-called average electricity production method. A short
description of this method is also described in this section.
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4.2.1

Marginal electricity method and global CO2
emissions

Power supply in the Nordic electricity system consists of base-load
power, regulating power and intermittent not regulated power.
Nuclear, hydropower and fuel based thermal power supply baseload power in the Nordic electricity system. In addition to its baseload function, hydropower also plays an important role as
regulating power because water which has been stored in
reservoirs will be used when the power demand is high or to
regulate the variations in supply or demand [9]. An example is the
use of hydropower for regulation of non-regulated power sources
such as wind power or solar cells.
Electricity production in Nordic countries is dominated by
renewable power 60% and nuclear power 25%. Fossil based
thermal power accounts for 15% of total electricity production.
The corresponding figure for the EU-27 is 15% renewable power,
30% nuclear power and 55% fossil-based thermal power [6, 9 and
10].
Demand for electricity varies which requires electricity production
to follow demand variations. Operating margin electricity is the
electricity which with a market economy approach is the most
expensive electricity produced at a given time. An increase or
reduction of electricity use within a given system, leads to the
electricity produced at the margin being increased or decreased,
respectively. This means for example that an increase in electricity
use will lead to an increase in the production of margin electricity
and reduced use of electricity leads to reduction in the production
of margin electricity [11]. Operating margin electricity will vary
with supply and demand on the electricity market.
According to the operating margin electricity method, the plants
that are cheapest in operation are primarily used and the last
production plant that comes into electricity production should be
the first plant to shut down with reduced electricity demand
because it is the most expensive plant that produces electricity. In
other words with an increase or decrease in the electricity demand,
the most expensive source of power will be affected [6].
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Since the electricity demand varies continuously, the marginal
production technology can vary during the year. An illustration of
operating margin electricity for the Nordic electricity system is
shown in Figure 4.2. In Figure 4.2, the supply side of the Nordic
electricity system can be represented by a merit order curve and
the Nordic electricity demand by a declining demand curve. As
shown in Figure 4.2, the demand curve crosses that part of the
supply curve that represents the condensing power plants in the
system. Thus, it is the condensing power plants that produce at the
margin and it is the marginal cost of these technologies that
determine the price of electricity in the market. If electricity
demand is reduced by one unit, production will be reduced in the
condensing power plants that produce on the margin [5 and 6].

Figure 4.2 – Schematic presentation of merit order supply curve
and an assumed approximate demand curve for a year in the
Nordic electricity system [12].
During dry years, the production of hydropower is lower and the
electricity demand is covered by a greater part of condensing
power plants. During wet years, the production of hydropower is
higher and correspondingly smaller production from condensing
power plants is needed to cover given electricity demand. Figure
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4.2 shows that on an annual basis it is coal condensing power
plants that run on the margin and thereby are the operating margin
electricity in the Nordic electricity system [5 and 6].
However, the electricity market is changing. The production
technology used for marginal electricity production today will not
be the same in the future. In the short term, marginal electricity
production is determined by the existing electricity production and
transmission capacities. Production capacity development and
changes in the composition of production capacity in the
electricity system are important for what will be marginal electricity
production in the future. In the longer time perspective, marginal
electricity is determined by investments in new capacity, so-called
’’build margin’’ [5, 13 and 14]. Investments in new capacity are in
turn influenced by the energy and climate policy, as well as the
various policy instruments such as RECs and EU ETS (see
Chapter 3), but also by the development of electricity demand.
Investment in new capacity and thus the electricity system is also
affected by fuel prices, energy and CO2 taxes and electricity
transmission capabilities between regions [5]. To define the
technology that constitutes the future build-margin will require
further investigations. However, technologies such as natural gas
combined cycle (NGCC) condensing power plants, and electricity
produced by renewables have been mentioned as potential future
marginal electricity production sources [5, 13, 14, 15, and 16].
The local and global CO2 emissions for a number of heating
system alternatives are presented in Figure 4.3. Electricity from
coal condensing power plants is assumed to be marginal electricity
production in the common European electricity system, with a
fossil CO2 emission factor of about 1000 kg/MWh of electricity [6,
17, 18, 19 and 20].
The local and global CO2 emissions for the different heating
alternatives are represented by grey and black bars, respectively. As
can be seen in Figure 4.3, global CO2 emissions for CHP plants
and for heat-only boilers vary depending on which fuel is used.
CHP contributes to none or negative net emissions of global CO2,
because the electricity generated in CHP plants is considered to
replace marginal European electricity production. Figure 4.3 also
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shows that a biogas-based CHP plant is the best option
considering the global CO2 emissions, due to its high α-value.

Figure 4.3 - Global (black bars) and Local (grey bars) emissions of
CO2 for different fuels and technology solutions for heat when
electricity from coal condensing power is marginal electricity
production in the common European electricity system [21 and
22].
4.2.2

Average electricity production method and
local CO2 emissions

It is important to note that there is a moderate way to account
environmental impacts from all electricity production in a specified
area. In this method CO2 emissions are based on the average mix
of sources used for the electricity production in that area, for
example Swedish average electricity production mix (SAEM). The
method is straight forward and based on statistics for electricity
production in the studied area. However, defining the system
boundaries in order to analyse the electricity system is a
challenging task, see [23].
Another draw-back for the average electricity production method
is that it does not consider the environmental impact due to a
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change in the electricity production or a reduction in the use of
electricity. This is because the emissions related to changes differ
from the CO2 emissions based on average electricity production,
see e.g. [18].
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5 Related literature

CHP-based district heating systems have been analysed in several studies, some
of which are briefly discussed in this chapter.
District heating and CHP systems have been analysed in several
studies. Recent important research related to the research
questions are tabulated as Table 5.1 and Table 5.2. Since the
optimisation model MODEST has been used in this thesis for
analyses of energy systems, a number of previous studies using
MODEST are also included as well.
The studies include analyses of issues that influence the production
of district heating, cooling and biogas such as resources (e.g.
municipal waste, natural gas), technologies (e.g. absorption chillers,
CHP), low heat density (heat-spares areas), energy policy and
policy instruments (e.g. EU ETS, RECs) and marginal electricity
perspective.

Table 5.1 - Reviewed energy-policy studies (reference numbers)
CHP/DH Waste to Biogas Renewables
energy
Energy policy
EU waste legislation
4
4, 3
Support mechanisms 1, 5, 6, 7,
RECs
33
EU ETS
2, 6
National energy
7
33, 34
policies
2020 targets
1
DH: District heating
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Table 5.2 - Reviewed studies on issues concerning district heating
and cooling and CHP (reference numbers)
CHP/DHC
Waste
16, 27, 28, 29
Biogas
30, 31, 32, 33, 34, 35
Natural gas
5, 7, 18, 33
Potential
9, 15, 16, 17, 19, 22, 23, 24, 25, 26
Absorption chillers
15, 20, 21, 27, 28
MODEST
9, 19, 25, 36, 37, 38, 39, 40
Margin electricity
8, 9, 10, 11, 12, 13, 14, 16, 27, 33
DHC: District heating and cooling

5.1 Energy policy
The status of current RES policies and barriers and what needs to
be done in order to reach the 2020 targets in the EU-27 member
states are analysed by Klessmann et al. [1]. According to the study,
Europe will need further policy efforts to reach the 2020 targets.
These are briefly: reducing energy demand through increased
energy efficiency, realizing sustainability standards for biomass,
upgrading the power grid infrastructure, reducing administrative
and grid-related barriers, as well as implementing efficient policies
that promote sufficient investments.
The impact of EU ETS on the economics of CHP-based district
heating systems has been analysed by Westner and Madlener [2].
The result shows that EU ETS is indirectly promoting the further
diffusion of decentralized small-scale CHP plants which are not
subject to the EU ETS, and is reducing the attractiveness of
investments in energy-efficient large-scale CHP plants for district
heating networks. The small-scale plants could replace large-scale
CHP plants. According to this study, the economic disadvantages
for district heating caused by the EU ETS could lead to a
development where existing heat boilers will not be replaced by
new and efficient CHP units.
The consequences of EU waste legislation for future emission
loads to air from municipal solid waste incineration (MSWI) in
different European countries have been studied by Saner et al. [3].
The result shows that the same EU waste policy can result in
increased energy recovery or material recycling and that these
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variations are first and foremost caused by the way EU waste
policy is implemented on the national level and not mainly the
result of the EU policy framework.
Efficiency of energy recovery from waste incineration from two
points of view has been analysed and compared, namely the R1
formula method, according to the new Waste framework directive
and the exergy efficiency method see Grosso et al. [4]. The results
show that using exergy efficiency is a disadvantage for countries
like Finland but is beneficial for countries like Denmark. This is
because, according to the exergy efficiency method, mainly
electricity-producing plants achieve a better result than mainly
heat-producing ones.
An overview of the support schemes for CHP in different
European countries is made by Westner and Madlener [5] and the
impact of the schemes on investments in two CHP technologies,
namely, combined-cycle gas turbines (CCGT-CHP) and engineCHP are analysed. Results show that the returns on CHP
investments differ substantially depending on the country, the
selected technology, and the support scheme.
Short-term impact of RECs and EU ETS in the Swedish district
heating sector has been studied by Knutsson et al. [6]. The result
shows that if RECs are used alone, the production of renewable
electricity in CHP plants only increases slightly. The RECs and the
EU ETS in force together, however, nearly doubled the
production of renewable electricity and will reduce global CO2
emissions, assuming that increased Swedish CHP generation
replaces coal-condensing power in other European countries.
The effect of national energy policies on a local Swedish district
heating system has been studied by Difs [7]. Results from the study
show that national policies such as RECs reduce the attractiveness
of investments in energy-efficient natural gas-fuelled combined
cycle CHP (NGCC CHP) for district heating networks and
promote investments that will not completely utilize the district
heating systems’ potential for global CO2 emissions reductions.
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5.2 Electricity accounting
In a study presented by Dotzauer [8] a discussion on electricity
accounting method based on a Nordic perspective is given. Based
on this method the greenhouse gas emissions from both
generation and consumption of electricity have been analysed.
The marginal electricity method has also been studied by
Knutsson et al. [6], Danestig et al. [9], Trygg and Karlsson [10]
and Wahlund et al. [11], to name a few analyses. The studies
presented by Engström et al. [12], Gode et al. [13] and
Sköldberg et al. [14] also applied the proposed method to study
the interaction between production and use.

5.3 District heating
A review of district heating and cooling regarding technical,
economic and environmental aspects and a classification of
different energy supply sources for district heating, e.g. CHP-heat
has been made by Rezaie and Rosen [15].
In the study presented by Fruergaard et al. [16], the performance
of three different methods for producing heat using different types
of fuel such as waste, coal and biomass was evaluated. The plants
under consideration were back-pressure plant, condensing plant or
heat-only boiler. The authors also highlighted that the interactions
with the electricity system are crucial for the outcome.
In the study presented by Persson and Werner [17], the
competitiveness of district heating has been investigated for a
number of European cities as an alternative to compete with
existing heating systems. The investigation revealed that for the
high density areas in the cities the marginal distribution capital cost
varies from 2.2 to 28.8 EUR/MWh. The study also highlighted
that electricity and biomass prices play a significant role in the
introduction of district heating in the city. Another factor that gave
a favourable position to district heating is the biomass price
compared to oil and electricity prices.
An assessment of primary energy saving and the CO2 mitigation
cost of delivering district heat to Dutch dwellings is made by
Klaassen and Patel [18]. Three different methods have been used
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in order to estimate primary energy saving from NGCC CHP in
comparison with the typically used domestic gas-fired condensing
boiler. The first method is according to the EU CHP Directive,
the second method is the allocation method based on the power
loss factor, and the third method is allocation based on the exergy
content of heat and power. The result shows that using NGCCCHP in a district heating system saves energy, regardless of the
calculation method. The result shows that from a social
perspective CO2 mitigation costs are acceptable (at discount rates
up to 4%, excluding fuel taxes) but from a private perspective,
CO2 mitigation costs are negative (at discount rates up to 10%,
including fuel taxes).
The paper presented by Gebremedhin [19] discusses the
opportunities and challenges of a possible introduction of district
heating in a municipality in Norway which today has individual
heating systems using electricity and oil as primary energy sources.
The studied district heating system is based on heat boilers using
biomass. The results indicated that CO2 emissions can be reduced
to a great extent by replacing fossil fuels and electricity with
biomass. The results also revealed the economic potential for the
conversion to district heating system. The study also investigated
the potential for biomass CHP-based district heating system.

5.4 CHP and district cooling
The district heating systems of Stockholm, Sweden were the case
study for the paper presented by Danestig et al. [9]. The aim was to
analyse the potential for CHP generation due to the enormous
existing heat demand in Stockholm, which is about 10 TWh/year.
The used model indicated that the share of CHP generation can
increase from 8% in 2004 to 15.5% of total electricity generation
in Sweden. Bio-fuelled CHP was the most profitable option at low
electricity prices due to green certificates. However, a CHP plant
with higher α-value was more favourable when electricity prices
are high. The efficient energy use in CHP has the potential to
contribute to reductions in CO2 emissions in Europe, when they
are required and the European electricity market is working
perfectly. The results also revealed that the estimated potential for
CHP generation in Stockholm will fulfil Sweden’s commitment
69

under the Kyoto protocol when considering the marginal
electricity production plants in Europe.
The district heating systems of Södertälje and Stockholm have
been studied by Svensson and Moshfegh [20]. The system effects
of introducing new industrial cooling supply in Södertälje has been
investigated through optimizations of a model including both the
industries and the district heating supply in Södertälje and
Stockholm. The result shows that conversion of existing
compression chillers to absorption chillers integrated with the
existing CHP plant in Södertälje’s district heating system is
profitable. However, the result of a sensitivity analysis shows that
if the transfer district heating capacity between the Södertälje and
Stockholm energy systems is increased, absorption cooling will be
less profitable since more heat can be sold from Södertälje to
Stockholm, while at the same time reducing the use of fuel
resources.
The Gothenburg district heating system integrated with absorption
cooling has been studied with an assumed cooling demand around
the years 2020–2025 by Fahlén et al. [21]. The purpose of the
system study was to assess the heat-driven absorption cooling
technology’s potential for CO2 reduction. The result shows that
absorption chillers capacity expansion leads to CO2 emission
reduction, even though the potential amount of CO2 emissions
saved are strongly dependent on the compressor chillers
performance and on marginal power generation technology being
assumed to be based on natural gas.

5.5 District-heating development
The study by Nilsson et al. [22] investigated the key factors to
improve the profitability for a Swedish energy company in order to
increase investment in sparse heating areas and connect them to
the district heating systems. More efficient working routines,
higher productivity and better communication strategy with the
end-user were pointed out to be more important than improving
the performance of the district heating technology.
The potential and profitability for connecting 74 heat-sparse areas
with 3,227 single-family houses to district heating systems in
Gothenburg, Sweden between 2000 and 2004 was investigated by
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Reihav and Werner [23]. Factors like district heating price,
marginal heat generation cost, investment in the distribution
systems, linear heat density and heat sold per house have been
considered in this study in order to analyse their impact on
profitability. The heat generation method and low investment
costs were the main factors for connecting the low-density areas to
the district heating. High consumption taxes on fuel oil, natural gas
and electricity would also improve the competitiveness of the
sparse district heating systems. The study also indicated that a
linear heat density greater than 2 GJ/m and an annual use of
district heat higher than 50 GJ/house are a prerequisite for
profitability and competitiveness of the systems.
Another important area for expansion of the district heating
systems is the conversion of industrial processes from electricity
and fuels to district heating, see Difs et al. [24]. This study
confirmed that the conversion of industrial processes had positive
impact on the level of the district-heating base load due to a more
evenly distributed heating load over the year. Usually, the base load
determines the size and operation time of the CHP plants. Larger
CHP plants will lead to increased electricity production. For the
studied cases presented in this paper the conversion of industrial
processes to district heating reduced the use of electricity and fossil
fuels by 11% and 40%, respectively. This measure also reduced the
global carbon dioxide emissions by 112,000 tonnes per year.
The idea of a heating market has been introduced and investigated
by Karlsson et al. [25]. This study presented the economic and
environmental benefits of connecting three energy companies, one
steel company and two paper and mill companies. An additional 20
km district heating network was necessary to form the heating
market in which many actors could buy and sell heat. The results
revealed that the economic benefit varies between 5 and 26 million
EUR/year with pay-back times from two to eleven years. The
heating market also had positive impact on CO2 emissions and
electricity production increased by 200 GWh/year for some
scenarios.
The network design and operation of district heating systems in an
urban area in Ottawa, Canada was the focus of the study by Dalla
Rosa et al. [26]. The performance of the district heating systems
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with different supply temperatures, i.e., high temperature (above
100ºC), medium temperature (70ºC to 90ºC) and low temperature
(less than 60ºC) has been investigated. Two beneficial factors have
been identified using low temperature district heating systems
compared to other temperature levels, i.e., better energy delivery
performance by decreasing the heat loss in the distribution systems
and the possibility to use industrial waste heat and renewable
energy. The results also showed that the existing medium
temperature district heating systems can operate as a low
temperature system when the heating load of the buildings has
been reduced by means of different energy conservation measures.
The paper also presented the effect of linear heat density on
economy and performance of the district heating systems.

5.6 Waste
The focus of the study presented by Vainikka et al. [27] was
incineration of waste in three types of combustion systems
operating either in condensing mode or in the CHP mode. The
marginal electricity production method, i.e., coal combustion in
condensing power plants was employed to account for the GHG
emissions. The results revealed that replacement of natural gas by
waste in CHP plants may not be reasonable due to high α-value of
the natural gas-fired combined heat and power plants. However,
incineration of the waste in CHP plants had been highly
recommended from the GHG point of view to replace coal-based
condensing power plants.
In the study by Yang et al. [28], the impact of MSWI on GHG
emissions in China has been investigated. The results indicated
that MSWI acts as a GHG source in China while in many
European countries MSWI is a GHG sink. The reason was
dependent to a great extent on the strategy to recover energy from
the MSWI. In many European countries MSWI is used in CHPbased district heating system while in China MSWI is often used in
condensing power plants without any heat recovery system.
The future waste management system in Gothenburg integrated
with local energy systems for district heating and electricity,
agriculture and vehicle fuel production has been studied by
Eriksson et al. [29]. The purpose of the system study was to assess
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environmental impact and economy of new waste treatment
options for municipal and industrial waste from a system
perspective.
The result shows that gasification of waste is the best option
regarding emissions of climate gases. Firstly, because district heat
output from gasification is much lower than the output from waste
incineration. This in turn results in increased electricity production
within the district heating system, replacing other electricity
production with higher emissions of climate gases. Secondly,
gasification of waste enables a higher output of electricity
compared to waste incineration. Another option to reduce climate
gases is to produce biogas from waste and use it within the
transport sector. The reason for this is that the biogas is used as a
substitute for fossil fuels, but also because the need for waste is
decreased which leads to increased use of other CHP plants within
the district heating system, resulting in more electricity produced
from the system. The result also shows that waste incineration is
the best choice when regarding economy.

5.7 Biogas
Various pathways for sustainable biogas utilization are studied by
Poeschl et al. [30]. The results show that for small-scale biogas
plants the best option for sustainable biogas utilization would be in
tri-generation (producing heat, cooling and electricity). Trigeneration could reduce the overall environmental impact by
almost 200%, compared to electricity-only generation. The result
also shows that co-digestion of Municipal Solid Waste with
agricultural and food industry residues are most suitable for both
small and large-scale biogas plants. Co-digestion of waste and
residues reduced the climate change impacts by up to 30%
compared to the co-digestion of largely energy crop feedstock.
Several new biogas systems producing electricity, heat, gas or
automotive fuel were analysed by Rehl and Müller [31] in order to
find the most cost-effective way of reducing GHG emissions. A
system using a CHP plant connected to a biogas plant and located
near potential heat users was found to be the most cost-efficient
biogas technology for reducing GHG emissions. Limited gas
injection without compression and upgrading into the gas grid can
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also be a feasible option, while a heating plant with a district
heating grid or a CHP system based on biogas results in higher
abatement costs. Energy efficiency, feedstock as well as investment
costs are parameters with major impacts on abatement costs. The
role of abatement cost methodology for decision-making was
discussed.
A comparison between economic performance of biogas CHP and
transport biomethane in Ireland has been studied by Goulding and
Power [32]. The result shows that at present, biomethane
production as a transport fuel is the optimal biogas technology for
Ireland. The heat market for biogas-based CHP is not available
and this is an obstacle for introducing biogas-based CHP plants. If
a heat demand cannot be established, biogas-based CHP plants
will continue to be financially unfeasible.
Biogas utilization and various distribution strategies including
expansion of the natural gas grid are analysed by Börjesson et al.
[33]. Results show that the use of biogas as a fuel in the transport
sector is more cost-effective than as fuel in the district heating
sector also in Sweden. However, from a climate perspective, the
use of biogas for CHP production or as vehicle gas in terms of
CO2 reduction depends on the marginal production technology in
the electricity system. Compared to other distribution strategies
based on mobile transport and/or regional biogas grids, codistribution of biogas with natural gas by expansion of the natural
gas grid will provide higher use of biogas, in particular, as vehicle
gas. However, a natural gas grid expansion also means risks of
reduced bio-energy use and increased dependency on fossil fuel in
the region.
The impact of some policies and policy instruments on potential
expansion of Swedish biogas systems is analysed by Lantz et al.
[34]. According to this study, present support measures are not
strong enough to noticeably increase biogas production. It is
therefore necessary to strengthen the support measures and/or
weaken the barriers, in order to expand biogas systems in Sweden.
In doing so, it is important to realize that support measures and
barriers can be divided into those affecting (1) the production of
biogas and (2) the utilization of biogas.
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CHP applications on manure-based biogas on different scales in
Sweden and the economic prospect of various technologies are
evaluated by Lantz [35]. The result shows that under existing
conditions, farm-scale production of CHP from manure-based
biogas is not cost-effective in Sweden. Different policy measures
like production subsidies and slight changes in energy prices will
make it profitable.

5.8 MODEST
MODEST has been used for the energy system optimisation of
district heating and cooling systems. More than 50 Swedish cities’
district heating systems have been analysed by MODEST, see e.g.
[7], [9], [19], [25], [36], [37] and [38]. MODEST has also been used
for system analyses of the Swedish and Chilean power systems [39]
and [40].
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6 T heor y and method

Definition of a system, the concept of system analysis, system boundaries and
the method used in this thesis are presented in this section.

6.1

System analysis and system
boundaries

Energy systems are characterized by complex relations and
conditions. The relations that exist between the flows and
components in these systems are important for the way a system
works. A system analysis can consider the total system, making it
possible to illustrate the consequences of different conditions for
the system. Using energy system analysis can assist us in
considering the interplay among energy supply, use and
conservation as well as to improve our understanding of complex
energy systems. Energy system analysis is a tool to explore the
probable consequences of different conditions for an energy
system (new or existing systems); to investigate the possibilities for
reducing primary energy usage and GHG emissions as well as to
enhance utilisation of renewable energy resources; and finally to
design an energy system with the lowest costs.
Definitions of a system, the concept of system analysis and system
boundaries as well as the parameters which are important issues
for system analyses have been discussed in [1, 2 and 3]. In ref. [1] a
definition for a system is presented, i.e., a set of components that
work together for the overall objective of the whole. Ref. [1] gives
guidance on how to use the system concept and outlines five basic
considerations that must be kept in mind when viewing a system:
-

The total system´s objectives and more specifically, the
performance measures
The system’s environment
The resources of the system
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-

The components of the system
The management of the system

In this thesis the system analyses for the municipal energy systems
have been made with a system view according to Churchman [1].
In Papers I-V, the system consists of one or a few municipal
district heating systems and in Paper VI the system consists of a
municipal biogas system. The objective is fulfilling a given heat or
biogas demand with available resources at the lowest possible cost
or to find a cost-efficient optimal energy system.
The system’s environment consists of factors which belong to the
system’s surroundings which the system cannot influence, but
which can influence the system. These factors include fuel prices,
legislation and policy instruments such as taxes, fees, emission
trading, and electricity certificates.
System boundary use in this thesis is presented in Figure 6.1.
Nordpool or European electricity market is used for electricity sale
and purchase. A municipality is used as the demarcation for district
heating and biogas systems.

Figure 6.1 - Simplified layout of the system boundary for studied
municipal energy systems in this thesis.
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6.2

Energy system modelling

To facilitate the understanding of a system and better predict how
the system may respond to changes, a model can be created. Ref.
[4] and [5] give definitions of a model. A model is a reproduction
of reality [4], where the essential properties of the system should
be included. A model is an abstract description of a system, which
should reflect the important properties of the system. Model
creation may also provide knowledge of the system see ref. [5].
Advantages of using a model are that it can be expensive, risky,
time-consuming or simply impossible to do experiments on the
real system. A mathematical description of a system in a model
makes it possible to represent the important properties of the
studied system and to handle a large amount of information and
complicated relations. Energy systems can be studied through
optimisation, simulation and scenario analyses. An optimisation
shows the best solution under certain conditions. A simulation
shows what happens due to chosen input parameters. Scenarios
are visions of the future, which are conceptual or calculated with a
model. Studies of energy systems and modelling are powerful
means to increase knowledge of the consequences of various
changes, such as policy instruments.
A number of tools have been developed for analysing energy
systems; for example, MODEST [6], reMIND [7], MARKAL [8],
EFOM [9], MESSAGE [10 and 11] and MESAP/TIMES [12].
MODEST has a flexible time division, which can reflect demand
peaks and diurnal, weekly, seasonal and long-term variations in
energy demand and other parameters. This feature is more
developed in MODEST than in several models with similar
capabilities, such as MARKAL, EFOM and MESSAGE. In this
thesis, MODEST has been used for energy system analysis.
6.2.1

MODEST

MODEST stands for Model for Optimisation of Dynamic Energy
Systems with Time-dependent components and boundary
conditions and uses the optimization method linear programming
to calculate how energy demand should be satisfied at lowest
possible system cost for a certain number of years. The system
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cost is the present value of capital costs, fixed costs, costs related
to the output power and costs associated with the amount of
energy used (energy costs). Revenues can also be considered in the
system cost. Energy costs include costs of purchased fuel,
electricity and heat as well as operation and maintenance costs.
The sum of all energy costs discounted to their present value is
one part of the system cost and is the present cost of using the
energy concerned during the years studied.
MODEST can consider many alternatives for energy supply and
conservation. Optimal investments and operation can be
presented.
MODEST has a flexible structure and can be used to describe
many kinds of energy facilities in various energy systems, such as
heat pumps, industrial surplus heat, CHP plants, hydropower, solar
cells, load management (demand response) and electricity trade
bottlenecks. There is a menu of general linear relations that can be
used to describe an energy system in MODEST. All of them or a
selection of relations are used in each application. Problem-specific
parameters are included in the relations to represent the important
properties of the studied system (e.g. capacities, efficiencies,
demand levels). User-defined relations can also be included in a
system description in MODEST. Henning thoroughly presents the
mathematical structure of MODEST [6]. The mathematical
relations for a municipality’s district heating system and biogas
system are also presented thoroughly in Paper I and VI, as
respectively.
MODEST is used to analyse the municipal district heating and
biogas systems in six Swedish municipalities in this thesis [Papers
I-V]. Validation of the district heating system models in different
municipalities built in MODEST have been made by several
research studies. MODEST has also been used to analyse district
heating and electricity production at the municipal, regional and
national level [13-17] as well as cooling generation [Paper III]. The
study in Paper VI is, however, the first time that MODEST has
been used to describe material flows and analyse biogas
production. MODEST has also been used for district heating and
ethanol production through polygeneration in Stockholm [18].
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In MODEST, a system is represented as a network of energy flows
and components. Energy passes from sources through the
network to sinks or, in other words, from primary energy supply to
user sectors. MODEST is a bottom-up model, which is driven by
an exogenous demand for useful or final energy from the users.
The system is optimised using total investment and operation costs
for the entire system (system cost) over the whole study period
(e.g. 10 years) as the objective function, which is to be minimised.
Different solutions can be compared because operation and capital
costs are expressed as their present values due to a real discount
rate. Present and potential installations and energy flows should be
considered and their best combination can be obtained through
the optimization. Several alternatives for energy supply and
conservation may be included in an analysis.
The model has a flexible time division. The following time division
parameters can be defined in MODEST: The number of seasons,
i, per year, the number of diurnal periods, j, during each season,
their length (hours) and the number of days they comprise. The
time divisions for the Linköping district heating and biogas
systems are primarily chosen to reflect demand variations (see
Paper I and VI). In addition to the type of time division used here,
long-term changes can be reflected in MODEST through a
sequence of sub-periods, h, each of which comprises one or more
years [6, 19 and Paper I].
The main flow of information in MODEST is described in Figure
6.2. First, the energy system is modelled. An appropriate time
subdivision is defined and the component properties are given as
input data (e.g. fuel prices, boiler capacities, conversion
efficiencies). Demand-side measures (DSM), which influence
demand, can be considered. All input data, which are the
properties of the district heating system, are presented in a
documentation file that gives an overview of the defined system.
The total system cost is minimised with the optimisation software
Cplex [20]. The result includes the total cost for satisfying the
demand (system cost), as well as the optimal investments and plant
operation (energy flows) with the duration diagram (see e.g. Figure
9 in Paper I), the fluctuating marginal costs for satisfying energy
demand and emissions the system causes.
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Figure 6.2 - General information flow in MODEST; DSM =
demand-side management [6 and Paper I].
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7 Case studies

District heating systems and a biogas system in various Swedish municipalities
have been studied in this thesis and are presented briefly in this chapter.
There are district heating systems in Linköping, Norrköping,
Finspång, Gävle, Sandviken and Borlänge and a biogas system in
Linköping. Various energy plants, mainly CHP plants and heatonly boilers, are included in the municipal district heating/biogas
systems and produce heat, steam, electricity and biogas. Waste and
biomass are the dominant fuels for production of heat, electricity
and biogas in all municipal district heating/biogas systems. Waste
and biomass-based CHP plants are the main technologies for
production of heat and electricity in all municipal district heating
systems except Finspång, whose district heating system is based on
heat-only boilers.
Linköping’s district heating system is investigated in Papers I, II
and IV, Norrköping’s district heating system in Papers III and IV,
and Finspång’s district heating system in Paper IV. The Gävle,
Sandviken and Borlänge district heating systems are investigated in
Paper V. Concerning biogas systems, the biogas and sewage
treatment plants in Linköping municipality are investigated in
Paper VI. In this case study, various forms of organic waste are
converted to biogas and bio-fertiliser. The gas produced is
upgraded and used primarily as automotive fuel but also for heat
production.
In all papers fuel-based CHP plants are used in existing district
heating systems. In Linköping, the waste-fired CHP plant is
integrated with an oil-fired gas turbine (Papers I, II, III, IV). In
Paper III the district heating/cooling system in Norrköping is
integrated with absorption chillers. In Paper IV the district heating
systems in Linköping, Norrköping and Finspång are
complemented with a natural gas combined cycle (NGCC). In
Paper VI the biogas system in Linköping is integrated with a CHP
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plant. The municipal district heating and cooling and biogas
systems are described in detail in the papers.
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8 Results and discussions
from case studies

In this chapter, the results from the case studies are presented according to the
research questions stated in the introduction. Research question one “How does
CHP, using different primary energy sources and technologies, influence the
municipal district heating system regarding energy supply, system costs, and
global CO2 emissions?” is discussed in Section 8.1 to 8.4. Research question
two “What is the impact of increased district heating and cooling demand on
the companies with CHP-based district heating systems?” is discussed in
Section 8.4 and 8.5. Research question three “What is the impact of energy
policy instruments and electricity and fuel prices on municipal CHP-based
systems?” is discussed under Section 8.6.
Table 8.1 - Overview of the research questions linked to the
appended papers
I

II

Paper
III IV

V

VI

Research question one
Primary energy source
×
×
×
×
×
×
Energy technology1
×
×
×
Energy supply2
×
×
×
×
×
×
System costs
×
×
×
×
CO2 emissions3
×
×
×
×
×
Research question two
District heating demand
×
×
×
×
District cooling demand
×
Research question three
Energy policy instruments
×
×
×
×
×
Electricity prices
×
×
×
×
Fuel prices
×
×
×
×
1NGCC, absorption chiller and biogas systems, 2Heat, cooling and electricity, 3CO2
emissions are based on emissions from local plants and global emissions are based on
coal-condensing power plant being the marginal electricity supply.
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The results also include the economic effects on the CHP-based
district heating and cooling systems, impact of parameter
variations for biogas systems as well as environmental effects in
terms of carbon dioxide emissions. The roles of policy
instruments, energy resources, technical plant parameters and
energy market are important for the outcome of the results and
will be discussed here.

8.1

Waste in CHP-based district heating
systems

Waste incineration helps to solve waste management as well as
energy management problems, because using waste as a fuel in
CHP-based district heating systems reduces waste volumes and at
the same time produces electricity and heat. Only in the Sandviken
and Gävle district heating systems is waste not used as fuel for
heat and electricity supply (Paper V). Otherwise, waste is the base
energy resource and is used as the primary fuel in all studied cases
since it has the lowest operational cost. The low operational cost in
turn depends on Sweden’s energy and waste management policy.
Policy instruments existing today in Sweden are in fact strong
incentives for using waste as a fuel for cogeneration (see Section
3.4). The fact that the revenues come not only from sale of
electricity and district heating but also from reception of waste
makes waste incineration the most cost-effective method for heat
and electricity supply in Swedish district heating systems, even
compared with natural gas and biofuel. Results from the studied
cases (see Papers I-V) in this thesis show the advantage of CHP
when using waste as a fuel. Limiting CO2 emissions (Paper I),
external cost (Paper II), policy instruments (Papers II, IV and V)
and higher electricity prices (Papers III, IV and V) and lower fuel
prices (Paper IV), all promote cogeneration and economic
advantage for use of waste as a base resource in Swedish CHP
district heating systems.

8.2

Natural gas in CHP-based district
heating systems

The aim of the study in Paper IV is to highlight the economic and
environmental impacts of introducing natural gas into the
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Linköping, Norrköping and Finspång energy systems in the
County of Östergötland, Sweden.
For the city of Linköping the optimisation results for the present
case (or so-called business as usual) and base case (i.e., new
(CHP)NG plant has been introduced in the energy systems) revealed
that if the entire fuel oil supply and 95% of coal fuel supply are
replaced by natural gas, the electricity production increases by 455
GWh/year or 270%, the global emissions of CO2 decrease by
approximately 356 ktonnes/year, the natural gas fuel supply
corresponds to 934 GWh/year and the system costs decrease by
approximately 45 MSEK/year.
For the city of Norrköping the optimisation results for the present
case (or so-called business as usual) and base case (i.e., new
(CHP)NG plant has been introduced in the energy systems) revealed
that if the entire coal fuel supply is replaced by natural gas, the
electricity production increases by 273 GWh/year or 185%, the
global emissions of CO2 decrease by approximately 92
ktonnes/year, the natural gas fuel supply corresponds to 949
GWh/year and the system cost decreases by approximately 23
MSEK/year.
For the city of Finspång the optimisation results for the present
case (or so-called business as usual) and base case (i.e., new
(CHP)NG plant has been introduced in the energy systems) revealed
that the electricity production is 73 GWh/year, the global
emissions of CO2 decrease by approximately 44 ktonnes/year, the
natural gas fuel supply corresponds to 148 GWh/year and the
system costs decreases by approximately 8 MSEK/year.
The results show that switching present energy carriers to natural
gas provides the possibility to increase the electricity generation in
the Östergötland County by 800 GWh/year. The results also show
that generating electricity, particularly in high-efficiency combined
heat and power systems (CHP)NG, can reduce the environmental
impact of energy usage globally to a great extent, assuming a coal
condensing power plant as the marginal power plant. It also
reduces the system cost for heat and electricity production.

93

A sensitivity analysis has also been performed to investigate the
influence of a number of factors such as price of electricity, natural
gas price, CO2 tax, electricity certificate trading, EU ETS and
district heating demand. The sensitivity analysis indicates that the
largest economic gains for the district heating producers and the
largest environmental gains would be achieved by an increase in
the electricity prices in combination with a decrease in gas prices.
The global emissions of CO2 and the total system cost decreases by
approximately 490 ktonnes/year and 76 MSEK/year respectively,
with the present Swedish electricity prices and by approximately
1.2 Mtonnes/year and 249 MSEK/year, respectively, if the price of
electricity is at a higher EU level.
The effect of increasing the district heating demand with a
decrease in gas prices is of the same importance as an increase in
electricity prices. Increasing the district heating demand better
serves the usage of natural gas-based CHP plants, because an
increase in district heating demand enable not only an increase in
electricity production but also more efficient production is thanks
to the higher α-value for the (CHP)NG.

8.3

Biogas use in a CHP plant

The objective of the study presented in Paper VI is to present a
model for a biogas system, which can help to achieve a more costeffective system and to analyse the conditions for connection of a
CHP plant to the biogas system. MODEST has been applied to
analyse many energy systems, but this is the first time the model
has been used for biogas production. The biogas system in the city
of Linköping has been the focus of the study. The optimization
model presented in this study can be used for operational
optimisation and evaluation of the economic consequences of
future technical or economic changes in a biogas system.
The results from optimisations have been provided for two cases,
i.e., for the Linköping biogas system with (base case) and without
(present case) implementation of a new biogas-based CHP plant.
The optimisation for each case provides the amount of biogas, as
well as the amount of heat and electricity produced and used.
Reduced system cost and CO2 emissions for the base case
compared with the present case are also presented in Paper VI.
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The results show that the Åby biogas plant generates the majority
of the biogas (59 GWh/year in the present case) and the smaller
share comes from the Nykvarn plant (18 GWh/year). No torching
occurs and LNG (1.3 GWh/year) covers the peak load during the
winter in the Present case. The larger waste supply in the base case
increases biogas production considerably. No LNG occurs in the
base case. The annual input of biogas to the CHP unit becomes 59
GWh.
In the base case, electricity and heat produced by CHP are partially
used for running the biogas plant and partially delivered to the
grids. The heat demand for processes in Åby and Nykvarn is met
via the biogas-based CHP plant throughout the year. The biogas
boiler operates only in the summer in order to meet the heat
demand for processes. No external heat and electricity is bought.
The CHP plant covers not only the heat demand for processes but
also enables electricity sales and substantially increased heat sales.
The amount of electricity sold is 22 GWh/year because of the
biogas-based CHP plant. Reducing the system cost through more
revenues from electricity and heat sold from the CHP unit and
also from electricity certificate sales (and also because LNG is not
needed) makes the implementation of the CHP unit profitable.
The optimisation results show that the investment in a new biogasbased CHP plant in the biogas system results in a reduction of the
system cost by 22 MSEK/year compared to the Present case. The
produced electricity can lead to a reduction of CO2 emissions in
another European country, making the global CO2 emissions
decrease by 21,000 tonnes/year.
The result of the sensitivity analysis, including nineteen additional
cases, show that if electricity and heat prices increase by a
maximum of 30% and electricity certificate price increases by a
maximum of 50% no big changes in the structure of the biogas
system can be seen, except that the gas boiler should not be used
and the biogas goes to the CHP instead. When the price of
electricity increases by 50%, with an increase in electricity
certificate price by 30% or 40%, changes in the structure of the
biogas system can be seen, i.e., the CHP plant increases its
production and LNG is bought in order to provide the biogas
demand. The amount of electricity sold will be 26 GWh/year. The
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global CO2 emissions decrease by 24 ktonnes/year compared with
the present case, including CO2 emissions from LNG.
With electricity and heat prices increasing by 70% or 100% or
electricity, heat and electricity certificate prices increasing by 50%,
notable changes can be seen in the structure of the biogas system,
i.e., the CHP plant increases its production to its maximum level
and the buying of LNG increases. The amount of electricity sold
will be 39 GWh/year. The global CO2 emissions decrease by 32
ktonnes/year compared with the present case, including CO2
emissions from LNG. However, CO2 emissions from fossil
automotive fuel that replaces the biogas used in the CHP plant are
not included in the global emissions presented here. The greatest
profitability of connecting the CHP plant to the biogas system
appears in the case where the electricity and heat prices increase by
100% and electricity certificate prices increase by 50%, and the
profit becomes 46 MSEK/year compared to the present case.

8.4

Cooling load, absorption chiller and
CHP-based district heating systems

The aim of the study presented in Paper III is to compare the costeffectiveness and environmental impact of two technologies for the
production of cooling, i.e., vapour compression chillers and heatdriven absorption chillers. The cooling load is due to public and
commercial buildings and industries. A European system perspective
was applied. Environmental and economic effects are analysed as a
European electricity price and natural gas are introduced into the
energy system.
The energy system in the city of Norrköping has been the focus of
the study in Paper III. The cooling load covers both the district
cooling network and the three groups of industries (see Paper III for
more information). Four different scenarios have been analysed in
this study: (1) existing energy system; (2) introducing absorption
cooling and Nordpool electricity prices; (3) introducing absorption
cooling and European electricity prices; and (4) introducing
absorption cooling and European electricity prices and natural gas.
The results show that producing cooling with absorption cooling
gives the most cost-effective result in Scenario 4 for both the
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district cooling network and the three groups of industries. In
Scenarios 2 and 3, the cooling is produced with a combination of
absorption chillers and vapour compression chillers. For district
cooling, absorption cooling is the principal source in all three
scenarios. For industry group A and B (see Table 1 in Paper III),
absorption cooling could be an alternative if the electricity price is
at the European level. However, for industry group C (see Table
1 in Paper III), the high investment cost per megawatt cooling load
means that absorption cooling machines are not a proper measure.
The result shows that the cost of producing cooling decreases from
138 to -95 SEK/MWh from Scenario 1 to 4. There are two
explanations for this. The production cost for cooling will decrease
as the share of absorption cooling increases due to higher income
from produced electricity, also due to higher electricity prices and
the high electricity production in relation to heat in the natural gas
combined cycle power plant (i.e., for Scenario 4).
The system costs for the scenarios represent the cost of meeting the
demand for district heating and cooling for the municipality,
including income from sold generated electricity. The system
costs includes the present value of all the capital costs of new
installations, operation and maintenance costs, fuel costs, taxes, and
fees for a period of 10 years. The result of the modelling shows that
the system costs for Scenario 1, 2, 3 and 4 are 44, 43.8, -20 and -88
MSEK per year, respectively.
The electricity production in the Norrköping district heating and
cooling system increases from 335 GWh/year in Scenario 1 to 779
GWh/year in Scenario 4 mainly due to the investment in the
natural gas combined cycle power plant. A larger impact has also
been observed in the reduction of CO2 emissions between
Scenario 1 and 4, i.e., from -224 to -394 ktonnes/year.
A sensitivity analysis has been done on the effect of a higher
demand for cooling and the coefficient of performance COP for
absorption chillers and vapour compression chillers on the total
system cost. The result of the sensitivity analysis shows that when
the COP for the absorption chillers is lowered from 0.7 to 0.5, this
will only increase the system cost by 0.1% and 2% for Scenarios 2
and 3, respectively, and in fact decrease the system cost in Scenario
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4 by 2.2%. When the COP for compression chillers increases
from 3 to 5, the system cost will decrease, e.g. for Scenario 4 by
0.26 MSEK per year. In addition the increased COP for
compression chillers will imply that the share of absorption chillers
will be reduced from 100% to 74% for Scenario 4 and in Scenario
3 from 77% to 50%.
When the demand for cooling is increased by 20% for both district
cooling and industry, the system cost in all the scenarios will only
increase by less than 5%. This indicates that if the cooling demand
were to rise as assumed this would only give rise to a small change
in system cost. However, the cost for cooling is only a minor
fraction of the system cost.

8.5

Heat-sparse areas and CHP-based
district heating systems

To investigate the economic and environmental consequences of
connecting residential buildings in heat-sparse areas to the
municipal district heating systems in the cities of Gävle, Sandviken
and Borlänge in Sweden, is the main aim of the study presented in
Paper V. The energy system optimisation model MODEST has
been used for modelling the energy system. The results of the
study show that there is potential to expand the district heating
systems to areas with lower heat concentrations, with
environmental benefits and economic benefits to the district
heating companies of Gävle, Sandviken and Borlänge.
For the city of Gävle the optimisation results for the present case
(or so-called business as usual) and base case (i.e., with the
connection of the residential buildings in heat-sparse areas to the
municipal district heating system) revealed that the bio-fuel supply
increases by 151 GWh/year or 43%, the oil fuel supply increases
by 12 GWh/year (i.e., to cover the peak loads), the electricity
production increases by 37 GWh/year or 42%, the new district
heating demand corresponds to 943 GWh/year instead of 785
GWh/year and the system costs decrease by approximately 5
MEUR/year.
For the city of Sandviken the optimisation results for the present
case (or so-called business as usual) and base case (i.e., with the
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connection of the residential buildings in heat-sparse areas to the
municipal district heating systems) revealed that the solid biomass
fuel covers the base load, the LPG covers the peak loads, the
electricity production increases by 2 GWh/year or 6%, the new
district heating demand corresponds to 241 GWh/year instead of
231 GWh/year and the system costs decrease by approximately
0.21 MEUR/year.
For the city of Borlänge the optimisation results for the present
case (or so-called business as usual) and base case (i.e., with the
connection of the residential buildings in heat sparse areas to the
municipal district heating systems) revealed that; the new waste
CHP plant covers the extra heat demand, the electricity production
increases by 4 GWh/year or 8%, the new district heating demand
corresponds to 463 GWh/year instead of 450 GWh/year and the
system costs decreases by approximately 0.32 MEUR/year.
In order to estimate the CO2 emissions, three different alternatives
for electricity production have been considered, i.e., the short-term
marginal electricity production or Coal-Fired Condensing Power
(CFCP) plant, long-term marginal electricity production or the
Natural Gas Combined Cycle (NGCC) plant, and the Swedish
Average Electricity production Mix (SAEM). For the city of Gävle
the CO2 emissions based on CFCP decrease by 186 ktonnes/year
and 79 ktonnes/year for the houses heated directly by electricity
and by oil, respectively. For the city of Sandviken the CO2
emissions based on CFCP decrease by 9.8 ktonnes/year and 3
ktonnes/year for the houses heated directly by electricity and by
oil, respectively. For the city of Borlänge the CO2 emissions based
on CFCP decrease by 14.9 ktonnes/year and 6 ktonnes/year for
the houses heated directly by electricity and by oil, respectively.
A sensitivity analysis has also been performed to investigate the
influence of a number of factors such as price of electricity, biofuel
price and cost of emission allowance trading and CO2 tax. The
sensitivity analysis indicates that the profitability of connecting
heat-sparse areas for district heating companies of Gävle,
Sandviken and Borlänge with an increase in electricity price from
34 EUR/MWh to 110 EUR/MWh increased by 9.8 MEUR/year,
2.7 MEUR/year and 4.3 MEUR/year, respectively.
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The results also revealed that the increment of bio-fuel prices
decreases the profitability of connecting heat-sparse areas linearly
by a rate of 0.47 MSEK and 0.14 MSEK for each 10% increment
of solid biomass fuel price for the cities of Gävle and Sandviken,
respectively. But at a 30% higher price for solid biomass fuel it is
still profitable to increase the heat load through connecting heatsparse areas in Gävle.
The Borlänge district heating system is not sensitive to increases in
solid biomass fuel price because the waste-based CHP plant is
responsible for heat and electricity supply to a great extent and the
bio-fuel boiler is replaced by excess heat delivered from industry.

8.6

Role of policy instruments and
electricity and fuel prices in CHPbased district heating and biogas
systems

One important conclusion from the modelling of district heating
and cooling systems and biogas systems, in all the studies in this
thesis, is that the policy instruments existing today in Sweden are
strong incentives for cogeneration. Renewable electricity
certificates, e.g. in Papers II, III, IV, V and VI, support the
biomass/biogas-based CHP plants. The tax on incinerated waste
promoted cogeneration by applying a much higher rate when used
for heat-only production and a lower rate when used for combined
heat and power (Papers II, III, IV and V). However, this tax does
not exist at the present time. Naturally, the electricity price has a
large impact on the profitability of cogeneration. Due to the higher
level of electricity price that should follow the deregulation of the
European electricity market, the utilization of cogeneration in the
Swedish district heating systems and biogas systems increases
(Papers III-VI), which can especially be seen when using natural
gas-based CHP plants. The economic benefit of using a natural
gas-based CHP plant is larger than for other fuel-based CHP
plants due to its high α-value, especially at higher electricity prices
(Papers III and IV). On the other hand, the electricity certificate
system (Papers IV and VI), the emission trading system (Papers
IV) and the Swedish CO2 taxation (Paper IV) reduces the use of
natural gas-based CHP plants and promotes the use of renewablebased CHP plants.
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However the changed Swedish energy and CO2 taxation on fossil
fuels introduced in 2004 has meant improved conditions for
natural gas-based and other fossil-fuelled CHP plants (Papers IIV). The electricity certificate system promotes peat-based CHP
while the emission trading system has an opposite effect on using
peat, which is classified as a renewable fuel in Sweden (Paper V).
Policy instruments together with electricity and fuel prices are the
most vital factors for the choice of energy resource/CHP
technology in the Swedish CHP-based district heating systems in
the results of this study. This can be seen in the case studies in this
thesis, where no other fuels can compete with waste as a costefficient fuel in the analysed Swedish CHP-based district heating
systems (Papers I-V). This is due not only to the low fuel price but
also because there are no energy or CO2 taxes for waste. The only
incineration tax for waste is so low that it does not influence the
use of waste as a fuel for heat and electricity supply compared to
other fossil fuels or even biofuels with the electricity certificate
system in mind.
A limit on CO2 emissions imposed in Paper I may reflect impact
of emission trading. The result reveals that the operation of the
CHP-based district heating system is very sensitive to the way that
CO2 emissions are accounted for i.e., only local CO2 emissions or
coal-fired condensing power as marginal CO2 emissions for
electricity. The result shows how the electricity production
increases in the marginal case compared with the local one. The
difference in electricity generation between the local and marginal
coal cases depends on the extensive cogeneration in the latter case.
The result shows that the electricity from inefficient coal-fired
condensing plants should be replaced by local cogeneration with
wood or even oil in order to reduce global CO2 emissions.
Electricity prices at a higher European level increase the
opportunity for more electricity production in CHP-based district
heating/biogas systems with reduced system costs and global CO2
emissions as presented in Papers III-VI. This can be seen e.g. in
Paper III when higher electricity prices increase electricity
production in the Norrköping CHP-based district heating system
by 12 GWh/year when introducing heat-driven absorption chillers
as a technology for production of cooling, which leads to a
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reduction of system costs by 64 MSEK/year compared to the
present case.
Electricity prices at a higher European level mean that the
electricity production increases by approximately 1,353 GWh/year,
which decreases the system cost by approximately 249
MSEK/year in the Linköping, Norrköping and Finspång CHPbased district heating systems when introducing natural gas as a
fuel for CHP production (Paper VI).
The effect of higher European electricity prices (i.e. 110
EUR/MWh) for the studied CHP-based district heating system in
the municipalities of Gävle, Sandviken and Borlänge when
connecting the heat-sparse areas to the district heating grid (Paper
V) is increased profitability by 5, 0.2 and 0.3 MEUR/year
respectively (compared with present case). In this study, the higher
European electricity price does not result in increased electricity
production because electricity production has reached its
maximum level already at a lower electricity price level.
Concerning Linköping’s biogas system, see Paper VI, the effect of
electricity prices at a higher European level (if the price of
electricity increases by 100% from today’s level (444 SEK/MWh))
is that electricity produced by the biogas-based CHP unit increases
to 39 GWh/year, which reduces the system costs and provides
profitability by about 40 MSEK/year due to more revenue from
electricity sales and electricity certificate trading (compared with
the present case).
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9 Conclusions

This chapter covers the conclusions presented in the appended papers in relation
to the research questions presented in Section 1.2.

9.1 Research question 1
How does CHP, using different primary energy sources and technologies,
influence a municipal district heating system regarding energy supply, system
costs, and global CO2 emissions?
The results show that generating electricity in CHP plants,
particularly in higher efficiency combined steam and gas turbine
heat and power plant using natural gas (CHP)NG, can reduce the
environmental impact of energy usage globally to a great extent.
The environmental impact considered here is CO2 emissions,
which are derived by assuming a coal condensing power plant as
the marginal power plant. The largest environmental gains and the
largest economic gains for the district heating companies would be
achieved by an increase in the electricity prices in combination
with a decrease in gas prices.
The results confirm, through the scenarios presented in this study,
that waste as a fuel in CHP-based district heating systems is fully
utilised since it has the lowest operational costs.
The results show that heat-driven cooling using district heating
(e.g. absorption chillers) in CHP systems is cost-effective and
environmentally friendly technology as electricity consumption is
reduced and at the same time electricity generation will be
increased.
The results reveal that the operation of studied CHP-based district
heating system is very sensitive to the way CO2 emissions are
accounted for if an emission limit is imposed, i.e., local CO2
emissions or emissions from marginal electricity production. The
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result shows how the electricity production increases in the
marginal case compared with the local one. Electricity from
inefficient coal-fired condensing plants should be replaced by local
cogeneration with wood or even oil in order to reduce global CO2
emissions.
The results also show how an implementation of a biogas based
CHP plant to a biogas system under study contributes to an
efficient biogas system, using 100% of the biogas and thereby
avoiding flaring of gas and purchase of expensive LNG during the
year. The result also shows that implementation of the biogasbased CHP plant in the biogas system means decreased global CO2
emissions and system costs and provides profitability for
Linköping’s biogas system if the price of electricity is doubled.
Substantial reductions in CO2 emissions are achieved in the
analysed system by accounting for the coal-fired condensing power
(CFCP) plant as the marginal electricity production plant.
The results highlight that the assumption on marginal power
producer, coal or natural gas power, has a large influence on how
to view environmental impacts of electricity and on the benefit of
electricity production in district heating systems. The benefit is
higher in the short run and will be less in the long run because the
marginal electricity source is likely to switch from coal-fired to
natural gas-fired condensing power plants.

9.2 Research question 2
What is the impact of increased district heating and cooling demand on the
companies with CHP-based district heating systems?
Replacing electricity-driven (e.g. compression) cooling by heatdriven cooling increases district heating demand, which in turn
increases the electricity generation in the CHP plant. It is worth
mentioning that the use of primary energy will be increased by
increasing the heat demand through switching from electric to
heat-driven cooling. The results show that when considering
electricity prices at a higher European level and when natural gas is
used as primary energy source, absorption cooling is the most
cost-effective solution to produce chilled water for both industries
and for the energy supplier.
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The results of the study show that there is potential to expand
district heating systems to areas with lower heat density, with both
environmental and economic benefits for the district heating
companies of Gävle, Sandviken and Borlänge. Connection of heatsparse areas to district heating resulted in lower system costs and
provides profitability for the studied systems. A strong relation
exists between the price of electricity and the profitability of
connecting heat-sparse areas to CHP-based district heating
systems.

9.3 Research question 3
What is the impact of energy policy instruments and electricity and fuel prices
on municipal CHP-based systems?
The results also revealed that not only electricity and fuel prices
but also policy instruments are important factors in promoting
CHP-based district heating and cooling systems. In fact policy
instruments, e.g. EU ETS influence production costs in
cogeneration plants. The introduction of EU ETS means that the
price of emission allowances must be added to the production
costs of electricity and heat generation based on fossil fuels. Thus,
the price of allowances has a direct impact on the choice of CHP
technology to run. EU ETS is to advantage of biomass CHP while
the NGCC technology becomes less attractive especially because
an extra CO2 tax, beside EU ETS, has been charged for use of
fossil fuels for production of CHP heat in the energy sector. As
shown in this thesis, the effect of these policy measures (CO2 tax
and EU ETS) become less sensitive with higher electricity prices.
The impact of policy instruments on the system costs and CO2
emissions for different study cases varies depending on whether
fossil fuels, renewables or municipal waste are used in CHP plants.
The CO2 tax is, for example, an incentive for waste-based
cogeneration and CHP taxation introduced in 2004 has positive
impact on natural gas-based CHP. It is worth mentioning that
municipal waste in Sweden and also in all studied cases consists of
80-95% organic waste.
The impact of electricity prices is significant for development of
cogeneration in general and NGCC technology in particular in
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district heating and cooling systems. For the NGCC technology
the impact of the electricity prices is pronounced more due to a
higher α-value (i.e. electricity-to-heat output ratio).
Beside electricity prices, the Swedish electricity certificate system
RECs has a large influence on the introduction of biogas-based
cogeneration. RECs can be seen as a credit for replacing less
environmentally friendly electricity, just like in the calculations
made in this thesis.
Another conclusion from the modelling is that the policy
instruments existing today in Sweden are strong incentives for
cogeneration with similar impact as if external costs would replace
these policy instruments.
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10 Future work

There are many further research questions that need to be investigated based on
the studies carried out in this thesis. A number of them are listed in this
chapter.
It would be interesting to investigate the influence of the fourth
generation of district heating systems i.e. low-temperature district
heating systems on the CHP-based district heating systems.
Influence of reduction of space heating demand, by means of
different energy conservation and energy efficiency measures, on
the future of CHP-based district heating systems needs to be fully
investigated.
Analysis of the expansion of district cooling systems, both for
residential cooling, commercial buildings and industrial process
cooling, is an important issue for the CHP-based district heating
and cooling systems.
Investigating the impact of small-scale decentralized CHP on the
district heating systems and third-party access to the district
heating networks are other important research areas.
The use of renewable energy such as wind and solar is gaining
ground in Europe and in Sweden. It would be interesting to
investigate the interaction between renewable electricity
production and CHP-based district heating and cooling systems.
Presently, Sweden has achieved a fairly high degree of districtheating connectivity in areas with high heat density. Approximately
80% of all multi-family buildings and 65% of service and
commercial buildings are connected to district heating, as a result
the potential for increased connectivity in these areas is limited.
Thus areas with low heat density are an important segment for
further expansion of district heating, for example different groups
107

of detached and stand-alone buildings, have the greatest possibility
for expansion to the district heating network and thereby increased
heat load bases. However, viable technologies need to be
developed to keep connection costs per house at a reasonable
level.
Since January 2013, the CO2 tax on fossil fuels for production of
CHP heat in the energy sector is removed. At the same time the
third phase of the EU ETS has begun. The impact of these
important policy measures on expansion of NGCC technology in
district heating and cooling systems needs to be fully investigated.
Finally, the future possibilities of expansion of renewable energy
sources for electricity production and their impact on marginal
power production need to be investigated.
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