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A district heating and cooling (DHC) system can be a viable piece of the puzzle in the
efforts of reducing the greenhouse gas (GHG) emissions. Especially if the DHC system
include combined heat and power (CHP) plants which enable electricity production
from renewable resources. This is set forth in national energy targets and sustainable
development goals (SDGs), adopted by the United Nations in 2015. Moreover, improved
energy efficiency and energy savings are important factors in fulfilling the national
targets of decreased energy intensity as well as reducing the use of fossil fuels.

The aim of this thesis is to analyze the impacts of two energy end-use measures in a DHC
network and their consequences on the efforts towards sustainable development. The
end-use measures studied are (1) renovation of a multifamily building stock and (2) the
use of a hydronic pavement system (HPS) including analysis of different control
strategies. The end-use measures are assessed in terms of energy use and efficiency, use
of renewable and fossil resources, and local and global GHG emissions. Lastly, it is
analyzed how the results relate to national energy targets and SDGs.
By using simulation and optimization models, several scenarios of end-use measures are
analyzed in the two studies. In the first study, six scenarios are analyzed, as the
renovation packages include measures on the envelope, ventilation and conversion from
district heating to ground source heat pump. In the second study three scenarios are
analyzed, where the HPS are operated all-time at a temperature below 4°C or are shut
down at temperatures below -10°C or at temperatures below -5°C.

The results of the study regarding the renovation of a multifamily building stock indicate
a future reduction in heat demand. All scenarios show energy savings of the studied
building, which ranged from 11% to 56%. All scenarios show a reduction in local GHG
emissions, as well as reduced fossil fuel use. Although the largest reduction was found in
the use of renewable resources. From a global perspective on GHG emissions, the
scenarios with district heating out-performed measures with heat pump solutions in the
studied system. Moreover, the study point to positive impacts on the efforts towards
SDGs.
To mitigate the reduced heat demand from the renovation of the building stock, an HPS
may be used. The results show mostly renewable resources were used for the HPS. The
use of HPS was found to generate a positive impact on global GHG emissions. A control
strategy that shuts down the HPS at temperatures below -10°C would result in 10%
energy saving and would maintain acceptable performance of the HPS. Furthermore, it
would reduce the use of fossil fuel and reduce local GHG emissions by 25%. Moreover,
an HPS may contribute to SDGs.

It is concluded that energy end-use measures of renovating a multifamily building stock
are vital in the work towards an improved energy intensity. However, these measures
result in a decreased demand for heat in the DHC network. This can then lead to reduced
electricity production from renewable resources in the CHP plants, which in turn have a
negative impact on the global GHG emissions. By finding new applications, like HPS, the
infrastructure of DHC networks could be utilized efficiently and serve as one piece of the
puzzle that is the efforts towards sustainable development.

Ett fjärrvärme- och fjärrkylenätverk kan vara en viktig del i arbetet att minska
växthusgasutsläppen. Speciellt då ett fjärrvärme- och fjärrkylenätverk nyttjar
kraftvärme, vilket möjliggör elproduktion från förnybara resurser. Detta efterfrågas i de
nationella energimålen och i de globala målen för hållbar utveckling, även kallade
Agenda 2030, som antogs av Förenta Nationerna 2015. Dessutom är förbättrad
energieffektivitet och energibesparing viktiga faktorer för att nå de nationella
energimålen för minskad energiintensitet.
Syftet med denna avhandling är att analysera effekterna av två användningsåtgärder i
ett fjärrvärme- och fjärrkylenätverk, samt dess konsekvenser för en hållbar utveckling.
De åtgärder som undersöks är (1) renovering av ett flerbostadshusbestånd och (2)
användningen av ett markvärmesystem. Användningsåtgärderna analyseras utifrån
energianvändning och energibesparing, användning av förnybara och fossila resurser,
samt lokala och globala växthusgasutsläpp. Slutligen analyseras hur resultaten relaterar
till nationella energimålen och de globala målen för hållbar utveckling.

Genom att använda simulerings- och optimeringsmodeller analyseras flera scenarier av
användningsåtgärder i de två studierna. I den första studien analyseras sex scenarier,
där renoveringsåtgärderna innehåller klimatskals- och ventilationsåtgärder, samt ett
byte av värmesystem från fjärrvärme till värmepump. I den andra studien analyseras tre
scenarier. Ett då markvärmesystemet drivs kontinuerligt vid en utomhustemperatur
under 4° C, samt då systemet även stängs av eller försätts i viloläge vid
utomhustemperaturer under -10°C respektive -5°C.
Resultaten från den först studien pekar på ett minskat värmebehov i framtiden. Alla
scenarierna innebar energibesparingar i den studerade byggnaden, som varierade från
11% till 56%. Alla scenarier uppvisade en minskning av lokala växthusgasutsläpp, samt
minskning av fossil bränsleanvändning. Dock ses den största minskningen i
användandet av förnybara resurser. I ett globalt perspektiv på växthusgasutsläpp, så
presterar värmelösningar med fjärrvärme bättre än de med värmepump i de studerade
systemen. Studien uppvisar positiva effekter på de nationella målen, samt de globala
målen för hållbar utveckling.

För att möta den minskade värmebehovet kan ett markvärmesystem nyttjas. Resultaten
visar att främst förnybara resurser används. Användningen av markvärme har en positiv
inverkan på globala växthusgasutsläpp och en kontrollstrategi som försätter
markvärmesystemet i vila vid temperaturer under -10°C kan resultera i 10%
energibesparing samtidigt som en acceptabel prestanda bibehålls. Detta minskar den
fossila bränsleanvändningen, samt de lokala växthusgasutsläppen med 25%. Ett
markvärmesystem kan bidra i arbetet med de nationella målen, samt de globala målen
för en hållbar utveckling.
Slutsatsen är att renovering av ett bestånd av flerbostadshus ska genomföras i arbetet
för en minskad energiintensitet. Dessa åtgärder leder emellertid till en minskad
efterfrågan på värme. Detta kan minska elproduktion från förnybara resurser i
kraftvärmeanläggningarna, vilket i sin tur har en negativ inverkan på de globala
växthusgasutsläppen. Genom att hitta nya applikationer, som markvärme, kan
infrastrukturen i fjärrvärme- och fjärrkylenätverk nyttjas effektivt fortsättningsvis och
fungera som en bit i pusslet för en hållbar utveckling.

To begin with, I would like to thank my supervisor Louise Ödlund, who I encountered in
the corridor and asked if she had any interesting research project I could engage in – and
if she had! Thanks for your insight, support, and guidance during my research process
and during the process of forming the research project “Sustainable region” along the
years. Many thanks to my co-supervisor Patrik Rohdin for the valuable discussions,
feedback and for sharing your knowledge and experience.
I wish also to thank all of my colleagues at Division of Energy System who make this
work as fun and inspiring as it is. Also, thanks to all of you who have commented and
gave me feedback on this thesis and the appended papers. A special thanks to our
former colleague Linn Liu for reading and commenting an earlier draft of this thesis. The
valuable input aided me to improve the thesis greatly.
Many thanks to Lina La Fleur who showed me around when I started and always could
answer my day-to-day questions, and still do. Thanks to office-neighbor Tommy Rosén
for all the intriguing discussions about whatever, and especially sports. A special thanks
to Elisabeth Larsson for all your help with the day-to-day administrative matters.

I would also like to thank the companies and involved in the research project
“Sustainable region”, both for financing the research as well as the time, knowledge, and
curiosity we have all put into the project. I gratefully acknowledge the Swedish Agency
for Economic and Regional Growth for financial support.
Lastly, thanks to my family and friends for always being there when I need it the most!

This thesis is based on the work described in the two papers listed below. The papers
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thesis.
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A co-author statement of the papers is presented in chapter 1.4.

The following abbreviations are used continuously in this thesis.
CHP

Combined heat and power

DHC

District heating and cooling

DH

GHG

GSHP
HOB
HPS

IDA ICE

MODEST
SGD

District heating

Greenhouse gas

Ground source heat pump
Heat only boiler

Hydronic pavement system

IDA Indoor Climate and Energy

Model for Optimization of Dynamic Energy Systems with Time dependent
components and boundary conditions
Sustainable development goal

The outline of the thesis is presented below and is intended to provide an introductory
outlook on how the research and the two appended papers are presented.

Chapter 1- Introduction, introduces the research field of the thesis and how the
appended papers are associated. The aim and research question are presented. The first
chapter also gives an overview of the appended papers and a co-author statement.
Finally, the research project from where this research is sprung from is presented.
Chapter 2- Background and related research, presents an introductory background
and related research of key subjects being; the sustainable development goals, district
heating and cooling, residential and service sector, and hydronic pavement system.
Chapter 3- Research design and methodological approach, presents the research
design and methodology of this research. The research utilizes a cross-disciplinary
approach and an approach of system perspective, which is then incorporated in a
scenario analysis. Moreover, the software tools used in this research are presented.

Chapter 4- The DHC system and scenarios of energy end-use measures, presents
the optimization model of the DHC system and the simulation models used in the two
studies in this thesis. Moreover, the scenarios regarding the energy end-use measures in
the two studies are presented.
Chapter 5- Results and analyses, presents and analyze selected results from the
appended papers that are related to the research questions. Additionally, an analysis of
how the results relate to the national targets and SDGs are presented.
Chapter 6- Concluding remarks, concludes the research questions. The chapter ends
with an overview of suggested areas for further research.
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The chapter introduces the research field of the thesis and how the appended papers are
associated. The aim and research question are presented. The first chapter also gives an
overview of the appended papers and a co-author statement. Finally, the research project
from where this research is sprung from is presented.

The national climate and energy targets of Sweden, originating from the targets adopted
by the European Council [1], state that by 2020 greenhouse gas (GHG) emissions should
be decreased by 40% (compared to 1990) and no net emissions should occur after
2045. The energy intensity should decrease by 20% by 2020 (compared to 2008 and
expressed as less input energy per GDP), and by 50% by 2030 (compared to 2005). In
this effort, improved energy efficiency and measures of energy savings are important
factors. Moreover, by 2020, the share of renewable energy should increase up to 50% of
the total energy use, and by 2040 electricity production should be based 100% on
renewable resources [2], [3]. Efforts towards a sustainable future, as the above targets is
a part of, is also be defined by the sustainable development goals (SDGs), adopted by the
United Nations in 2015 [4]. The SDGs includes 17 main goals that addresses global
challenges for a sustainable future.
The Swedish government stated in 2008 [2] that fossil fuel is not to be used for heating
purposes, which has led to energy companies that provide district heating and cooling
(DHC) to phase out fossil fuels from their production at the latest by 2030 in order to
reach a fossil-free Sweden [5]. The Swedish government has stated that a DHC that
utilizes combined heat and power (CHP) plants provides an opportunity to make use of
energy that would otherwise be wasted [2], [3]. Approximately 10% of Sweden´s
electricity production comes from CHP technique [6]. Moreover, a number of studies
emphasize the role of the CHP technique in the energy transition from fossil fuel to
renewable resources [7]–[10]. However, studies point to a stable or slight reduction in
heat demand towards 2030 [11], depending on milder climate, energy prices and the
improved thermal properties of buildings, (i.e. after renovation of older buildings and
lower demand in new buildings) [12]. Moreover, the district heat (DH) demand is also
affected by the competitive situation for heat pumps where the price of electricity is a
key factor [11]. The Swedish Energy Agency points out that a reduction in the demand
for heat in a DHC system results in reduced potential for electricity production in CHP
plants [13].
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The residential and services sector accounts for 40% of Sweden’s energy use [14] and
roughly 10% of the GHG emissions [15]. Space heating and domestic hot water in
multifamily buildings are responsible for roughly 20% of the energy used in the
residential and services sector, with 26.6 TWh in 2016. DH is the predominant energy
carrier with 90% of Sweden’s multifamily buildings connected to DH networks [6], [12].
The residential and services sector has been identified as having great potential for
energy savings, and savings have also been achieved due to, i.e. renovation of building
stocks [12], [16]. In 2011, it was estimated that 75% of Sweden’s multifamily buildings
built between 1961- 1975 were in need of renovation and much remains to be done
[17]. This posed the question on how renovation measures would impact the energy
system and, subsequently, the climate in terms of GHG emissions. One of the sub-studies
in this thesis examines the impacts of renovating a multifamily building stock connected
to a DHC system, which is illustrated as Subsystem I in Figure 1.

The uncertainty around future heat demand has increased interest in finding new
applications for DH. The scarcely investigated application of DH included in this thesis is
an alternative method of snow clearance, called hydronic pavement system (HPS),
illustrated as Subsystem II in Figure 1. HPS is a technique in which heat is transported in
embedded pipes in the pavement structure using a circulating heat medium. HPS may
utilize the low-grade return temperature of a DHC system, enabling the use of renewable
resources for purposes of snow clearing. Moreover, the benefits of an HPS are also the
avoidance of fossil fuel used by heavy machinery, avoidance of the use of salt and sand,
and minimizing the risk of accidents. In Sweden, 150 to 200 GWh, corresponding to
0.4% of the total use of DH, are energy utilized by HPSs [18]. However, the HPS is used
during the cold months of a year when the demand in the DHC system peaks, which
requires better knowledge of the climate impact of an HPS and how control strategies
can minimize this impact.
Figure 1 illustrates the research presented in this thesis, with the two studies on energy
end-use measures as subsystems in a DHC network that constitutes the system
boundary. The studies are (I) a renovation of multifamily building stock which includes
six scenarios of different renovation packages, and (II) the use of an HPS including
analysis of three different scenarios of control strategies.

The aim of this thesis is to analyze the impacts of two energy end-use measures in a DHC
network and their consequences on the efforts towards sustainable development. The
impacts will be analyzed in terms off (1) energy use and efficiency, (2) the use of
renewable and fossil resources, (3) the GHG emissions, and (4) how the results relate to
the national targets and SDGs. The following research questions are addressed:
1. What is the impact of renovating a multifamily building stock connected to a DHC
network?
2. What is the impact of using an HPS, including different control strategies,
connected to a DHC network?
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Figure 1 - An overall illustration of the studies performed in the included papers. Subsystem I and
Paper I concern renovation of a multifamily building stock connected to the DHC system.
Subsystem II and Paper II concern the use of an HPS when using heat from a DHC system.

The scope of this thesis is to examine how the two energy end-use measures affect the
DHC system operating in the region. The subsequent impact from the changes in the
DHC system and outcomes of the studies are assessed in relation to the national targets
and SDGs. Moreover, in this thesis, sustainability and sustainable development focus on
the ecological part and the goals and targets associated to matters regarding energy.
In this thesis, energy efficiency and energy saving are viewed as terms in which less
energy is used to perform the same function or at a satisfactory level of function. This
leads to that improved energy efficiency and energy savings are important factors
having a beneficial impact on energy intensity, which is desired to decrease in
accordance with the national targets.

The GHG emissions are analyzed in two perspectives of local (also called direct), and the
subsequent consequences in a global perspective. The local GHG emissions are caused
by the fuel used in the DHC production. The consequence of global GHG emissions
depends mostly on two aspects. Firstly, the changes in available electricity on the
market, which is explained by changed production and demand in the DHC system.
Secondly, the potential savings in biomass, which is seen as a scarce resource. The saved
biomass may then be used elsewhere and e.g. substitute fossil fuel, thus, having a
beneficial impact on global GHG emissions.
3

Depending on the system environment, the perceived consequences on global GHG
emissions can differ considerably. The heating market in a DHC system is of local
character, but the electricity market is of a global character. The latter is, thus, the
perspective with the greatest impact when considering the system’s environment. Three
perspectives on the system’s environment are used in this research, generating three
emission factors; a Swedish electricity mix, a Nordic electricity mix, and a European
electricity market using coal-condensing production. The emission factors are common
to use, albeit separately, and the broad spread of the values represents the extremes in
assessing the impact of changes analyzed in this thesis.
This thesis is a result of the research project “Sustainable region”, which is a
collaborative project between energy companies, larger housing companies and the
academia. The research conducted is sprung from ideas and discussions from the
involved actors. To incorporate the ideas and discussions among the involved actors, a
research design was developed using several methods. To facilitate and make research
out of current and future challenges expressed by the actors, regular workshops were
used as a method. Issues regarding a changing demand of heat arose, e.g. due to the
renovation of building stock studied in Paper I. This entailed discussions of new
applications to mitigate a potential decrease in demand, as studied in Paper II.

The research design includes a scenario study with an applied system perspective and a
combination of simulation and optimization models. By doing so, numerous scenarios of
energy end-use measures could be analyzed and assessed. The software tools combined
in this research are:
•

•
•

ANSYS® Workbench™ and the patch ANSYS® CFX® Release 18.0 [19], a
simulation software suitable for thermal heat transfer simulations.
IDA Indoor Climate and Energy (ICE) [20], a dynamic simulation software for
building energy simulation
MODEST [21], a linear optimization program, suitable for modelling of larger
energy systems as DHC system or similar.

Detailed results are found in the appended Papers I and II. This includes results on
energy use and efficiency of the end-user measures, obtained from the software ANSYS
and IDA ICE. The results also include how the measures affect the DHC system in terms
of peak power demand, electricity demand and production, as well as local or direct GHG
emissions, obtained from the software MODEST. The subsequent consequences on a
global perspective of the GHG emissions are also examined by using three different
perspectives related to the electricity market; a Swedish, Nordic, and European. Finally,
this thesis provides an analysis of the result in relation to sustainable development,
defined in this research by the national targets on energy and climate and the SDGs.

4

Paper I
Blomqvist, S., La Fleur, L., Amiri, S., Rohdin, P., Ödlund, L. (2019). The impact on system
performance when renovating a multifamily building stock in a district heated region.
Sustainability vol. 11, nr. 8
The paper presents an analyze of the impact of renovating a multifamily building stock
connected to a DHC system. Key performance indicators are fuel use, peak power
demands, electricity demand and production, as well as impacts on GHG emissions in
local and global perspectives. The study analyzes six scenarios, including renovation
measures on the building envelope, ventilation and conversion from DH to ground
source heat pump (GSHP).

The paper was planned together with PhD student Lina La Fleur. The author of this
thesis was the main author of this paper and responsible for the research design,
methodology, investigation, and visualization. Lina La Fleur performed simulation of the
reference building in the software IDA ICE and contributed with text regarding the
software and reference building. Senior lecturer Shahnaz Amiri and the author of this
thesis created the model of the DHC system in the software MODEST and performed the
optimization of the scenarios. The data was processed by me, who also performed the
analysis of the results. Professor Louise Ödlund and Associate professor Patrik Rohdin
supervised the work and contributed with valuable guidance and comments on the text.
Paper II

Blomqvist, S., Amiri, S., Rodin, P., Ödlund, L. (2019). Analyzing the performance and
control of a hydronic pavement system in a district heating network. Submitted for
journal publication.

The paper presents an analyze of an HPS, which is an alternative method to clear snow
and ice with a heat medium circulating in pipes embedded in the pavement structure.
This technique minimizes the use of salt and sand, use of fossil fuel for conventional
snow clearance, and minimizes the risk of accidents. When utilizing heat from a DHC
system, the method can result in reduced climate impact. The aim the paper is to analyze
the performance of different control strategies of a 35,000 m2 HPS in a DHC network, as
the energy performance of the HPS and the primary energy use, electricity production,
and GHG emissions from the DHC system are analyzed.
The author of this thesis was the main author of this paper and the responsible for the
planning, research design, methodology, investigation, and visualization. The author of
the thesis created the model of the HPS and performed the simulations in ANSYS and the
optimization performed of the DHC system in the software MODEST. Senior lecturer
Shahnaz Amiri along with the author of this thesis created the model of the DHC system.
The data was processed by the author of this thesis, who also performed the analysis of
the results. Professor Louise Ödlund and Associate professor Patrik Rohdin supervised
the work and contributed with valuable guidance and comments on the text.

5

This thesis is a work sprung from the research project “Sustainable region”, which aims
to work collaboratively with energy companies, housing companies, and academia. The
purpose is to analyze and facilitate conditions for sustainable development and towards
a resource-efficient region. The underlying concepts of the research project originated in
the awareness of sustainability, and one of the more well-known definitions is from the
Brundtland Report, 1987 [22]:
“Sustainable development is development that meets the needs of the
present without compromising the ability of future generations to meet
their own needs”

The research project focuses on the ecological part of sustainability with special
attention to issues related to energy and climate impact. The two other aspects of
sustainability, social and economic aspects, are considered throughout the research
design. However, these aspects are not analyzed conclusively in the papers or the thesis.
Figure 2 displays an illustration of the research approach. The research approach is
based on the idea of sustainable development presented by the European Union and the
national targets described earlier in the introduction. The research relates to the SDGs
expressed in Agenda 2030, the work of the United Nations (UN) for sustainable
development [4], [23], [24]. Furthermore, this approach is applied in a regional context
with representatives from the supply-side of an energy system, energy companies, and
user-side housing companies.

Figure 2 – A coarse illustration of the research approach of the project Sustainable region.
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The research examines the regional development and how decisions on a regional level
may impact the efforts towards sustainable development, as stated in the national
targets and SDGs. By studying how changes, made on the user-side of the energy system,
affect the supply-side, it is possible to analyze the effects from a local and a global
perspective. Thereby, increasing the knowledge and awareness of how actions on both
sides of the energy system may impact sustainable development.
The region that this research is mainly focused on and where the involved actors are
situated is the fourth metropolitan area in Sweden, also called East Sweden. The region
is located 200 km southwest of Stockholm and includes the cities of Linköping with
160 000 residents and Norrköping with 140 000 residents. The national targets and
SDGs have influenced regional development. For instance, the municipalities of
Linköping and Norrköping have worked out a common climate vision [25], and both
municipalities have supported the work on Agenda 2030 and the SDGs [26], [27]. The
Municipality of Linköping has also adopted a target of carbon neutrality by 2025 [28].
The Municipality of Norrköping has targeted energy efficiency of 30% by 2030,
compared to 2005, and phasing out fossil fuels by the same year [29].
The involved actors in the research project “Sustainable region” are the following energy
companies:
•
•

Tekniska verken AB, a publicly owned company operating in the region
E.ON Sweden AB, a subsidiary company to E.ON AB, which is one of the largest
energy companies in the world

, and the following housing companies:
•
•
•
•

Stångåstaden AB, a publicly owned company and the largest housing company in
Linköping mainly managing multifamily buildings.
AB Lejonfastigheter, a publicly owned company in Linköping managing buildings
in the public service sector.
Fastighets AB L E Lundberg, managing buildings for residents and offices and
services.
Akademiska Hus AB, one of Sweden’s largest property companies, managing
building and environments for education, research, and innovation.

The two energy companies are committed to phasing out fossil fuels from their DHC
production by 2025. The housing companies each have their own targets for
sustainability, which are adapted in order to fulfill the targets of the municipality or
customer demand. Earlier studies in the research project have e.g. studied how to utilize
industrial excess heat in the DHC system [30], primary energy factors of DH [31], and
scenarios of heat demand in the region’s future [32].
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This chapter presents an introductory background and the related research of key subjects
being; the sustainable development goals, district heating and cooling, residential and
service sector, and hydronic pavement system.

The Sustainable Development Goals (SDGs) were adopted by the United Nations in 2015
and constitute 17 development goals including 169 targets that are intended to
stimulate action until 2030 [4]. The SDGs address the global challenges for a better and
more sustainable future, including poverty, inequality, climate, environmental
degradation, prosperity, and peace and justice. The studies in this thesis will be assessed
based on the SDGs and although the SDGs are considered as interconnected and
indivisible, four goals will be presented in this section. However, as stated by the United
Nations, it is of the utmost importance that all goals are achieved.

SDG 6- “Clean Water and Sanitation” includes targets to improve water quality by
reducing pollution and minimizing the release of hazardous chemicals and materials. In
Sweden, access to clean water and sanitation is met. However, efforts are needed to
reduce pollution due to, for example, chemicals and nutrients, as stated in a report to the
United Nations from the Swedish government [24].

SDG 7- “Affordable and Clean Energy” includes, among others, targets of universal access
to affordable, reliable, and modern energy services; substantially increasing the share of
renewable energy in the global energy mix; doubling the global improvement rate in
energy efficiency; and making research and technology available, and promoting
investment in clean energy. SDG 7 has a clear connection to the energy targets
determined by the Swedish government as presented in the introduction [2], [3], [24].
SDG 11- “Sustainable Cities and Communities” includes, among other targets, improving
road safety with special attention persons in vulnerable situations, for instance, persons
with disabilities or elderly persons; reduce the environmental impact of urban areas,
including special attention to air quality; providing universal access to safe, inclusive,
and accessible public spaces for elderly persons and persons with disabilities. 85% of
the Swedish population live in urban areas. The target of air quality in these areas is
estimated to not be reached, partly due to high levels of particles [24], [33]. Moreover,
the Swedish discrimination act adopted in 2015 states that lack of accessibility can be a
form of discrimination [24].
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SDG 13- “Climate Action” includes integrating measures for reducing climate change into
national policies, strategies, and planning. The goal is to increase knowledge about
impact on climate and reduce the negative effects. As stated in a report to the United
Nations from the Swedish government [24], Sweden reduced emissions of GHG by 25%
during 1990- 2015, with substantial savings in the residential and services sector,
among others. SDG 13 has a clear connection to the national targets presented in the
introduction. The main target is that Sweden is to have no net emissions of GHG by 2045
[2], [3]. The future challenges to achieving SDG 13 are finding methods for contributing
strongly, efficiently, and quickly to reducing GHG emissions both in Sweden and globally
[24].
The energy companies in this research operate two DHC systems. The systems include
CHP production that, as stated by the Swedish Government, provides the opportunity to
make use of energy that would otherwise be wasted [2], [3]. On a global level, Werner
[34] highlights the low utilization of DH in buildings, moderate commitment to the
fundamental idea of renewable resources and heat recycling through DH, and poor
awareness of the benefits connected to CHP technology. In efforts to reduce GHG
emissions, the potential electricity output from European CHP plants using renewable
resources could be more than doubled [35]. Studies also point to the unclear role of a
DHC system in a future energy system, where questions regarding surplus electricity
from intermittent sources are expressed as unexplored [36]. Other studies have found
DHC to be a viable option in the future [37], [38]. Future access to conventional fuel as
waste and biofuel to be used in DHC production are unexplored [36], as i.e. an increased
competition with the transport sector for biofuel is seen as a limitation to CHP potential
[35]. The potential for a reduction in global GHG emissions highly depends on whether
biofuel is seen as a limited or unlimited resource, and the alternative use of biofuel [39].
Studies highlight potential issues where CHP plants may be unprofitable, depending on
future electricity demand and pricing in a Nordic market, with the prevailing trend of
heat-only boilers (HOBs) replacing a CHP plant in DHC production [40].

The supply temperature will be reduced in a future fourth generation of the DHC system
[41]. In order to obtain an efficient system, it is necessary to have as large a temperature
difference as possible in supply and return temperature [42]. Thus, to obtain an efficient
DHC system, achieving a low return temperature is an important factor. Moreover, a low
return temperature may increase the heat recovery from flue gas condensation and
electricity generation in the CHP plants, as well as increases the potential use of excess
heat from industrial processes [42], [43].

As in many European countries, Sweden’s building stock increased rapidly between
1950 and 1975, after the Second World War and before the oil crisis [44], [45]. During
what is now called “the record years” the Swedish government initiated the construction
of a million dwellings between 1965 and 1975, now called the Million Homes Program
[46]. As Meijer et al. [44] emphasize, these buildings have the common characteristic of
generally poor insulation, and estimations indicate that 75% of these buildings are in
need of renovation [17], [47].
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Substantial energy efficiency measures ought to be carried out within the residential and
services sector, which has also been identified as having high potential for energy
savings with sufficient technical solutions [16], [48]. Moreover, studies point to that
substantial energy savings can be done in the building sector in cold climate regions
[49], [50]. Werner [12] also highlights that savings have been made in the residential
and services sector, explained by reduced heat demand in renovated buildings from the
Million Homes Program, lower demands in newer buildings, and due to a milder climate.
According to the Swedish Energy Agency [51], energy use within the residential and
services sector will increase slightly during coming years, mostly caused by the
increased use of DH due to colder weather. A marginal increase in energy use is
expected from newly constructed buildings as well.

In 1976, a definition of heating ground surfaces was established in Sweden. This
definition states [52]:
“Ground heat refers to devices for raising the surface temperature in
order to avoid slipping, keeping the surface free of snow and ice or
prolonging the vegetation period”

In this research, the focus is on a system that raises the surface temperatures of
pavements or road surfaces. The most common systems use electrical, infrared, or
hydronic techniques [53], [54]. The hydronic technique is a method in which heat is
transported in embedded pipes in the pavement structure using circulating water or
other liquid heat medium.

When compared to conventional snow clearance, the most common arguments for HPS
technology are avoiding the risk of the material damage of conventional snow clearance,
and avoiding the use of salt with its negative local environmental effects [55]–[62].
Studies point to conventional snow clearance using sand, salt, or other abrasives causes
an increase in fine particles in the air, such as PM10 [63], [64]. The use of an HPS could,
thus, reduce particles in the air in urban areas, which is regarded as a future challenge in
the national environmental targets for clean air [33].
Conventional snow clearance contributes to greater GHG emissions than HPS [65], [66],
since HPS enables the use of renewable energy oppose to fossil fuel used to operate
heavy machinery. It is desirable to avoid heavy machinery in crowded areas. Crowded
areas, such as commercial streets, squares, entrances, stairs, or other areas with
intensive use are suitable areas for HPS [52], [67]. Figure 3 displays such areas, a square
and walkway, in the central parts of Linköping, Sweden.
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(a)
(b)
Figure 3 - Pictures from city center of Linköping, Sweden. (a) A smaller square at -4°C with an
active HPS in the outer surroundings, and conventional snow clearance and use of sand in the
middle. (b) The picture shows a walkway shortly after precipitation at 0°C, as the positioning of
the HPS pipes can be seen when the surface starts to dry up.

The most common cause of accidents involving pedestrians in Sweden is slipping, where
74% of these accidents are caused by snow and ice formation and often afflict elderly
persons [68]. The accidents often occur in central areas [69], [70], suitable for HPS. A
study, conducted in Sweden by Carlsson et al. [69] indicates that 80% of slipping
accidents can be prevented with HPS. Studies indicate that the cost of an injured
pedestrian are more than four times higher than winter maintenance [70]. Accordingly,
it has been found to be cost-efficient to invest more in winter maintenance in pedestrian
areas from a national perspective [70], [71]. A study in Lund, Sweden, 2018 [66]
approximated the construction cost of an HPS to 100 EUR/m2, while the maintenance
cost is the same as conventional snow removal at a cost of 3 EUR/m2. The case study
concludes that the annual cost of slipping accidents is 90 EUR/m2.
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This chapter presents the research design and methodology of this research. The research
utilizes a cross-disciplinary approach and an approach of system perspective, which is then
incorporated in a scenario analysis. Moreover, the software tools used in this research are
presented.

The methodology utilizes a cross-disciplinary approach in the initial stages and a system
perspective approach permeate the research. The two studies in this thesis are
examined by using a scenario analysis with a case study approach. Furthermore, this
research combines simulation and optimization models, since focus is on end-use
measures in large scale systems and it is not applicable to do measurements or physical
changes. Five key characteristics can be seen in the methodology, as illustrated in
Figure 4.

Figure 4 - The methodology of this research, where the first three steps until the analysis are
roughly described. The research design utilizes a system perspective approach and together with
a cross-disciplinary approach involving non-academic actors of energy companies and housing
companies the relevant situations, that are studied in Papers I and II, are found.
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The first characteristic - “Plan”, aims at finding the relevant situation to analyze. The
methodology utilizes a system perspective approach together with a cross-disciplinary
approach involving the non-academic actors, as described in subchapter 3.2. The second
characteristic – “Design and Prepare”, includes forming the research questions and
defining the objective of the studied system. Moreover, the key performance indicators
or unit of analysis are defined. During this work, the system boundaries and the
system´s environment emerge, as described in subchapter 3.3. The overall system, being
the DHC system, has a local character of supplying heat to the nearby region. Therefore,
the local environment regarding sustainability goals and targets are considered.
However, as the studied DHC system uses CHP technique and generates electricity
production the environment of the study broadens to a global perspective. The impacts
of the studies are therefore assessed in three perspectives, being; a national, a Nordic,
and European perspective. In the third characteristic – “Collect”, the required input to
perform and construct the simulation models and optimization models are analyzed.
Moreover, statistical data to compare the models to in order to assess the accuracy is
collected. The fourth characteristic – “Analyze”, includes to analyze the key performance
indicators or unit of analysis. Moreover, the studied systems impact on the environment
are assessed through an analytical generalization. The fifth characteristic – “Share”,
includes the conclusions of the work. On a final note regarding the methodology
presented in Figure 4, the process is linear but iterative as illustrated by the arrows
indicating feedback loops. This is implemented through external validation, by e.g.
presenting the work to other researchers and actors.
Comprehensive answers to complex and multifaceted problems, or so-called wicked
problems, can rarely be achieved within a single discipline; they require a crossdisciplinary approach, also called an integrative or collaborative approach. Working
cross-disciplinarily means that you interact between, integrate, or overlap disciplines to
analyze a common problem [72]. The research presented in this thesis is sprung from a
collaborative project between energy companies, housing companies and the academia,
as presented in subchapter 1.5.
Cross-disciplinary research if often divided into three branches, the first being the
multidisciplinary approach. The interaction between disciplines is more of a
collaboration around a common problem, and the disciplines do not exchange
knowledge or theories and do not share system boundaries. The disciplines contribute
with their limited perspective on the problem leading to a multidisciplinary approach
not generating new integrative knowledge.
The second branch, an interdisciplinary approach, signifies collaboration, where the
focus is on problems from the "real world" [72]. Collaborating disciplines are of an
academic nature and knowledge, formulation of problem, and system boundaries are
shared. The approach means that boundaries between disciplines are erased and new
integrative knowledge is created [73].

The third branch, an transdisciplinary approach, can be defined as studies in which
academic researchers from different disciplines and non-academic actors create new
knowledge and theories when studying common issues [72], [74]. The approach can,
thus, be considered as a combination of interdisciplinary methodology and a
participatory approach, as Tress et al. mentions [73]. The transdisciplinary approach is
considered the most desirable but also the most complex approach. It is so complex that
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Pohl [75] sees it as a hopeless quest, and Tress et al. [73] have said that transdisciplinary
research is done in exceptional cases, as even interdisciplinary research is rarely
achieved. In contrast, Walter et al. [74] have said that transdisciplinary research is
characterized by researchers and non-academics collaborating on a real problem. The
transdisciplinary approach also combines scientific research while generating capacity
for decision-making by the non-academic actors involved [74]. As Stock and Burton [72]
emphasize, “Sustainability” is inherently transdisciplinary as it is multiple things at once
and a subdiscipline of many disciplines.
In the research project, described in subchapter 1.5, workshops were the main method
in order to incorporate the theoretical background of cross-disciplinary research. A
workshop is defined as an arrangement where a group of people from different
companies and disciplines learn, share, and obtain new knowledge or participate in
problem-solving activities. As Forsberg states is a workshop meant to facilitate and
make use of a group’s expertise and knowledge [76]. When co-designing research
regarding sustainability, Moser [77] emphasize the importance of the actors to jointly
develop project and research questions that meet the collective needs and interests. The
initial workshops in the present research project targeted this, as they focused on
identifying the needs of the involved actors in terms of future challenges and
development. This form of involvement from the non-academic actors points to a more
participatory form of research, being one of the descriptions to a transdisciplinary
approach, as stated by Mobjörk [78].

In short, the workshops were performed with an introductory brief presentation of the
participants, and then the topic of the workshop was introduced. This was done by
either by an invited speaker, researcher, or any of the involved actors. Group discussions
or activities of similar types progressed throughout the workshop. Ideas and valuable
insights arose in this way. Moreover, the actors have contributed outside the workshops
by sharing data, knowledge, and discussions throughout the development of the present
research project. This is an important function in the creation of the studies and overall
work with a system perspective approach, as will be discussed in next subchapter. Since,
as Bijker et al. [79] highlight, people are important in a system perspective to complete
the feedback loop and minimize the risk of sub-optimization.

Originating from the general system theory presented by Bertalanffy [80], there are
numerous descriptions of what a system is. However, some common features can be
found regarding systems in a technical matter. A system composes of components and
connections between them. Together they fully include and describe the system and
form an objective. A boundary of the system forms, of what the system contains and its
environment. [79], [81], [82]

Churchman [81] presents the system perspective as an approach and not a method and
stresses that the components are intertwined and overlapping. The solution of one
problem impact the solution to another or can create new issues to regard. Olsson and
Sjöstedt [83], means that a system perspective can be used as a way to think about
complex problems. An important function of peoples in a system perspective approach
is to provide insights on suitable solutions and complete the feedback loop between
system performance and the objective, thereby correcting errors or avoiding suboptimizations [79], [83]. Sub-optimization occurs when the optimization of one part of a
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system negatively interferes with the system’s overall performance or objective [84]. A
sub-optimization can be difficult to detect as, e.g., an end-use measure in a subsystem at
first can be perceived in line with the objective. However, when looking closer or
broadening the system boundary, this might not be the case.
Churchman [81] describes a system by outlining five parameters:
•

•
•
•
•

The total system objectives and, more specifically, the performance indicators of
the whole system
The system’s environment
The resources of the system
The components of the system, their activities, goals, and measures of
performance
The management of the system

These parameters are incorporated in the methodology presented in subchapter 3.1 and
defined in Chapter 4 for the purpose of the present research.

A system perspective approach is commonly used in the sector of energy and
environment, as Ingelstam [80] states. When applying a system perspective on the
scenario study in this research, it is important to define what to analyze. Thus, the
objective of the system and key performance indicators, or unit of analysis, are vital [85].
Moreover, the system boundaries and environment of the studied system is of
importance.

This research is based on simulations and optimization models, enabling analyze of
many alternatives. An alternative approach to similar research is to utilize case study
method, which is said to be a research method that analyzes a contemporary
phenomenon (the case) in its real-world context, according to Yin [85]. However, as
Merriam declares, case study does not claim a particular method for data collection or
analysis. As this research focuses on various viable end-use measures in large scale
systems it is not applicable to do measurements or physical changes in the studied
systems. Therefore, the studies are referred to as studies of scenarios.

However, the research design and methodology presented in section 3.1 is inspired by
Yin [85]. When designing a study of a case or scenario, it is important to define what to
analyze, also called unit of analysis. Moreover, the boundaries, objective and limits (or
environment) are of importance [85]. In this work a system perspective is utilized to
find the appropriate boundaries and environment, as earlier stated in subchapter 3.3.

As this research consists of simulation and optimization models, where the goal is to
imitate real-world phenomena in its contemporary settings, Yin [85], and Merriam and
Nilsson [86] refer to three tests that have been used in the present work to increase
quality and validity:
•
•
•

Constructing validity by identify the correct operational measures for the system
at hand
Reliability, by demonstrating that the study can be repeated (chain of evidence)
External validity or analytic generalization, by defining the limits of the system
and, thereby, finding the domain of the generalization of the results
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Validity can be constructed by using multiple sources of evidence, establishing a chain of
evidence, and having other researchers review the work [85]. The multiple sources of
evidence are represented by the data collected from statistics, documentation, and
earlier work. The chain of evidence, in order to increase reliability, means that an
external observer should be able to trace the steps in the work and recreate it.
Moreover, external validity or analytical generalization is achieved by investigating what
is specific and what is not. In the present research, statistical data has been used to
compare the simulation models with, in order to analyze each model as close to its realworld context as possible.

The two studies included in this thesis uses a combination of simulation and
optimization tools, which is illustrated in Figure 5. The energy end-use measures studied
in Paper I, when renovating a multifamily building stock, uses the building energy
simulation software IDA ICE (Indoor and Climate Energy) version 4.8 [20]. The energy
end-use measure studied in Paper II, regarding the use of HPS, utilizes the simulation
software ANSYS® Workbench™ and the patch ANSYS® CFX® Release 18.0 [19]. Both
studies then scaled up and assessed in the optimization software MODEST [87]. The
framework and design of the studies are presented further in Chapter 4.

Figure 5 - An overall framework describing the combination of simulation and optimization
models and software tools used.

The first study regarding renovation of a multifamily building stock, uses a whole
building energy simulation in IDA ICE version 4.8 [20]. IDA ICE is a dynamic simulation
tool for modeling building performance, thermal conditions, and comfort indices [88].
The software also includes balancing equations for CO2, humidity, and domestic and
supplied energy. IDA ICE has been validated in accordance with ASHRAE Standard 1402004 [89], CEN Standards EN 15255-2007 and 15265-2007 [90], and CEN Standard EN
13791 [91]. IDA ICE has also been validated with test cell measurements as part of IEA’s
SHC Task 34 [92]. The software has been used in several similar studies regarding
renovation of multifamily buildings [49], [93]–[95], including studies of the reference
building [96], [97]. The simulation software and the modelling are presented further in
the appended Paper I.
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The second study regarding use of a HPS uses ANSYS® Workbench™ and the patch
ANSYS® CFX® Release 18.0 [19], which is a simulation software suitable for thermal
heat transfer simulations. The tool ANSYS CFX used in this study is a general-purpose
computational fluid dynamics software capable of modelling e.g. transient flows of heat
transfer and thermal radiation. The governing equations in ANSYS CFX are the unsteady
Navier-Stokes equations [98] in their conservation form, which describe momentum,
heat and mass transfer. ANSYS uses the finite element method to reach a numerical
solution, by iteratively solving the equations for each element and in so doing deriving a
full picture of the flow in the model [99]. The simulation software and the modelling are
presented further in the appended Paper II.

The two studies of energy end-use measures are assessed in MODEST, which is short for
“Model for Optimization of Dynamic Energy Systems with Time dependent components
and boundary conditions”. MODEST is a optimization software utilizing linear
programming which was developed at Linköping University [87]. MODEST is suitable to
use in studies with a system perspective approach, as stated by Ingelstam [82]. MODEST
is structured according to energy flows, starting with fuel that, via conversion and
distribution, satisfy a demand. The model’s objective is to minimize the system cost to
supply the demand [87]. Hence, the results from MODEST will represent an optimum
production mix in terms of cost-efficiency. Other results to analyze are the system’s local
or direct GHG emissions, expressed as CO2 equivalents, peak power and fuel use in the
production mix.
The strength of MODEST is the scope for arbitrary prerequisites regarding geographical,
sectoral and temporal conditions, and energy carrier [100]. MODEST can be used to
analyze different energy systems and components, both on a local and national level.
The software has been used in several studies including for studies regarding DHC [87],
[101]–[103], the national electricity grid [104], utilizing waste heat from industries
[105], [106], introducing large-scale heat pumps in DH networks [107] and biogas
systems [108].
IDA ICE and ANSYS delivers hourly result data. In order to correspond with the
timesteps of MODEST, which can be seen in the appended papers, the software
Converter [109] is used. The software has been developed at Linköping University and
used by the division of Energy Systems.
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The chapter presents the optimization model of the DHC system and the simulation models
used in the two studies in this thesis. Moreover, the scenarios regarding the energy end-use
measures in the two studies are presented.

Two scenario analyses were conducted in this research, which are illustrated in the
introduction in Figure 1 and studied in detail in the appended papers. Table 1 presents
the two studies accordingly to the methodology presented in subchapter 3.1 and follows
the characteristics illustrated in Figure 4. The studies have a vital part in common; they
are designed to analyze how end-use measures impact the DHC system.
Table 1: Summary of the two studies conducted in this thesis. The studies are presented in
accordance with the methodology in subchapter 3.1 and the characteristics illustrated in Figure 4.

Study

1. Plan

Identify relevant
situation to analyze

Renovation of buildings
Paper I

Hydronic pavement system
Paper II

How renovation of a multifamily
building stock impacts a DHC
system.
Simulation and optimization.
IDA ICE and MODEST.

How use and control strategies of
an HPS impacts a DHC system.

Objective of system

Provide acceptable indoor climate
and meet the demand for heating
and cooling in the DHC system.

Unit of analysis and
key performance
indicators

Analyze six scenarios of renovation
packages. Key performance
indicators are energy use and
efficiency, the use of renewable
and fossil resources, and GHG
emissions.

Prevent snow and ice formation on
pavement surface and meet the
demand for heating and cooling in
the DHC system.
Analyze three control strategies of
an HPS. Key performance
indicators are energy use and
efficiency, the use of renewable
and fossil resources, and GHG
emissions.

Overall methods
Main software tools

2. Design & Prepare

3. Collect
Input

Building physics, technical, and
statistical data on the DHC system.

Validity

Constructed, reliable, and external
validity
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Simulation and optimization.
Ansys and MODEST.

Weather data, technical and
statistical data of the HPS and DHC
system.
Constructed, reliable, and external
validity.

4. Analyze

Analytical
generalization

5. Share
Results

Common renovation measures and
building physic, and established
energy performance calculation.

Focus on energy performance of
the HPS i.e. [W/m2] and accessible
weather data.

Key performance indicators and
analysis in relation to the national
targets and SDGs.

Key performance indicators and
analysis in relation to the national
targets and SDGs.

The DHC system in Linköping is the third largest high temperature system in Sweden.
The majority of heat, cooling, and electricity production comes from CHP plants that
mainly use household waste, biomass, coal and oil as fuels. However, as earlier in
mentioned in subchapter 1.5, the production units using fossil fuel is under
transformation to use only waste and biomass. The demand during a normal year
amounts to 1700 GWh heat, 60 GWh cooling, and 400 GWh electricity.

The DHC system was analyzed with the linear optimization program MODEST [21].
Figure 6 presents a description of the DHC system, with the demands for heating, cooling
and electricity. The DHC production comes primarily from the Gärstad waste-based CHP
plant, located in the northern part of Linköping, and the mixed-fuel CHP plant located in
the central part of the town. The system is complemented with a biomass-based CHP
plant in the nearby town of Mjölby and a heat-only boiler (HOB) that uses biomass. As a
backup, there are also HOBs that use oil to cover peak loads. The biomass consists of
primary and secondary wood fuels. The majority of the household waste is organic and
comes from the surrounding region. More details and technical data on the production
units is presented in the appended Papers I and II.

Figure 6 - Schematic view of the studied DHC system and optimization model created in MODEST.
The model consists of fuel that is converted using CHP and HOB to serve a demand for district
heat, cooling, and electricity. The production units are based on the plants Gärstad, Central and
Mjölby, and standalone HOBs.
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The factors presented in Table 2 were used to calculate local GHG emissions. The locally
emitted GHG emissions (sometimes called direct GHG emissions) are a result of the fuel
incineration in the DHC system.

In order to analyze the subsequent effects on global GHG emissions, the system’s
perceived environment is altered. As argued in subchapter 1.2, the effects on global GHG
emissions are caused by local changes in electricity demand and production from the
CHP plants, resulting in changes in available electricity on the market. Moreover, the use
of biomass, which is seen as a scarce resource in this research, generates consequences
on global GHG emissions. Three emission factors are used and presented in Table 2. The
factors were of Swedish electricity mix, Nordic electricity mix, and European electricity
market using coal-condensing production. As argued in Paper I, the Swedish
Environmental Research Institute promotes to use marginal production when assessing
changes in electricity use [83]. This leads to the marginal electricity being from coal
condensing production in a European perspective. Other studies employ a closer
geographical perspective and mixed production, such as a Nordic mix production or a
national perspective [81].
Table 2. Local GHG emission factors [110] for the fuel used in the model of the DHC system. Also
presented are the factors that have an impact on global GHG emission [111].
Emission factor
Emission factor
Local GHG
Factors that have an impact
emission
on global GHG emission
[g CO2eq/kWh]
[g CO2eq/kWh]
Household waste
143
Swedish electricity mix
36.4
Biomass 1
14.5
Nordic electricity mix
97.3
Oil
297
Coal condensing production
968.6
Coal 1
340
1

Emission factors are weighted in order to reflect a fuel mixture used in the central plant, CHP 1 (coal
with fractions of rubber), and CHP 3 (primary and secondary wood fuels with fractions of plastics).

In this thesis, two energy end-use measures are studied. Firstly, a renovation of a
multifamily building stock which is connected to the DHC network are analyzed. The
study includes six scenarios for renovation packages. Secondly, the use of an HPS
connected to a DHC network is analyzed. The study includes three scenarios for different
control strategies. Both studies of the energy end-use measures are analyzed in the
optimization model of the DHC system as described in the previous subchapter.
Linköping, like many other cities, faces the challenge of an aging building stock in need
of renovation, with approximately 70% of Linköping’s total stock of multifamily
buildings having been built prior to the 1980s [45]. The housing company Stångåstaden
AB has approximately 20 000 rental multifamily buildings, which is roughly 40% of the
city’s stock of multifamily buildings. The majority of the buildings are located in urban
areas and utilize DH for heating purposes.

The reference building, which is presented in Paper I, was a five-story multifamily
building located in central Linköping and connected to the DHC network. The building
was constructed in 1961 and had the type of construction common for buildings from
the time period and the Million Homes Program, as earlier mentioned in subchapter 2.3.
The construction is a common type in Stångåstaden’s building stock, and the company
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manages several homogeneous areas with buildings of this type that will be renovated
over the coming years. The studied building stock is a selection of similar types of
buildings that were constructed during 1961-1975. The selected building stock
comprised to 273 500 m2, which is close to 10% of Linköping’s residential area in terms
of multifamily buildings.
Six different scenarios of renovation packages were analyzed, as presented in Table 3.
The scenarios were derived from when the reference building was renovated in 2014
and included measures on the building envelope and ventilation. A conversion of heating
solution, from DH to ground source heat pump (GSHP), was also considered included.
The state of the building and its energy use prior to the deep renovation in 2014 served
as reference, Scenario R. Scenario 1 consisted of DH as the heating system along with
building envelope measures. An extensive renovation with additional ventilation
measures comprised Scenario 2. Scenario 3 consisted of a conversion from DH to GSHP,
Scenario 4 added measures to the envelope, and Scenario 5 added ventilation measures.

GSHP 1

DH 1

Table 3: The scenarios studied in Paper 1. Each scenario consisted of a renovation package. The
reference building and design of models can be seen in the appended paper.
Envelope,
Heating system
Ventilation 2
U-values [W/m²·K]
Scenario
Radiator
Heat
supply/return Walls Roof Attic Windows Floor
recovery
temp. [°C]
[η]
R. Ref (BAU)
80/60
0.43
0.91
0.27
1.9
0.2
1. DH+E
50/35
0.2
0.71
0.12
1.1
0.2
2. DH+E+V
50/35
0.2
0.71
0.12
1.1
0.2
60%
3. GSHP
80/60
0.43
0.91
0.27
1.9
0.2
4. GSHP+E
50/35
0.2
0.71
0.12
1.1
0.2
5. GSHP+E+V
50/35
0.2
0.71
0.12
1.1
0.2
60%
1

The primary energy factor is 1.0 for DH and 1.6 for electricity in accordance with the Swedish National
Board of Housing, Building and Planning [112].
2
Ventilation air flow represents 0.82 h-1 in all scenarios

The study was done by using simulation models and optimization models as the main
methods. The framework is illustrated in Figure 7. Six scenarios of renovation packages
are analyzed by using a building energy simulation model created in IDA ICE version 4.8
[20]. This generates different energy use and potential energy efficiency of the buildings.
The results are scaled up and the impacts on the DHC system are analyzed in the
optimization model of the DHC system created in MODEST [21]. The key performance
indicators analyzed is the energy use and efficiency, along with fuel use and local GHG
emissions and the effects on global GHG emissions are assessed using a national, Nordic
and European perspective. Moreover, the results are analyzed in relation to the national
targets and SDGs, as illustrated in Figure 7. The study and specifics regarding modeling
and inputs are presented in detail in Paper I.
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Figure 7 - Visualization of the framework used in the study. Six scenarios for renovation packages
were studied. Each scenario generated different energy use and energy efficiency of the
buildings, as well as different fuel use and GHG emissions from the DHC system. Finally, the
results were analyzed in relation to national targets and the SDGs.

As described in subchapter 3.4, when using simulations and optimization models it is
important to achieve quality and validity of the study. In this study, this is done by using
well-known parameters that are easily compared to related research. Reliability was
increased by use of common renovation measures and the full chain of evidence to
ensure reliability is presented in Paper I. To increase external validity consideration
have been made to use common inputs and system boundaries that can be found in
related research.

The analyzed HPS was located in the central parts of Linköping and had a total area of
35 000 m2 and used heat from the DHC system. The HPS was active during the months of
Jan-Apr and Oct-Dec and was operated when the outdoor temperature was below 4°C.
The objective of the HPS was to keep pavement surfaces dry and free of snow and ice
formation. A system of this type is in operation during the winter months, during peak
demand in the DHC system. This pose the question of the necessity of such a system and
how to use it properly, why three scenarios of different control strategies were analyzed:
•
•
•

Scenario R: Reference scenario
Scenario 1: The HPS system shuts down at temperatures lower than -10°C.
Scenario 2: The HPS system shuts down at temperatures lower than -5°C.

Scenario R was used as a reference scenario. The control strategy was to keep the
temperature of the pavement surface at 2°C during periods of no precipitation and at
5°C in the presence of precipitation. The idea of Scenarios 1 and 2 was to examine
control strategies that include shutdown periods at subzero temperatures. Due to the
reduced moisture content of the air as the temperature drops, the risk of slipperiness
decreases. This can potentially be an efficient way of minimizing the energy needed in
an HPS. In order to quantify the scenarios, they were analyzed relative a situation where
no HPS are used and conventional snow clearance, i.e. using heavy machinery, ought to
be used instead.
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The study was done by using simulation models and optimization models as the main
methods, as illustrated in Figure 8. The three scenarios of control strategies were
simulated using the software ANSYS® CFX® Release 18.0 [19]. The simulations
generated different energy use and potential energy efficiency. The results were scaled
up to correspond to the size of the HPS. The impacts on fuel use and local GHG emissions
from the DHC system were then analyzed. The effects on a global GHG emissions were
analyzed using a national, Nordic and European perspective. Moreover, the results were
analyzed in relation to the national targets and SDGs, as illustrated in Figure 8.

Figure 8 - Visualization of the framework used in the study. Three scenarios regarding control
strategies were analyzed. This generated different energy use and energy efficiency of the HPS, as
well as different fuel use and GHG emissions from the DHC system. Finally, the results were
analyzed and put in relation to national targets and the SDGs. Image used courtesy of ANSYS, Inc.

As described in Chapter 3.4, when using simulations and optimization models it is
important to achieve quality and validity of the study. The validity was increased by
proposing common indicators to control the HPS and accessible datasets for the
statistical input. Reliability was increased by the full chain of evidence, presented in
Paper II. Moreover, to increase external validity and analytic generalization the heat
medium was not considered as a general approach of energy use per area (W/m2) was
used.
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This chapter presents and analyses selected results from the appended papers that are
related to the research questions. Additionally, an analysis of how the results relate to the
national targets and SDGs are presented.

The results and subsequent analyses are derived from the two appended papers, where
more detailed results and background information can be found. An additional analysis
related to the national targets presented in the introduction and the SDGs are included.
The results are divided into two subchapters corresponding to the research questions.
What is the impact of renovating a multifamily building stock
connected to a DHC network?
The research question and the scenarios are analyzed in terms of (1) the energy use and
energy efficiency, (2) use of renewable and fossil resources, (3) the local GHG emission
and impacts on the global GHG emissions, and (4) how the results from the studied
scenarios relates to the national targets and the SDGs.

The annual demand of energy in the reference building are presented in Table 4. The
most significant difference is the use of DH and electricity for heating purposes between
scenarios. Scenarios 2 and 5 are the only ones demanding more electricity for the
ventilation. The energy performance obtained by the using primary energy factor for DH
and electricity are also presented [112]. Since January 1, 2019, energy performance is
used as comparative value in documentation for buildings in Sweden [112].
When regarding energy performance, the energy savings ranged between 11% and 56%
for all scenarios, relative Scenario R. Only considering the scenarios including DH, the
energy savings range between 11% and 32%. A conversation from DH to GSHP resulted
in an energy saving of 38%. Furthermore, only considering the scenarios including
GSHP, the energy saving ranged between 15% and 29%. The results indicate an
improved energy performance for Scenarios 3, 4, and 5 utilizing GSHP.
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Table 4: Annual demand for supplied energy from the building energy simulations. The heat
demand presented are divided on heating solution. The use of DH or electricity reflect upon the
energy performance due to the different primary energy factor
Heat supplied for
Ventilation and
Energy performance 4
space heating and
building
domestic hot water 1
electricity 2
Scenario
DH
Electricity
Electricity
[kWh/m2] [kWh/m2]
[kWh/m2]
[kWh/m2]
Savings 3
R. Ref (BAU)
131.4
5.1
139.6
1. DH+E
116.0
5.1
124.2
11%
2. DH+E+V
79.1
10
95.1
32%
3. GSHP
49.0
5.1
86.6
38% (-)
4. GSHP+E
40.8
5.1
73.4
47% (15%)
5. GSHP+E+V
28.7
10
61.9
56% (29%)
1

Heat demand for domestic hot water at a fixed level of 25 kWh/m2 annually. 2 Building
electricity accounts for 1750 kWh annually. 3 Annual energy savings relative to scenario R.
Percentage in parenthesis for Scenarios 4 and 5 are relative to Scenario 3. 4 The energy
performance is obtained by factoring DH and electricity. The primary energy factor is 1.0 for
DH and 1.6 for electricity, and the geographical correction factor is 1.0 [112].

The results show a reduced use of mostly renewable resources, see Figure 9. The use of
household waste was unchanged in all scenarios. The majority of savings were made by
a reduction in wood, with 5 GWh and 18 GWh for Scenarios 1 and 2 respectively. The
reduction is equal for Scenarios 3, 4 and 5 at 47 GWh, as the conversion from DH to
GSHP generates the same consequence for the heat demand in the DHC system.

A minor reduction of fossil resources is seen, as a reduction in coal use that ranged from
1 GWh to 6 GWh is seen between all scenarios. Negligible savings in oil use were seen.
The reduction in fossil resources use was done from already low values, that can be seen
in detail in the appended Paper I.
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Figure 9 - Results that show primary energy savings in the production units of the DHC system for the
scenarios. Scenarios 3, 4, and 5 are presented together as they affected the DHC system equivalently.
Results are presented relative to the reference Scenario R.
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The results for changes in local GHG emissions were obtained by analyzing the fuel
changes in the DHC system presented in Figure 9 and using the emission factors
presented in Table 2. When assessing the impact of global GHG emissions, the fuel use
and changes in available electricity on the market were considered.

Reduced use of biomass, which could be used elsewhere, result in a positive effect on
global GHG emissions (i.e. to a reduction in global GHG emissions). Moreover, changes in
demand and production of electricity affect the available electricity on the market, as
shown in Figure 10 (a). All scenarios reduced in electricity production in the local CHP
plants. This resulted in a negative impact on global GHG emissions, as the available
electricity on the market decreases and must be compensated by other production. In all
scenarios except Scenario 1, the electricity demand increased, which also led to less
available electricity on the market and subsequently increased global GHG emissions.
Scenario 3 was characterized by the largest reduction on available electricity with a
summed value of 26.5 GWh, followed by Scenario 4 with 24 GWh and Scenario 5 with 22
GWh. Scenarios 1 and 2 generated a reduction 1.5 GWh and 6 GWh, respectively.
Sc 1
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Sc 3

Sc 4

Sc 5

15 000
10 000
5 000
0

-30
R

Sc 2

-5 000

Increased electrcity demand

Local emissions

Swedish electrcity mix

Loss of electrcity production

Nordic electrcity mix

Coal condensing production

(a)
(b)
Figure 10 - (a) Showing changes on the available electricity on the market. Results are presented
relative to the reference Scenario R. (b) Showing the impacts on local GHG emissions, and the
effects on global GHG emissions when applying a Swedish, Nordic and European perspective.

The local GHG emissions were reduced in all scenarios. The reduction ranged between
400- and 2 800-ton CO2-equivalents, as shown in Figure 10 (b). This was a result of the
reduction in DH demand and, thus, a reduction in fuel use.

Depending on the system’s environment is interpreted, the perceived effects on global
GHG emissions can differ considerable. In Figure 10 (b) is the results based on three
emission factors, presented previously in Table 2. Presented is the subsequent impact
on the environment if a Swedish electricity mix, Nordic electricity mix or European
approach is applied. The latter entails an electricity market that use coal-condensing
power plants. If a national or Nordic perspective is applied, all scenarios contribute to an
increase in global GHG emissions which, however, is less than the reduction of local GHG
emissions. Although, when assessing changes in available electricity, the promoted
perspective to use is a European, as stated in subchapter 4.1. In a European perspective
a significant increase in global GHG emissions was seen in Scenarios 3, 4 and 5. When
summarizing the local and global GHG emissions for Scenarios 3, 4 and 5, an increase
that ranged between 18 000- to 22 000-ton CO2 equivalents were seen.
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Study of renovation of multifamily buildings indicates improved energy efficiency, in
line with both national targets and SDG 7. However, due to the reduced availability of
electricity on the market caused by lower production in CHP plants, global GHG
emissions will increase if the changes are assessed assuming a European electricity
market that uses coal-condensing power plants. This would have a negative impact on
SDG 13. A reduced heat demand implies that the potential to produce electricity from
renewable resources in the CHP plants would not fully be utilized causing negative
effects on global GHG emissions. Thus, energy companies and operators of the DHC
system ought to find other markets to mitigate the reduction in demand. One example is
an HPS.
What is the impact of using an HPS, including different control strategies,
connected to a DHC network?
The research question and the scenarios are analyzed in terms of (1) the energy use and
resulting energy efficiency, (2) use of renewable and fossil resources, (3) the local GHG
emission and impacts on the global GHG emissions, and (4) how the results from the
studied scenarios relates to the national targets and the SDGs.

The energy use in Scenarios R, 1 and 2 are presented in Figure 11. The annual energy
use ranged between 4.5 GWh to 6.3 GWh between all scenarios, resulting in a potential
energy saving of 28%. A duration diagram of the HPS is presented in Figure 12. Savings
were made in all power steps, meaning that no negative effect of a pickup-load after
shutdown periods were seen. The average energy use ranged from 49.7 W/m2 to 57.5
W/m2 including all scenarios.

As argued in Paper II, Scenario 2 demonstrated poorer performance than Scenario R and
1. Therefore, it is argued that Scenario 1 presented the preferable performance, as it
performed acceptably in terms of minimizing risk of snow and ice formation.
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Figure 11 - Result of the total energy use in 2016 of the HPS simulation for Scenarios R, 1, and 2.
The annual values of each scenario are presented to the left.
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Figure 12 - Duration diagram of the simulated Scenarios R, 1 and 2, including average energy use
of each scenario.

The use of HPS indicates mostly an increase in the use of renewable resources such as
biomass (wood), which ranged between 5.8 GWh and 6.6 GWh, as illustrated in Figure
13. Moreover, the coal use ranged from 0.7 GWh in Scenario 2 to 2.7 GWh in Scenario R.
Minor use and negligible changes were seen in oil use. The use and changes in fossil
resources was done from low values, that can be seen in detail in the appended Paper II.
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Figure 13 - Results that show the fuel use of the DHC system production units in order to satisfy
the demand of the HPS for each scenario.

28

Regarding the local GHG emissions, the result was obtained by analyzing the fuel used in
the DHC system of each scenario, as presented in Figure 13 and using the emission
factors presented in Table 2. Moreover, as earlier argued in Research question 1 and
subchapter 5.1.3, the changes in available electricity on the market and alternative use
of biomass are factors that affect the assessment on global GHG emissions. The use of
HPS results in an increase of electricity production that ranged from 1.3 GWh in
Scenario 2 to 2.1 GWh in Scenario R, as shown in Figure 14(a),
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Figure 14 - (a) Showing changes on the available electricity on the market. (b) Showing the impacts
on local GHG emissions, and the effects on global GHG emissions when applying a Swedish, Nordic
and European perspective.

The use of HPS increased the production in the DHC production units and, therefore,
increased local GHG emissions, as seen in Figure 14 (b), ranging between 500- and
1200-ton CO2-equivalents. The values are mostly caused by the use of oil and coal. Local
emissions will be decreased further in the future, as the energy companies progress in
their efforts to reduce the climate impact of DHC production, as earlier mentioned in
subchapter 1.5. Not included in this study is the fuel use of the heavy machinery that the
HPS replaces. Consequently, local GHG emissions would be lower than presented in
Figure 14 (b) if the reduced use of fuel to operate heavy machinery was included.

When considering global GHG emissions, the use of HPS was found to generate a positive
impact, ranging between 1400- and 2100-ton CO2-equivalents when applying the
perspective of a European electricity market. The positive impact can be explained by
the increase in available electricity on the market due to increased production in local
CHP plants.

The use of HPS avoids the use of salt that has been proven to harm the environment.
Thus, an HPS would reduce pollution and act in favor of SDG 6. The use of HPS avoids the
use of heavy machinery, which often runs on fossil fuel. Thus, by use of HPS that utilizes
low grade heat instead of heavy machinery a reduced use of fossil fuel may be seen, as
set forth in SDG 7. Moreover, if used properly, HPS is a resource-efficient solution, and in
a future fossil-free DHC system, HPS may enable snow clearance by using renewable
resources along with an increase in DH demand that would enable more electricity to be
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produced with renewable resources (e.g. biomass-fueled CHP plants). This would
potentially increase the share of renewable energy in the global energy mix, as set forth
in SDG 7.
HPS can improve the air quality in cities, as studies show that HPS leads to reduced
levels of particles (PM10) in the air, as set forth in SDG 11. Moreover, HPS has been
proven to minimize the risk of accidents and can contribute to safe, inclusive, and
accessible public spaces, especially for the elderly and persons with physical disabilities.
This can increase accessibility for people during cold weather and conditions that
previously could be experienced as obstacles.
HPS alone would increase local GHG emissions. Please note that the present study does
not consider alternative snow clearance, such as the use of heavy machinery. However,
when considering the effect on global GHG emissions and SDG 13, an HPS generates
improvement and a reduction in global GHG emissions, mostly due to the electricity
production enabled in the CHP plant of the DHC system.
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This chapter concludes the research questions. The chapter ends with an overview of
suggested areas for further research.

What is the impact of renovating a multifamily building stock
connected to a DHC network?
All scenarios resulted in energy savings of the studied building, which ranged from 11%
to 56% including both DH and GSHP heating solutions. All scenarios presented a
reduction in local GHG emissions. Although the scenarios including heat pump
presented better energy performance, those scenarios could also cause significantly
greater negative effects on global GHG emissions. The use of fossil resources was
reduced in all scenarios, although the largest reduction was found in the renewable
resources. From a global perspective on GHG emissions, the scenarios with DH outperformed measures with heat pump solutions. This were explained by a relatively
significant decrease of available electricity on the market for the scenarios including
heat pump. Moreover, a reduced heat demand entails that the potential to produce
electricity from renewable resources in the CHP plants would not fully be utilized,
causing negative effects on global GHG emissions

The energy end-use measures resulted in improved energy efficiency of the studied
building, which are in line with the national targets and SDG 7. Findings indicate that the
renovation of multifamily building stock may contribute to a reduction in the use of
fossil resources, as well as reduction in the use of renewable resources, which can be
used elsewhere. However, such renovation would also decrease the potential for
electricity production from renewable resources in CHP plants. The primary energy
factors of electricity and district heat are vital for the outcome of energy performance.
Scenarios that utilized heat pump presented the best energy performance, when they
were calculated in accordance with the Swedish National Board of Housing, Building and
Planning. However, the scenarios with GSHP also caused a significantly greater negative
effect on global GHG emissions relative to scenarios that utilized DH, and this would
affect national targets and SDG 13.
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What is the impact of using an HPS, including different control strategies,
connected to a DHC network?
An HPS would be mostly supplied by renewable resources. The use of HPS was found to
generate a positive impact on global GHG emissions, as this use increased the demand in
the DHC system and, thereby, enabled electricity production in CHP plants. A control
strategy that shuts down the HPS at temperatures below -10°C would result in 10%
energy savings and would maintain acceptable performance of the HPS. Moreover, to
shut down the HPS at temperatures below -10°C would reduce the use of fossil
resources and reduce local GHG emissions by 25%.
It was found that the use of an HPS with low-grade heat from a DHC system can
contribute to national targets. This by providing the opportunity for snow and ice
clearance method from renewable resources, as well as enabling electricity production
from renewable resources. Moreover, an HPS can contribute to the SDGs. This, since an
HPS may reduce the use of salt, which has negative effects on the environment and
improvements on the matter is set forth in SDG 6. Regarding SDG 7, the HPS enables the
use of renewable resources for snow clearing instead of using fossil fuel, as well as
enables electricity production from renewable resources. In favor of SDG 11, an HPS
may reduce particles in the air and, thus, improve air quality. Moreover, an HPS may
minimize accidents and improve accessibility for elderly people and persons with
physical disabilities. Lastly, as set forth in SDG 13, an HPS may generate improvement
and a reduction in GHG emission.

The development of DHC is an interesting research topic. The research community
proposes a fourth generation of DHC system with the main characteristic of lower
supply temperatures. This can enable extended use of industrial excess heat. The district
cooling may also have a strong development in the future, as customer desire an
improved indoor climate during warm summer days in a potential future warmer
climate.
The production of DHC is under transformation to phase-out fossil fuel from the
production and, thus, making DHC a technique that may produce heating, cooling and
electricity from fully renewable resources. However, this transformation may face
challenges, e.g. the competitive situations concerning biomass resources. This challenge,
along with others, can be studied in order to map future challenges in the field. Studies
also point to the need for new applications of DHC to meet a future changing demand,
due to e.g. better thermal properties of buildings. In order to maintain a good
performance and to use the infrastructure of the DHC networks efficiently, more studies
of future application and implementation would be interesting and useful.

One application showing potential to extended use is the HPS, which enables a snow
clearing from renewable resources. However, the HPS can be evaluated in relation to
alternative methods for snow clearance. As an HPS is used during the cold months of a
year when the demand in the DHC system peaks, it is important to use efficiently and
optimize the use. In this work, studies of how to optimize according to local conditions
can be studied in more detail. Not only technical parameters or technical measures but
also the objective of the HPS at the location, and then adapt the system’s performance
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accordingly. For example, an HPS operating at an entrance or shopping street maybe not
need to be operated during closed hours or night. This entails a study of how people use
the area to optimize the objective without compromising the strength of the HPS, which
is e.g. minimizing slipping accidents.

33

[1]

[2]

Commission of the European communities, “20 20 by 2020 Europe’s climate
change opportunity,” Brussels, Belgium, 2008.
F. Reinfeldt and M. Olofsson, Prop. 2008/09:163: En sammanhållen klimat- och
energipolitik. Stockholm, Sweden: Government Office, 2008.

[3]

S. Löfven and I. Baylan, Prop. 2017/18:228: Energipolitikens inriktning. Stockholm,
Sweden: Government Office, 2018.

[5]

Fossil free Sweden (sv: Fossilfritt Sverige), “Roadmaps for fossil free
competitiveness - The heating sector (sv: Färdplan för fossilfri konkurrenskraft Uppvärmningsbranschen),” Stockholm, Sweden, 2018.

[4]

[6]

[7]

[8]
[9]

United Nations General Assembly, Transforming our world: the 2030 Agenda for
Sustainable Development, A/RES/70/1, no. A/RES/70/1, 25 september 2015. New
York, United States.

Swedish Energy Agency, “Energy in Sweden Facts and Figures 2018.” Eskilstuna,
Sweden, 2018.

H.-J. Kim, J.-J. Yu, S.-H. Yoo, H.-J. Kim, J.-J. Yu, and S.-H. Yoo, “Does Combined Heat
and Power Play the Role of a Bridge in Energy Transition? Evidence from a CrossCountry Analysis,” Sustainability, vol. 11, no. 4, p. 1035, Feb. 2019.
A. Lake, B. Rezaie, and S. Beyerlein, “Review of district heating and cooling
systems for a sustainable future,” Renew. Sustain. Energy Rev., vol. 67, pp. 417–
425, 2017.

M. A. Sayegh et al., “Trends of European research and development in district
heating technologies,” Renew. Sustain. Energy Rev., vol. 68, pp. 1183–1192, 2016.

[10] R. Lund and B. V. Mathiesen, “Large combined heat and power plants in
sustainable energy systems,” Appl. Energy, vol. 142, pp. 389–395, Mar. 2015.
[11] Swedish Energy Agency, “Scenarios over Sweden´s energy system 2018 (sv:
Scenarier över Sveriges energisystem 2018),” Eskilstuna, Sweden, 2019.

[12] S. Werner, “District heating and cooling in Sweden,” Energy, vol. 126, pp. 419–429,
May 2017.
[13] Swedish Energy Agency, “Energy indicators 2018 - Follow up of Sweden’s energy
policy goals (sv: Energiindikatorer 2018- Uppföljning av Sveriges eneripolitiska
mål),” Eskilstuna, Sweden, 2018.
[14] Swedish Energy Agency, “Energiläget 2018 - En översikt,” Eskilstuna, 2018.

[15] The Swedish Environmental Protection Agency (Sv: Naturvårdsverket),
“Territorial emissions and uptake of greenhouse gases (Sv: Nationella utsläpp och
upptag av växthusgaser),” 2018. [Online]. Available:
http://www.naturvardsverket.se/Sa-mar-miljon/Statistik-A-O/Vaxthusgaserterritoriella-utslapp-och-upptag/? [Accessed: 07-Feb-2019].
34

[16] Å. Svenfelt, R. Engström, and Ö. Svane, “Decreasing energy use in buildings by 50%
by 2050 — A backcasting study using stakeholder groups,” Technol. Forecast. Soc.
Change, vol. 78, no. 5, pp. 785–796, Jun. 2011.
[17] Boverket and Energimyndigheten, “Basis for the second national strategy for
energy efficient renovation (sv: Underlag till den andra nationella strategin för
energieffektiviserande renovering),” Karlskrona, Sweden, 2016.
[18] Swedish Energy Agency, “Annual energy statistics (electricity, gas and district
heating),” Electricity supply, district heating and supply of natural gas, 2019.
[Online]. Available: http://www.scb.se/en0105-en. [Accessed: 18-Apr-2019].
[19] ANSYS Inc., “ANSYS® WorkbenchTM, Release 18.0., ANSYS® CFX®.” Canonsburg,
United States, 2016.
[20] EQUA Simulation AB, “IDA ICE- IDA Indoor Climate and Energy, version 4.6.2,”
Stockholm, Sweden, 2014.
[21] D. Henning, “MODEST for windows,” IEI Energy systems, Linköping University,
Linköping Sweden, August 2014, 2014.
[22] G. Brundtland, Our common future: Report of the world commission on environment
and development, vol. 154. Oxford: Oxford University Press, 1987.
[23] Regeringskansliet, Att förändra vår värld: Agenda 2030 för hållbar utveckling.
Stockholm, Sweden, 2016.
[24] Regeringskansliet, “Sverige och Agenda 2030-rapport till FN:s politiska
högnivåforum 2017 om hållbar utveckling,” Stockholm, Sweden, 2017.
[25] Linköpings kommun och Norrköpings kommun; Ekonomi- och styrningskontoret,
Gemensam klimatvision för Linköping och Norrköping. Linköping and Norrköping,
Sweden, 2008.
[26] Norrköpings kommun, Inriktningsdokument för miljöpolitiken i Norrköpings
kommun. Norrköping, Sweden, 2017.
[27] Linköpings kommun, Hållbarhetspolicy för Linköpings kommunkoncern. Linköping,
Sweden, 2018.
[28] Linköpings kommun, “Klimatsmart Linköping,” 2018. [Online]. Available:
https://www.linkoping.se/klimatsmart-linkoping/. [Accessed: 22-May-2019].
[29] Norrköpings kommun, Energiplan för Norrköpings kommun 2009-2030. 2009.
[30] S. Elez, “Framtida energilösning för tillvaratagande av överskottsvärme med
värmepump : Ett examensarbete utfört på Händelöverket, E.ON,” Linköping
university, Sweden, 2017.
[31] G. Ingelhag and M. Gullberg, “Primärenergifaktorer för fjärrvärme : Analys och
beräkning av primärenergifaktorer för svensk fjärrvärme,” Linköping university,
Sweden, 2017.
[32] S. Bley and E. Lindström, “Norrköpings framtida fjärrvärmemarknad :
Scenarioanalys av efterfrågan 2035,” Linköping university, Sweden, 2017.

35

[33] Naturvårdsverket, “Frisk luft– underlagsrapport till den fördjupade utvärderingen
av miljömålen 2019,” Stockholm, Sweden, 2019.
[34] S. Werner, “International review of district heating and cooling,” Energy, vol. 137,
pp. 617–631, Oct. 2017.
[35] L. Stankeviciute and A. Krook Riekkola, “Assessing the development of combined
heat and power generation in the EU,” Int. J. Energy Sect. Manag., vol. 8, no. 1, pp.
76–99, Apr. 2014.
[36] K. Sernhed, K. Lygnerud, and S. Werner, “Synthesis of recent Swedish district
heating research,” Energy, vol. 151, pp. 126–132, May 2018.
[37] H. Averfalk, P. Ingvarsson, U. Persson, M. Gong, and S. Werner, “Large heat pumps
in Swedish district heating systems,” Renew. Sustain. Energy Rev., vol. 79, pp.
1275–1284, Nov. 2017.
[38] G. Schweiger, J. Rantzer, K. Ericsson, and P. Lauenburg, “The potential of power-toheat in Swedish district heating systems,” Energy, vol. 137, pp. 661–669, Oct.
2017.
[39] D. Djuric Ilic, E. Dotzauer, L. Trygg, and G. Broman, “Introduction of large-scale
biofuel production in a district heating system e an opportunity for reduction of
global greenhouse gas emissions,” J. Clean. Prod., vol. 64, pp. 552–561, 2014.
[40] K. Helin, B. Zakeri, S. Syri, K. Helin, B. Zakeri, and S. Syri, “Is District Heating
Combined Heat and Power at Risk in the Nordic Area?—An Electricity Market
Perspective,” Energies, vol. 11, no. 5, p. 1256, May 2018.
[41] H. Lund et al., “4th Generation District Heating (4GDH): Integrating smart thermal
grids into future sustainable energy systems,” Energy, vol. 68, pp. 1–11, Apr. 2014.
[42] H. Gadd and S. Werner, “Achieving low return temperatures from district heating
substations,” Appl. Energy, vol. 136, pp. 59–67, Dec. 2014.
[43] P. Lauenburg, “Temperature optimization in district heating systems,” Adv. Dist.
Heat. Cool. Syst., pp. 223–240, Jan. 2016.
[44] F. Meijer, L. Itard, and M. Sunikka-Blank, “Comparing European residential
building stocks: performance, renovation and policy opportunities,” Build. Res. Inf.,
vol. 37, no. 5–6, pp. 533–551, Nov. 2009.
[45] Statistics Sweden (Sv: Statistiska Centralbyrån (SCB)), “Housing, construction and
building - Dwelling stock,” 2018. [Online]. Available: http://www.scb.se/bo0104en. [Accessed: 07-Feb-2019].
[46] T. Hall and S. Vidén, “The Million Homes Programme: a review of the great
Swedish planning project,” Plan. Perspect., vol. 20, no. 3, pp. 301–328, Jan. 2005.
[47] T. Johansson, T. Olofsson, and M. Mangold, “Development of an energy atlas for
renovation of the multifamily building stock in Sweden,” Appl. Energy, vol. 203, pp.
723–736, Oct. 2017.

36

[48] T. Hong, C. Koo, J. Kim, M. Lee, and K. Jeong, “A review on sustainable construction
management strategies for monitoring, diagnosing, and retrofitting the building’s
dynamic energy performance: Focused on the operation and maintenance phase,”
Appl. Energy, vol. 155, pp. 671–707, Oct. 2015.
[49] L. Liu, B. Moshfegh, J. Akander, and M. Cehlin, “Comprehensive investigation on
energy retrofits in eleven multi-family buildings in Sweden,” Energy Build., vol. 84,
pp. 704–715, 2014.
[50] J. Akander, M. Cehlin, and B. Moshfegh, “Assessing the Myths on Energy Efficiency
When Retrofitting Multifamily Buildings in a Northern Region,” in Sustainable
High Rise Buildings in Urban Zones, Cham: Springer International Publishing, 2017,
pp. 139–161.
[51] Swedish Energy Agency, “Short term prognosis, summer 2018,” Eskilstuna,
Sweden, 2018.
[52] Byggnadsstyrelsen, “Markvärme,” Byggnadsstyrelsen, Stockholm, Sweden, 1976.
[53] R. and A.-C. E. American Society of Heating, 2011 ASHRAE handbook : heating,
ventilating, and air-conditioning applications. Atlanta, United States: ASHRAE,
2011.
[54] K. Mensah and J. M. Choi, “Review of technologies for snow melting systems,” J.
Mech. Sci. Technol., vol. 29, no. 12, pp. 5507–5521, Dec. 2015.
[55] National Research Council (US), “Comparing Salt and Calcium Magnesium
Acetate,” Washington, DC, United States, 1991.
[56] C. Amrhein, J. E. Strong, and P. A. Mosher, “Effect of deicing salts on metal and
organic matter mobilization in roadside soils,” Environ. Sci. Technol., vol. 26, no. 4,
pp. 703–709, Apr. 1992.
[57] M. Bäckström, S. Karlsson, L. Bäckman, L. Folkeson, and B. Lind, “Mobilisation of
heavy metals by deicing salts in a roadside environment,” Water Res., vol. 38, no. 3,
pp. 720–732, Feb. 2004.
[58] M. Fischel, “Evaluation of selected deicers based on a review of the literature,”
Denver, Colorado, United States, 2001.
[59] K. W. F. Howard and J. Haynes, “Urban Geology 3. Groundwater Contamination
due to Road De-icing Chemicals - Salt Balance Implications,” Geosci. Canada, vol.
20, no. 1, Mar. 1993.
[60] S. Kroening and M. Ferrey, “The Condition of Minnesota’s Groundwater, 20072011,” Saint Paul, Minnesota, United States, 2013.
[61] L. Fay and X. Shi, “Environmental Impacts of Chemicals for Snow and Ice Control:
State of the Knowledge,” Water, Air, Soil Pollut., vol. 223, no. 5, pp. 2751–2770, Jun.
2012.
[62] W. A. Nixon, “Improved Cutting Edges for Ice Removal,” Washington, DC, United
States, 1993.

37

[63] M. Ketzel et al., “Estimation and validation of PM2.5/PM10 exhaust and nonexhaust emission factors for practical street pollution modelling,” Atmos. Environ.,
vol. 41, no. 40, pp. 9370–9385, Dec. 2007.
[64] J. Johnsson, “Winter Road Maintenance using Renewable Thermal Energy,”
Chalmers University of Technology, Gothenburg, Sweden, 2017.
[65] W. Shen, H. Ceylan, K. Gopalakrishnan, S. Kim, and A. Nahvi, “Sustainability
Assessment of Alternative Snow-Removal Methods for Airport Apron Paved
Surfaces,” New Jersey, United States, 2017.
[66] H. Nevalainen Henaes, “Impact on society from conventional winter road
maintenance and ground heating (sv: Samhällspåverkan vid konventionell
vinterväghållning och markvärme),” Lunds University - Faculty of Engineering,
Lund Sweden, 2018.
[67] B. Adl-Zarrabi, R. Mirzanamadi, and J. Johnsson, “Hydronic pavement heating for
sustainable ice-free roads,” Transp. Res. Procedia, vol. 14, pp. 704–713, 2016.
[68] J. Schyllander, “Fotgängarolyckor : statistik och analys,” Karlstad, Sweden, 2014.
[69] A. Carlsson, B. Sawaya, J. Kovaceva, and M. Andersson, “Skadereducerande Effekt
av Uppvärmda Trottoarer , Gång- och Cykelstråk (TRV 2016/19843),” 2018.
[70] G. Öberg and A. K. Arvidsson, “Injured pedestrians : the cost of pedestrian injuries
compared to winter maintenance costs,” Swedish National Road and Transport
Research Institute, Linköping, Sweden, 2012.
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