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Abstract

In order to meet climate change mitigation targets, the use of fossil fuels has to be reduced and,
eventually, be phased out in all sectors. As the heating sector occupies a central place in energy
systems, especially in Nordic countries, it is affected by and affects other energy sectors. The demand
for space heating and hot water has traditionally been covered by: district heating (DH) systems,
whereby buildings are connected through a grid to power plants; and the installation of individual
heating technologies within each building. As there are several heating solutions available, the ways
in which heating systems will develop in the future when fossil fuels are phased out depend on several
factors, which are currently uncertain.

As many components of heating systems have long lifetimes, the investments made in the near future
will have long-term impacts on the development of heating systems. It will be important to understand
how investments and the dispatch of different components depend on the phasing out of fossil fuels
and other factors. Therefore, this thesis aims to investigate how the different parts of heating systems
develop under different climate policies, electricity prices and heat load profiles.

To investigate heating system development when both the supply and demand sides evolve
simultaneously, a dynamic systems approach is used in which an expanding heating system is
investigated for several decades in the future and new housing is treated heterogeneously.

In this thesis, the TIMES modeling framework is used, and the heating system of Gothenburg is applied
as modeling case. The demand side is treated heterogeneously by investigating several types of new
housing, which means that the resulting cost-efficient solution may be different for different types of
housing. The investment cost for new DH grid connections is therefore assessed for each housing type.

The modeling results show that the main effect of a climate policy is decreased investments in new
natural gas heat-only boilers (HOBs) in the DH supply side. New natural gas HOBs compete with new
large-scale heat pumps (HPs) but does not affect new combined heat and power (CHP) plants.
Investments are made in large-scale HPs in the cases of increasing and decreasing electricity prices,
whereas no investments are made in biomass CHP plants if the future electricity price decreases.

The results further shows that apartment buildings use DH exclusively, while single-family housing
with low heat demands and small single-family housing with high heat demand are not connected to
the DH system at all. The heating solution for large single-family housing with high heat demands is
dictated by both future electricity prices and whether a climate policy is introduced. A heat demand
load with a higher relative use during wintertime generally discourages the use of individual HPs.

The findings of this thesis may be of interest to city planners and DH utilities, as the findings shows
that both the DH supply side and the heating solution for new large single-family housing with high
heat demand are affected by climate policy, future electricity prices, and the heat load profile.

Keywords: Heating system, Housing, Low heat demand housing, District heating, Climate policy,
Dynamic energy system modeling, TIMES
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1. Introduction and background

Energy consumption related to the building sector constitutes about 40% of total energy use in
Europe. Since the heat to be used in buildings can be, and historically has been, associated with
emissions of CO,, reducing and ultimately eliminating these fossil fuel emissions are essential steps
towards meeting the global emissions targets. Since heating systems are coupled to other parts of the
larger energy system, the emissions from the overall energy system could be reduced depending on
the heating solution, thereby contributing to attaining climate change mitigation goals. Furthermore,
the cost-efficiency of the full energy system could be reduced depending on the heating solution. It is,
therefore, of great importance to study heating systems together with the other parts of energy
systems.

The demand for heat in buildings is related to the need for space heating and hot water, which can be
supplied by various means. In general, the paths for supplying heat can be divided into communal and
individual. The communal path is often a city-wide district heating (DH) system or a smaller, local on-
site system. Individual paths mean that each individual building has its own heating solution, which
can be used only for that specific building. On a general level, DH is mainly used in densely populated
areas, while individual heating technologies are more common in less densely populated areas, e.g.,
detached housing.

As cities continue to expand, the future housing units need to be heated using either communal or
individual options. In Sweden, around 50% of the demand for space heating and hot water is supplied
by DH, while almost 90% of multi-family dwellings are heated by DH. The higher prevalence of DH in
densely populated areas is because it is more economical to build and expand DH grids in areas where
the heat demand density is higher, and also because distribution losses can be minimized. Not only is
the heat demand density of importance when investigating which heating technology to use, but also
the heat demand load profile can have a major impact.

Historically, the supply of heat in Sweden has contributed to fossil carbon emissions, although total
emissions have generally decreased. The almost complete phase out of oil in both individual heating
and DH systems is one of the major factors contributing to this decrease. However, there is ongoing
use of fossil fuels, such as natural gas, in the heating sector, which has to be phased out if the climate
goals are to be met.

As the heating sector is a major part of a full energy system, its future development is of importance.
Due to linkages to the other energy sectors, especially the electricity sector, the heating sector cannot
be investigated in isolation; other sectors have to be included as well.

Previous studies have looked at how heating systems can develop in the future. However, there are
few studies that treat both the supply and demand together for heating systems that expand in line
with the emergence of new housing.



2. Aim and scope

As presented in the Introduction chapter, there are several factors that potentially affect how heating
systems develop, with the fulfillment of climate change mitigation goals being a major factor. In
addition, since economic concerns are often central to decisions as to which heating solution to use,
regardless of whether the solution is communal or individual, cost considerations are crucial when
assessing future heating solutions.

Thus, this thesis aims to:

- Understand how different climate policies aimed at phasing out the use of fossil fuels will
affect the development of an existing heating system in the coming decades.

- Elucidate the impacts of long-term electricity prices (and development thereof) on the cost-
effective heating solution mix.

- Show how the different heat load profiles of new housing will affect the future heating
solution mix.

- Develop a dynamic systems approach that enables investigations of how both the supply and
demand will develop together in a cost-efficient manner in future heating systems.

2.1. Outline of the thesis
The thesis consists of the two appended papers and a summary essay.

The same methodological approach is used for the same existing heating system in both papers. This
approach involves assessment of the heat supply options and future heat demands in the heating
system.

In both papers, the cost of connecting new housing to an existing DH grid is assessed. This is linked to
the central aim to investigate how heating systems can be developed in a cost-efficient manner. As an
entire heating system is investigated, and not only DH, the cost of installing and using DH must be
compared to installing and utilizing individual heating options.

As the two papers use the same approach and are based on the same existing heating system, the
different parts of the system can be investigated and analyzed. In Paper I, the focus is on the
development of the supply side of DH, while in Paper Il the focus is on the demand side, the different
types of new housing and the development of their respective heating solutions.

In both papers, the impact of phasing out the use fossil fuels through either a ban or an increased
carbon tax is investigated. This is done for several future electricity prices in both papers. Two different
fossil fuel phase-out years are investigated in Paper I, while in Paper Il, 1 year is considered. Both
papers investigate the development of the heating sector up until Year 2050. Two different future
electricity price profiles are considered in Paper I, and three in Paper Il. In Paper I, two different heat
load profiles are investigated for large, single-family housing with high heat demands, while one heat
load profile is used for the remainder of the housing stock.

It should be noted that the results presented here are not predictions for the future. Instead, they
indicate how the different parts of heating systems interact, and more importantly, highlight the
dynamic natures of the heat demand and supply.



3. Related research

This chapter is divided into three subchapters that relate to the four research aims. The first
subchapter relates to research on heating systems and includes research on fossil fuel emissions from
such systems (the first aim). The second subchapter relates to research aims two and three, which are
concerned with sector coupling. Lastly, the third subchapter addresses the fourth research aim, which
relates to the methodology used to investigate how future heating systems can develop in a cost-
efficient manner.

This thesis uses a societal systems perspective, in contrast to the perspective of individual consumers.
As a consequence, the related research presented in this chapter mainly comprises studies that are of
interest from a systems perspective. Although various components and aspects can be included when
investigating heating systems, the general guideline followed in this chapter is that studies concerning
heating systems within cities are considered, which contrasts with taking a broader national
perspective or having a narrower perspective in investigating the roles and components of individual
houses.

3.1. Heating systems and its components

As heating systems consist of multiple components that interact with each other, there is a need to
investigate heating systems as systems. If heating systems are not treated in this way, important
dynamics are missed, which in turn leads to a poor understanding of how heating systems may
develop in the future.

Various means to reduce and eventually eliminate the fossil fuel emissions stemming from the
production and distribution of heat to the building stock have been investigated in several studies. As
there are several methods available for reducing fossil emissions from the heating sector, it is of
importance to investigate all the components of heating systems, so as to ensure that the transition
to a fossil fuel-free heating system can be achieved. Low-energy buildings and their impacts on CO,
emissions have been investigated previously [1]. That different energy-saving measures in existing
buildings have different impacts on the primary energy saving has been pointed out [2,3]. Reduction
of the energy demand of households by changing consumer behavior versus using more efficient
technologies has also been investigated [4].

The choice as to whether to use DH or individual heating options has been investigated in different
ways in several studies. The difference between using consumer-economy and socio-economy
approaches has been investigated [5]. The differences in system cost for different heating options of
a new building area have been examined [6] while in [7] the differences in direct and indirect emissions
between different heating options have been investigated. Both these studies have performed the
comparisons when only DH or individual heating options are used, and they do not delve into a mix of
these heating options.

There are studies available that focus on the housing aspect of heating systems, but the DH system is
often the central focus. The effect of improving insulation, as compared to the development of a DH
system, has been investigated [8—11]. Furthermore, the possibility and potential to use demand-side
management to improve flexibility has been evaluated. The improved potential of the demand-side
response has also been highlighted as a potential important aspect of future DH systems [12,13]. That
DH may have a reduced cost-competitiveness in areas with low heat density has also been pointed
out [14].



The potential role of DH in decarbonization has been the focus of several studies (see, for example,
[10] and [15]), which have proposed that DH can contribute to decreasing the primary energy
consumption and decreasing the heating cost.

Using DH to provide heat is not something new. Sweden has used DH since the 1950’s and research in
the field is actively ongoing, with investigations into various aspects of DH performed in the past
decades [16].

One area of research has been excess heat (EH) and its potential usage. EH for heating purposes can
only be recovered by a DH system, which explains why these two items are often studied together.
For example, studies [17,18] have indicated that Sweden and Denmark have untapped potentials to
use more EH.

The primary motivation for using DH systems has changed over time, from increased comfort, to
reducing costs and increasing the security of supply, through to today’s transformation to sustainable
energy systems [19]. Due to differences in how they are built and utilized, different DH systems can
be classified according to different generations. Each generation uses lower supply and return
temperatures compared to the preceding generation, although other differences between the
generations have enabled new energy sources to be used in the supply side of DH systems.

Next-generation DH systems, often called 4" generation DH, differ from the 3™ generation DH. Even
though there is no exact definition of what differentiates the two generations from each other, there
are some general differences that could affect heating systems as a whole [19,20]. The lower supply
and return temperatures in the 4" generation compared to the 3™ generation DH systems decreases
the distribution losses, and it is possible to use alternative materials in the pipes to decrease further
the cost of new distribution grids. The lower temperatures can also affect the efficiency of power
plants in several ways. The power-to-heat ratio of combined heat and power (CHP) plants may
increase, as can the coefficient of performance (COP) of heat pumps (HPs) [21]. That the COP of central
DH HPs can be improved by decreasing the temperature in future DH systems has been described [22].
Reduction of the supply and return temperatures even further, to achieve “ultra-low-temperatures”
has also been investigated [21,23]. The potential of 4" generation DH has been investigated for several
cities [24,25]. Itis also possible to utilize more waste heat, which is not recovered in any way in current
DH systems [19]. The ability of DH to use energy sources that individual heating technologies cannot
use has been pointed out [14], and this ability can contribute to increasing energy efficiency and
avoiding the use of fuels for heat-only usage.

Smart control and metering tools are expected to be used more frequently in future-generation DH
systems [26,27]. The potential to exploit central heating storage and the thermal inertia of buildings
as heat storage has been investigated [28], in which it has been shown that the total system cost of a
DH system can be decreased by using heat storage units. That HPs have a strong potential to provide
heat in future DH networks is clear [29]. However, it is also argued [29] that there is no universal
solution through which HPs can be used in all EU countries, and that each country should be analyzed
individually.

3.2. Sector coupling related to heating systems

There is increasing interest among researchers in connecting the different parts of large energy
systems, in so-called sector coupling. This allows investigations of the dynamics of the different energy
sectors when they can both benefit and compete with each other.



The electricity price affects how DH systems are operated [30]. It is argued [31] that the core business
of CHPs may become the production of electricity, assuming that the electricity price is sufficiently
high. Furthermore, it has been shown [32] that a base-load waste incineration CHP plant can benefit
economically by providing flexibility to both the electricity and heat sectors. In addition, the electricity
system can be balanced by using CHP plants and HPs within the heating sector [33,34].

Integrating and storing fluctuating renewable energy have been investigated [35], revealing that
electricity storage is not the most-cost-optimal solution. By combining the electricity sector with other
parts of the energy system, it has been shown that using thermal storage is cheaper for the whole
system. Solar PV together with thermal storage increases the value of HPs [36]. All of these previous
studies [31-36] have in common that the heat demand is set beforehand and does not change over
time, whereas [30] investigates future heat demand reductions.

There is increasing interest in the use of so-called smart systems, as opposed to smart grids, which
only include electricity [37]. It has been demonstrated that smart systems can decrease the system
cost when the entire energy systems that currently use fossil fuels are transformed into fully
renewable systems [38].

The transport sector can affect the heating system within the larger energy system by utilizing smart
charging and discharging of electric vehicles [39]. The smart charging and discharging increase the
competitiveness of HPs, while decreasing the competitiveness of CHPs and heat-only boilers (HOBs).

One of the main factors differentiating DH systems from other energy systems is their ability to recover
EH from the industrial sector. Utilizing EH from an industry cluster located outside a city can reduce
the DH system cost [40]. The use of such EH can reduce the carbon emissions from the DH system,
although the total CO, emissions on a system level could increase in the short term [41]. It is also
important to determine whether the EH used in DH systems could have instead been used within the
industry itself, as this can severely affect the results when assessing the carbon emissions on a system
level [42].

3.3. Using modeling for investigations of energy systems

A common way to investigate investments and the dispatch of various parts of energy systems is to
apply optimizing energy systems models [43]. Many model frameworks have been developed and
used over the years, including TIMES [44], MARKAL [45], and EnergyPLAN [46]. Several of the studies
presented earlier in this chapter have used a modeling framework to investigate their respective
research questions. TIMES has been used in [6,7], MARKAL has been used in [41] and EnergyPLAN has
been usedin[10,15,20,21,38]. Other modeling frameworks have also been used in the previously cited
studies, and self-developed models have been customized according to the specific research questions
being addressed.

By using energy models, it is possible to study complex and data-rich systems that would have been
too cumbersome to investigate without using the computational power of a computer. Energy system
models have, however, often been analyzed with the electricity sector as their focus, which means
that the heating sector is often overlooked [47].

Many of the previously presented studies using computer modeling have used so-called bottom-up
models. In these kinds of models, the data inputs to the model include investment costs, plant
efficiencies, fuel costs and technical lifetime. Different types of constraints are also of great
importance for these models. Such constraints include the requirement to provide sufficient energy
at every given time, through either producing the energy at the right time or by filling and emptying



storage units. There could also be constraints on fuel availability or on how a certain technology may
be used throughout a year.

3.4. Identified research gap

The studies presented in this chapter focus exclusively on DH or do not allow mixes of individual
heating options. Some studies [5,6] have investigated one specific heating solution for a new housing
area in each modeling run and have compared the results of the modeling runs in a post-analysis.
Studies in which the heating solution of an expanding heating system develops over time are lacking.
Furthermore, previous studies have not looked in detail as to whether differences in the heat load
profile of new housing have any effect on the resulting heating solution for such housing.

Similarly, there are few studies investigating how new buildings, apart from apartment buildings,
interact with the heating system. As apartment buildings often use DH (if available), it is of interest to
investigate the interactions between DH and apartment buildings. However, if other housing types
are omitted the whole heating system is not investigated thoroughly. Moreover, many studies have
not investigated the development of heating systems over time, which is of the utmost importance
when looking at the transitions of heating systems. While some studies have investigated the different
components within heating systems, studies that have both a system and a temporal perspective are
few.

Furthermore, there is a lack of studies that perform a sensitivity analysis to investigate how different
heat load profiles within the same year(s) affect the heating solution.



4. Method, modeling and case
This chapter describes the method, modeling and case used in this thesis to address the research aims.

The main contribution of this thesis is the application of a method whereby both the supply and
demand sides are considered together over a period of several decades. Thus, the cost of connecting
new housing types to an existing DH grid is included in a cost-optimization model, together with the
costs for other heating technologies. The inclusion of the DH connection cost is necessary because
different heating solutions for the different housing types need to be able to be put in relation to each
other to allow the most cost-efficient solution for the system as a whole to be identified.

As the supply and demand sides of the heating are considered simultaneously for several decades into
the future, the problem becomes complicated and highly data-intensive. The research aims have,
therefore, been addressed through the formulation of a bottom-up, cost-optimizing model of the
heating system of an existing and expanding city. In this thesis, the city of Gothenburg on the west
coast of Sweden, which already has a DH system in place, is used as the test case.

A techno-economic perspective is used in this thesis in which the costs of different technologies and
their technical characteristics are of central importance. This techno-economic perspective is applied
because, for central planners (such as city planners), for DH utilities, and for customers, cost
considerations are often crucial when deciding what investments to make. To be able to compare
different heating solutions, assessing the cost of using and investing in new heating options, both for
the individual and the DH system, is therefore of high importance, as the most cost-efficient heating
option is probably different for different housing types.

The previously stated aims have been investigated by introducing various climate policies, assigning
various electricity prices and different heat load profiles as inputs to the model (Table 1).

Table 1 Focal topics of the two papers and their connections to the aim and scope of this thesis.

Title Focus area Climate Future Heat load Methodology
policies electricity profiles
prices
Paper | The Impact of District heating Five policies Two One profile
Local Climate supply profiles
Policy on District
Heating
Developmentin a
Nordic City —a
izzfcrglcch Bottom-up dynamic energy

system modeling, DH

Paper Il Communal or Heating solution Three policies Three Two R
connection cost assessment.

Individual — of new housing profiles profiles
Exploring Cost-
Efficient Heating
of New City-Level
Housing in a
Systems
Perspective

4.1. The dynamic systems approach

In both Paper | and Paper I, a dynamic systems approach is used. This entails a long-term optimization
in which the supply and demand sides of the heating system are interconnected (“system”) and,
therefore, develop (“dynamic”) together in the future because they are mutually dependent upon
each other. An overview of the approach is shown in Figure 1. With this approach, the different



components that are in focus in the two respective papers can be investigated when the whole heating
system develops in the future.

DH grid {  New individual |
i heatingoptionX

New DH
connection

aplaspannnnnnp

New individual
heating option Y

New DH supply
plants [1,2,...,n]

New individual

heating option Z
Pre-existing DH erarenasiesseenreaean—e. :

supply plants
[1,2,..n] Pre-existing
p— housi
Pre-existing DH ousing

connection

Figure 1. Schematic overview of the heating system and the focus of the papers.
4.2. Heat supply technologies

The heat plants available for the DH supply side are separated into two parts in the modeling: already
existing plants, and new plants in which investment can be made.

For both papers, already existing DH supply technologies are assumed to be available from the starting
year but become unavailable in later years due to reaching the end of their technical lifetime. No early
dismantling or selling of the units or extensions of the lifetimes are considered.

For the DH system, the new CHP plants available are of the biomass, closed cycle natural gas, and gas
turbine natural gas forms. The available HOBs are biomass and natural gas. HPs are also available. For
economy of scale, for some of the plants, there are restrictions on the minimum size that can receive
investment.

Even though the focus of Paper | is on the DH supply side, as the new housing does not have to use
DH as the heating solution, the heating solution for the new housing can affect the DH supply side.

The individual heating options for new housing are HPs, biomass boilers, and electric boilers. The
specific cost of the chosen option is the same for all housing types and no minimum size restrictions
are imposed on these options.

The impact of a climate policy affects the use of oil and natural gas, as no other fossil fuels are
considered. While there are existing oil HOBs in the system, it is assumed that no new oil plants HOBs
will be built. Natural gas can, however, be used in both existing and new HOBs and CHP plants if it is
cost-efficient and permitted.

4.3. Existing and new housing



This thesis aims to investigate the heating system for several decades into a future in which new
housing is added. The new housing has characteristics such as size and heat demand. Seven different
heat demands are considered in both papers:

- The pre-existing housing that currently uses DH;

- Two apartment buildings of different sizes with the same energy use per m?;

- Two single-family housing types of different sizes with high energy use per m?; and
- Two single-family housing types of different sizes with low energy use per m2.

The already existing housing that currently does not use DH is not considered, as it is assumed that
these building already have individual heating options installed and will not adopt a different heating
solution in the coming decades.

One of the main reasons to differentiate between the different housing types is to allow investigations
of how different housing types interact with the DH system, as compared to using individual heating
options. Apartment buildings today are often using DH if it is available in the town/city in which they
are located, although there are many single-family houses that also use DH as their heating solution.
By differentiating the characteristics of the different housing types, it is possible to investigate
whether there are differences in heating solutions between the different housing types.

Instead of requiring each house type to install one, and only one, technology, it is allowed to make
investments in new technologies at whatever level that is most cost-effective. Although mixes of
several technologies are not very commonly used as the heating solution within the same building, by
allowing mixes it can be determined whether a specific technology is used preferentially as a base-,
intermediate- or peak-production technology.

4.4. Climate policies

Several countries and municipalities in Sweden have stated intentions to transition to climate-neutral
heating systems, and different kinds of climate policies are being implemented to address this
transition. In general, climate policies can be divided into economic and regulatory policies. Economic
policies include taxes, subsidies, and loans, while regulatory policies include technology-neutral feed-
in-tariffs and bans of the use of fossil fuels.

The ways in which different climate policies aimed at phasing out fossil fuel use in a specific target
year affect the system are, therefore, investigated in both papers. Two different kinds of policies are
investigated in both papers: an annually increased carbon tax and a fossil fuel ban in the target year.
In Paper I, the impacts of the two policies are investigated for a fossil fuel phase out in Year 2030 or
2045, while in Paper Il, only Year 2030 is investigated. In both papers, whether or not the pre-existing
carbon tax remains constant in the future is also investigated.

4.5. Future electricity prices

As the electricity price affects different technologies in different ways, this has been considered in
both papers. In Paper |, two future electricity prices are considered: one where the price increases for
all months, and one where it decreases for all months. In Paper I, the same profiles as in Paper | were
used, and a third, more-varying price profile was considered in which the prices decrease in summer
but increase in the colder months.

4.6. Heat load profiles

To be able to represent the variations of the heat demand throughout the year, a heat load profile is
used in both papers. One heat load profile is used in Paper I, whereas in Paper Il two profiles are used
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for the housing units with high heat demands. The heat load profile is acquired from measurements
made in a new housing area outside Kungsbacka, a city located just south of Gothenburg. The buildings
in that area have been built according to low-energy-use standards, and this is the main reason why
in Paper Il, one more profile is used; this profile is computed from the measured data from the housing
area. The extra profile is computed by assuming that the hot tap-water demand is the same for high-
and low-energy buildings, even though the space heat demand is different. This results in a higher
relative use during winter for the high-demand profile.

4.7. DH connection cost

Assessing the cost of installing DH in new housing is one of the core topics of this thesis. The cost to
install DH for all housing types has been assessed by linearizing the cost into a specific cost (in kE/MW)
by taking the total cost (in k€) to install a substation and piping for a specific housing type and dividing
that total cost by the maximum heat power needed during winter for that housing type. The total cost
is assumed to be the same for all kinds of single-family housing, although the maximum power needed
varies between the types. Therefore, the specific cost of installing DH is heavily dependent upon the
total heat demand and the heat load profile for each type of housing.

In Paper I, due to the use of two different heat load profiles for single-family housing with a high total
heat demand, the maximum power needed is different. Using the method presented in the previous
paragraph to calculate the specific cost, the corresponding specific costs are lower when having a
larger peak power demand. In Paper I, this is investigated when having the same specific cost for the
two heat load profiles, as well as having the same total cost if DH is installed to cover the full heat
demand.

The same procedure is used for apartment housing, although the total cost is higher compared to
single-family housing. The total cost increase is due to the fact that a substation that is sufficiently
large for a single-family house is too small for an apartment building, such that the cost is higher, as is
the cost for installing the piping.

The result is that the specific cost for installing DH in both types of apartment building is lower
compared to that for all the single-family housing types.

4.8. Modeling

Considering both the supply and demand sides of the heating system simultaneously in an expanding
city over several decades into the future is a complex and data-intensive undertaking. The application
of an energy systems optimization model (ESOM) makes it possible to investigate the different parts
using the computational power of a computer. As the aim is to investigate the cost-efficient
development of the heating system, a cost optimization model that covers investments and the
dispatch of heating technologies is used in both papers. By imposing different constraints, such as
prohibiting the use of fossil fuels or increasing the carbon tax, the ways in which the heating system
can develop cost-efficiently in different future scenarios can be investigated.

The Integrated MARKAL-EFOM System (TIMES) energy modeling framework is used for both papers.
TIMES, which is a cost-optimizing framework developed by the International Energy Agency (IEA), uses
a bottom-up modeling approach in which technical and economic data are provided to the model,
which is then solved to find the lowest-cost solution while still following all the constraints applied to
the model. The model uses perfect foresight, meaning that there is no uncertainty about future prices,
demand etc. This makes it possible for the model to plan ahead for future years without any
uncertainty. The objective function that is minimized in TIMES is the following:
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e NPV, net present value, is the total cost that is minimized

o ANNCOST(r,y) is the annual cost in region r in year y. This includes investment costs, running
costs, taxes, etc.

e d,,isthe discount rate

e REFYRis the discounting reference year

e YEARS are the years for which any costs are present

e Risthe set of regions investigated. In this study, only one region is included.

In addition, a salvage value is considered for technologies that have not yet reached their end of
technical lifetime at the end year. This salvage value is recovered, which makes it economically feasible
for the model to invest in technologies even in the end years.

The TIMES framework is formulated mainly using linear programming (LP). A downside to only
allowing linear equations is that it restricts the types of physical behaviors that can be simulated and
implemented in the model. The upside is that the computational time can be kept reasonably short,
and it can be proven that the solution found is the global minimum, i.e., the lowest cost for the set
problem.

As stated above, economy of scale is considered for some heating supply plants, which means that
some plant types can only be built if they exceed a certain minimum size. The lumpy investment
feature available in the TIMES framework can be used to transform the model formulation into a
mixed-integer programming (MIP) model that resembles LP.

4.9. Modeling case

Both papers use Gothenburg as the modeling case. As many types of technologies are already present
in the DH supply side in Gothenburg, it is possible to see how the different technologies will be used
in the future, if indeed they are used at all.

In Gothenburg, oil refineries and energy recovery from waste incineration cover almost the full heat
demand during the summer months. However, a mix of other technologies is also installed, and these
technologies are used to meet the heat demand during the colder months. Since there is a mix
available, the DH system in Gothenburg has the flexibility to decide which technologies to use
according to the different future scenarios stated in the aim of this thesis.
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5. Main results and discussion of results and method

In this chapter, the main results from the two papers are presented. The results are categorized under
three subchapters corresponding to the first three research aims, respectively. This is followed by two
subchapters that discuss the results and the method.

In Paper ll, it is shown that the DH and individual heating options for apartment buildings, small single-
family housing units with high heat demand and single-family housing units with low heat demands
are the same for all future scenarios. Apartment buildings use DH, whereas the small high-heat-
demand single-family housing and low-heat-demand single-family housing uses individual heating
options. The results for these types of housing are, therefore, not presented further in this chapter.

5.1. Climate policies

Paper | show that the DH system benefits economically from continuous use of natural gas unless a
climate policy is introduced. If no climate policy is introduced, investments are made in new natural
gas HOBs after Year 2030, and approximately one-third of the new capacity consists of natural gas
HOBs. The total heat produced is, however, quite low since these HOBs are only used as peaking units
during wintertime. One of the important results of this thesis is that for both electricity price cases, if
there are investments in new natural gas HOBs, they only replace HPs, while the biomass CHPs are
unaffected regardless of climate policy. It is also found that a fossil fuel ban has an impact only from
the year in which it is introduced, while an increasing carbon tax decreases fossil fuel use and
investments before the fossil phase-out target year.

In Paper I, a climate policy has a low effect on the heating solution for the different housing types
after 2030, if it has any effect at all. Some differences are found in 2030, but there is no clear trend.

5.2. Electricity price profiles

The results in Paper | show that with a decreasing electricity price, the DH system becomes dominated
by new HPs after Year 2030. With a high electricity price, there are investments in biomass CHP and
HPs, each of which produce roughly half of the heat (see Figure 2). If fossil fuels are allowed, there are
investments also in natural gas HOBs, which produce some heat during the coldest months for the
two electricity price cases investigated in Paper I. There are no differences in the amounts of heat
produced by the natural gas HOBs between the two electricity price cases. For both cases investigated
in Paper |, the natural gas HOBs replace new HPs, while the new CHP plants are unaffected.
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(a) High electricity price case
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(b) Low electricity price case

Figure 2 Projected heat production in DH plants with different investments in HP, HOB, CHP. Data shown are for two
electricity price cases and scenarios with different policies implemented in the indicated years. Excess heat and incineration
of municipal solid waste have been omitted to improve readability. Results are from Paper .

It is shown in Paper Il that the resulting heating solution for the new single-family housing with high
heat demands is dependent upon the electricity price, climate policy, and the heat load profile (see
Figure 3). There is no clear trend showing how the electricity price alone affects the heating solution.
However, with a decreasing electricity price and a flatter heat load profile, a higher percentage of the
heat demand is met by DH, as compared to a high electricity or varying electricity price. No clear trend
is seen for the heat load profile with higher relative demand during wintertime. Individual HPs are

present for all electricity prices for both heat load profiles but are used less for the heat load profile
with higher relative demand during wintertime.
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Figure 3 Heating solutions for large single-family housing units for which there is no change in the available EH in the
future. LEB (low-energy building) indicates the flatter heat load profile, while HEB (high-energy building) indicates the
profile with a higher relative demand during wintertime. Figure based on the results presented in Paper Il.

5.3. Heat load profile

It is shown in Paper Il that with a heat load profile with higher relative load during wintertime for all
electricity prices, biomass boiler usage and DH usage are slightly higher compared to the case with a
flatter profile (see Figure 3). For all the electricity price cases, the use of HPs is lower for the profile

that has a higher relative demand during wintertime.

With a 10% lower specific cost for connection to DH, the heating solution is slightly changed for all
electricity price cases. For the low electricity price case, DH supplies almost all the heat, except for
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some use of biomass boilers and EBs during the winter months. For the varying electricity price case,
there is some increase in the use of DH and decreased use of both HPs and biomass boilers.

5.4. Discussion of results

As seenin the results, there is extensive use of HPs in both the DH supply side and as individual heating
options. As HPs use electricity as input, sufficient electricity needs to be produced and transmitted to
the HPs. In the two papers, this is not a limiting factor for the model. However, which is not the case
in real-life situations. For example, in the City of Gothenburg (the case studied in this thesis), there
have been indications that the electricity grid supplying the city is approaching maximum
capacity/load. There may also be limits for the individual houses, especially if the use of electric
vehicles, which are charged at home, continues to increase.

The biomass used in CHPs and HOBs are most often woodchips, which are a residual product from
other industries, e.g., sawmills. Woodchips are cheap as they have few uses other than in energy
production, though it is possible to use them in the production of biofuels that can be used in the
transport sector. In both papers, it is assumed that the availability of biomass is unlimited, which is
not the case in reality. The amount of biomass that can be extracted in a sustainable way while taking
biodiversity into regard is a matter of ongoing debate.

As shown in Paper |, when it is cost-efficient and allowed to use fossil fuels, natural gas is used, which
in turn decreases the use of HPs, but not CHPs. The further implication of this is that in the case of a
limitation on the electricity transmission capacity, the use of fossil fuels could mitigate this issue, albeit
not through increased electricity production, but rather through decreased electricity usage.

Itis clear from Paper | that with a high electricity price, investments are made in biomass CHPs owing
to the decreased system cost associated with such a solution. Here again, it is of importance that there
is sufficient biomass fuel available. In previous-generation DHs, CHPs have been built primarily as a
heat source for DH [19]. However, having CHPs within the city borders is also a way to mitigate
transmission problems when the electricity transmission capacity is limited, as the electricity is then
produced locally. The heat produced by the CHP also substitutes for HPs, thereby further decreasing
the burden of the transmission grids. It has been argued [31] that the core business of CHPs is to
produce electricity, rather than heat, if the electricity price increases. It has also been pointed out [19]
that in 4" generation DH systems, CHP plants may be operated on regulating, reserve power and on
the spot markets for electricity.

In Paper |, it is shown that the already existing heating technologies in the DH supply side continue to
be used until their respective technical lifetimes come to an end. An interesting observation is that
while the natural gas-fired CHPs and biomass-fired HOBs are used until Year 2030, there are no
investments in new capacity for these technologies. As the heating sector consists of large
infrastructure facilities and grid networks, which are capital-intensive and have long technical
lifetimes, the transition of today’s systems into future systems must consider the already existing
systems. This behavior is of importance since if fossil fuels are to be phased out in the near-term
future, investments made here and now in fossil technologies will affect future fossil emissions.

As the model has perfect foresight, the future for the model lacks any uncertainty, which means that
it knows exactly how to make investments in new plants, and when to run existing and new plants to
decrease the total system cost. In reality, there are large uncertainties surrounding several aspects,
with future fuel costs being one of the aspects of high importance.

5.5. Discussion of method
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The main contribution of this thesis is the fact that a dynamic systems approach is used to assess the
long-term development of a heating system. To be able to calculate the costs for different heating
solutions, the costs for different technological solutions are assessed individually. The cost of
connecting new housing to the DH grid is assessed by taking the total investment cost for piping and
a substation for each housing type, and then dividing it by the maximum load, which gives the specific
cost for each housing type. The specific costs obtained using this method indicate that apartment
buildings have the lowest specific cost, followed by high heat demand single family housing units,
which in turn have lower specific costs than low heat demand single family housing units. These results
confirm that it is mainly cities that use DH, due to their higher density of housing.

The cost assessment method comes with certain drawbacks. As shown in Paper Il, the heat demand
profile affects the specific investment cost of the DH connection. That a higher relative demand during
wintertime (as compared to the summer months) would decrease the specific cost of DH connections,
making is possible to invest in a certain heat capacity at a lower total cost, does not reflect reality. The
results for this are described in Paper Il, where a lower specific cost for DH connections of only around
10% increases the use of DH as part of the heating solution.

Furthermore, the cost assessment method in combination with the use of a cost-optimizing model
and allowing a mix of technologies could give some unintended consequences. As the specific cost
becomes very low if the maximum load is even higher during winter, the model will install an
unreasonably low level of DH in new housing at a very low cost, so as to only cover the demand for
certain time periods, i.e., summer, when there is a low demand and high availability of cheap DH
supply, e.g., EH.

To prevent the model from using mixes of heating solutions within the same housing system, it is
possible to restrict the model to only being able to invest in new DH connections at discrete levels.
However, doing so raises some issues. First, the computational time increases, as the problem is no
longer linear, which generally makes it harder to find a global minimum. Moreover, due to the perfect
foresight of the model, it is possible for it to “cheat”, since it can in an early year invest only in, for
example, DH, and in a later year invest only in, for example, individual HPs, thus achieving a mix of
technologies, which is the goal to forbid the model to do in the first place.

In addition, the DH cost assessment method would not be well suited if the time resolution increases
too much. If the time resolution, for example, is on a daily or even hourly level the DH connection cost
will also be unreasonably low if there is a single, or very few, time slots with much higher heat demand
compared to the rest of the time slots.

As stated in the aim and scope, the results generated by the model are neither predictions of nor
recommendations for future heating systems. The usefulness of the heating system model lies in
allowing one to investigate and analyze the dynamics of heating systems. The finding that for some
housing types, the heating solution consists of a mix of individual technologies is not a commonly used
solution in reality. Allowing mixes of individual heating technologies contrasts with previous studies
[6,7] that have investigated the heating solution of one new housing area by forcing the model to use
one specific heating solution in each modeling run and performing a post-analysis of the modeling
results. The DH supply side development is, however, considered in a dynamic method similar to that
used in this thesis. One of the problems associated with disallowing a mix compared to allowing a mix
of technologies observed for a new housing area [6,7] is that it becomes more difficult to compare the
dynamics of the different heating technologies.
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This thesis uses a method in which more housing is added annually and the costs and prices for several
factors change over time. With this method, it becomes possible to see if new housing added at the
beginning of the modeling period uses the same heating solution as similar new housing added in the
future. This makes it possible to see whether the presence of pre-existing DH supply plants or future
developments of the electricity price differentially affect the heating solutions for housing built in the
near future and housing that is built later. This approach contrasts with that used earlier [6,7] where
the investigated new housing area is added at the beginning of the modeling period. In addition, the
method used in another previous study [5] contrasts with the method of this thesis, in that the cost
data for only 1 year were considered.

The choice of the city/region/country to be investigated could influence the results for the heating
solution due to the latitude or distance to large bodies of water, as these factors affect the outdoor
temperature, which in turn affects the heating demand and distribution. Not only natural aspects
affect the heating sector. For instance, in Luled in the northern part of Sweden, the availability of
industrial waste heat from the steel industry is sufficient for the DH system to cover almost all of its
heat demand from utilizing only that EH. The resulting future heating system in such a city would
probably differ significantly from the results presented in this thesis. Similarly, constructing a DH
system from scratch would incur the cost of a central distribution grid, which is not taken into account
in the papers of this thesis.

Although every case has its own specific preconditions, the methodology used in this thesis is
applicable to other heating systems. The results obtained from the case study in this thesis are
probably generalizable to other systems. However, the electricity price has a strong impact on the
resulting heating solution, which is one of the major challenges to address. However, if other heating
systems have heat load profiles similar to that of the system investigated in this thesis, which is likely
the case for many countries in northern Europe and other places, the results are probably
generalizable to those systems as well. However, as seen in the results, the heat load profile affects
the heating solutions for some types of new buildings. In addition, the investment and running costs
for new DH plants should be similar between countries that already have good expertise in using DH.
This ensures that the results for the development of the DH supply side are generalizable to other
systems as well.

The model uses perfect foresight, which removes any uncertainty about the future. Given the lack of
uncertainty, there is no need to install any reserve power in the DH system. Furthermore, the time
resolution (each time period is 1 month) means that the need for reserve capacity is underestimated
in the model.

It is assumed in both papers that there is no need to make investments in the already existing DH grid
when new DH connections are built. This and the fact that it is possible to install new DH connections
at any capacity and underestimation of reserve capacity give DH somewhat of an economic advantage,
although the “free” upgrade cost of existing grids should be rather low.

When fossil fuels are not phased out, there are new investments in HOBs and increased use of natural
gas in HOBs during the wintertime. This comes from the low investment cost, but the rather high
running cost, of such plants. As the reserve capacity is underestimated, in a “real” system, there would
probably be more investments in natural gas-fired HOBs. However, if fossil fuels are phased out,
instead of natural gas HOBs, there will be greater investment in and increased use of large-scale HPs
for both high and low electricity prices. As there is no scarcity of electricity or heat sources for the HPs,
in this thesis it is found to be cost-efficient to invest in HPs for peak power, although this may not be
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the case for a real-life system. Furthermore, biogas, which could have been used instead of natural
gas, is not available.
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6. Main contributions and conclusions

In this thesis, four aims are articulated, with the fourth aim being to develop an improved
methodology to investigate how in future heating systems, new housing can be heated cost-
efficiently.

A dynamic systems approach is used to address both the supply and demand sides of the heating
system for several decades in the future, and the cost of installing different types of heating
technologies for different types of housing are assessed individually. To investigate how the system
can develop in a cost-efficient manner, a cost-optimizing model is developed in which the heating
solution is not determined beforehand. To be able to compare different heating solutions, the model
is supplied with cost and technological data for different heating technologies, as well as heat demand
data for existing housing and housing that will be built in the future.

The specific costs for many heating technologies are readily available and are used as inputs to the
model, although the specific cost of installing a DH connection to the different housing types is in this
thesis assessed individually for each housing type and used as input to the model. This thesis uses a
method to assess the cost of new DH connections for the different kinds of new housing by taking the
total cost of a DH connection and dividing it by the maximum power load during winter. This gives the
lowest specific cost for apartment buildings, followed by single-family housing with high heat
demands, and finally, single-family housing with low heat demands.

The model reveals that new apartment buildings use only DH, while single-family housing units with
low heat demands do not use DH at all, which reflects quite well the situation with existing heating
systems. However, it is shown that a small difference in the specific cost of DH connections can result
in alternative solutions for housing that involve a mix of heating technologies, i.e., single-family
housing with high heat demands.

The general results from the developed model, in terms of addressing the first three aims, are
described below.

The introduction of a climate policy phasing out the use of fossil fuels in heating systems affects the
DH supply side by decreasing the use of natural gas in existing CHP plants and new HOBs, while
increasing the use of and investments in HPs. The heating solution for most kinds of new housing is
not affected by the phase out. There are, however, some differences in the heating solutions for new
single-family housing with high heat demands. How the heating solution is affected is dependent upon
the future electricity price.

The heat supply of DH is affected by the future electricity price mainly through impacts on investments
in future supply plants. With a low electricity price, the DH supply is dominated by HPs, whereas with
a high price for electricity there is a mix of HPs and biomass CHP plants. The investment cost for CHP
plants is too high for it to be economical for the system to invest in such plants to cover the
intermediate and peak demands. These demands are instead covered by HPs. The electricity price has
almost no effect on the total amount of heat produced in the DH system, as most of the new heat
demand stems from apartment buildings, which are always connected to the DH system.

It is also shown that the heat load profile affects the heating solution for single-family housing with
high heat demands. The comparison is made between a heat load with a higher relative heat demand
during wintertime and a flatter load curve. The general outcome is that the higher wintertime demand
increases the use of individual biomass boilers and DH while reducing the use of individual HPs.
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7. Future work

As described in this thesis, the electricity price exerts a strong impact on the development of the
heating system, as does a climate policy that affects the DH supply side and the heating solution for
some housing types. A system that is dominated by HPs in terms of both the DH supply side and
individual heating options, as in the case where the electricity price decreases, would consume only
electricity to provide heat. From this, several important questions arise.

- Is sufficient carbon-free electricity available during every time period?

- Is sufficient transmission capacity available? What are the consequences of insufficient
transmission capacity?

- Are there wider environmental impacts from increasing/decreasing the usage of biomass in
the heating system?

In Paper |, it is shown that natural gas will continue to be used in CHP plants if so allowed and if the
carbon tax is not increased substantially. There are even investments in new natural gas HOBs. As
natural gas is a fossil fuel, a fossil-free system needs to abolish completely the use of natural gas at
some point. However, from a technical point of view, instead of using natural gas it would be possible
to use biogas, which also consists mainly of methane. The production of biogas is currently limited,
and most of the biogas produced is used in the transport sector. It could, however, be of interest to
study how much biogas production could be increased and how strong the willingness to pay would
be for a future heating system.

One aspect that is seldom incorporated into the kind of modeling used in this thesis is how the role of
reserve capacity can be assessed. One of the core issues is that for a model with perfect foresight
there is never any need for reserve capacity, since the model knows exactly what is needed and when.
Reserve capacity would never be added because that would simply create an economic burden. The
solution would be to avoid requiring the model to always have a certain amount of reserve capacity
available, and this solution is never used. What the model would do in that case would be to invest
exclusively in the technology with the lowest investment cost, since the fuel and O&M costs would
not matter. One way which could be used handle this issue would be to perform a large amount of
modeling runs where the input data is varied according to stochastic methods, but the issue could
probably be handled in other ways as well.

Another topic that warrants investigation, especially in the context of Sweden, is the extent to which
heat consumers are willing to decrease their heat usage through behavioral changes (as opposed to
technical solutions). While this has been partly investigated previously [4], the results have not been
placed in a systems perspective. Many Swedish consumers who live in apartment buildings do not pay
directly for their heat, as the cost is included in the rent. If economic incentives were introduced for
consumers to decrease their heat usage, this could have implications for the system. In particular,
since a decrease in heat usage would probably not only affect the total heat demand, but also the
heat demand load profile. Even though it is cost-effective to connect apartment buildings to the DH
grid, the flatter heat demand curve could affect the DH supply technologies.

Closely related to this is the issue of improving the insulation of already existing housing. This is not
only interesting from the systems point-of-view, as investigated in [8] , but is also relevant for
consumers. If consumers improve the insulation of their dwellings, they will pay less for heating.
However, in a model such as that used in this thesis, it is the cost of producing and distributing heat
that is minimized. If the price of heat for the consumers is not the same as the cost of producing this
heat, which is often not the case (see, for example, [21]), the cost saving achieved by improving
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insulation will differ depending on the economic view applied. Therefore, the answer to the question
as to how much the heat demand can be decreased in a cost-efficient manner by improving insulation
is different depending on the economic view. To complicate matters further, when improvements are
made to insulation, they are often carried out at the same time as other more-extensive maintenance
is performed, which means that it is unlikely that, in the short term, insulation will not be improved in
the present housing stock. This topic is included as a sensitivity analysis in Paper Il, in which some
changes to the results can be seen from Year 2040 onwards if the electricity price decreases and the
EH level increases, although the cost of the insulation is not included and there is no flexibility as to
how much or when the demand is reduced.

It would be of interest to see how the heating system reacts to limitations in the transmission grids.
This topic has been investigated previously [33] for an interconnected energy system with several
energy sectors, albeit for only a single year in the future. Building CHPs would increase the level of
electricity produced locally, thereby mitigating the transmission capacity problem. It is also common,
for energy supply security reasons, to build CHP plants within city limits so that it is possible to produce
electricity if there are production or transmission problems outside the city. Large-scale HPs usually
have a higher COP compared to individual HPs, which means that they have the potential to limit the
use of electricity. Here, it is important to note that there may be resource limitations for large-scale
HPs as well. In this thesis, sewage water has been used as the heat source, which is limited in reality.
Using other heat sources, such as ground-source HPs, is technically possible, although the economics
of such solutions are uncertain. While improvements to the insulation of existing housing have not
been investigated in this thesis, such changes could also affect the heating solution, thereby affecting
the need for electricity.
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