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Abstract
To answer the challenges presented by climate change, all aspects of our energy systems
have to carry out a rapid transition towards decarbonisation. This is especially true for
the heating sector that has relied heavily on fossil fuels in the past. District heating
systems have been traditionally praised for their efficiency, but replacing old fossil fuel
based CHP plants is an ongoing challenge as new CHP investments are running into
issues with profitability and the sustainability of renewable options such as biomass can
be considered questionable.

Small modular nuclear reactors are one of the potential sources of CO2-free district
heat production. In this thesis, the suitability and cost-effectiveness of these plants
for district heating is evaluated both through literature review and scenario modelling.
There is potential for nuclear district heating in multiple regions including Finland and
Poland. The technical aspects of small modular reactors seem promising but there is still
significant amount of uncertainty both around their costs and deployability. Nevertheless,
the initial results seems promising. The scenario modelling assesses the investment in
300 MWdh of new district heating capacity in the Helsinki Metropolitan area in 2030
either as a CHP plant or as a heat-only boiler.

The small modular reactor with data based on the NuScale reactor fared well against
most other options. The preliminary results indicate that a heat-only boiler using the
technology would be a fairly profitable while investment in a CHP plant would rely
heavily on the form that future electricity markets take. In both cases, the potential
investments will still rely on the development of multiple factors, especially the cost of
capital.

Keywords small modular reactors, nuclear power, district heating, scenario modelling,
investment analysis, energy policy, energy systems
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Tiivistelmä
Ilmastonmuutoksen haasteisiin vastaaminen tulee vaatimaan energiasysteemeiltä no-
peaa muutosta kohti hiilineutraalia tuotantoa. Tämä muutos on erityisen tärkeä pitkään
fossiilisiin polttoaineisiin perustuneelle lämmön tuotannolle. Kaukolämpöjärjestelmät
mahdollistavat jo nyt varsin energiatehokkaan lämmöntuotannon, mutta investoinnit
uuteen tuotantokapasiteettin eivät ole täysin ongelmattomia. Investoinnit lämmön ja
sähkön yhteistuotantoon ovat olleet jo jonkin aikaa haasteellisia tuottavuuden kannalta
ja joidenkin perinteisesti hiilineutraalien tuotantomuotojen, kuten biomassan polton,
kestävyyttä on alettu kyseenalaistamaan.

Yksi potentiaalisista CO2-vapaista kaukolämmönlähteistä ovat pienet modulaariset ydin-
reaktorit. Tämä diplomityö pyrkii arvioimaan näiden laitosten taloudellisuutta ja sopi-
vuutta kaukolämmöntuotantoon niin kirjallisuuskatsauksen kuin skenaariomallinnuk-
sen kautta. Vaikka laitoksiin ja niihin liittyvään dataan liittyy vielä huomattavat määrät
epävarmuutta, alustavat tulokset laitosten potentiaalista esimerkiksi Suomen ja Puolan
markkinoille ovat lupaavia. Työn skenaariomallinnus pyrkii arvioimaan näistä Suomen
markkinoita analysoimalla vuodesta 2030 eteenpäin investointia yhteistuotanto- tai läm-
pölaitokseen joka tuottaisi 300 MW kaukolämpötehoa pääkaupunkiseudun verkkoon.

Tässä tarkastelussa NuScalen reaktoriin pohjautuva modulaarinen ydinvoimala pärjäsi
varsin hyvin muita harkittuja vaihtoehtoja vastaan. Alustavat tulokset osoittavat, että puh-
taana lämpölaitoksena investointi voisi olla varsin tuottava. Lisäinvestointi lämpölaitok-
sesta yhteistuotantolaitokseen taas on huomattavasti epävarmempi ja sen kannatta-
vuus riippuu pitkälti sähkömarkkinoiden kehityksestä. Vaikka alustavat tulokset ovatkin
lupaavia, vaativat tarkemmat johtopäätökset parempaa dataa pienistä modulaarisista
ydinreaktoreista sekä kaukolämpöjärjestelmien ja esimerkiksi pääoman kustannusten
kehityksestä.

Avainsanat pienet modulaariset ydinreaktorit, ydinvoima, kaukolämpö,
skenaariomallinnus, investointianalyysi, energiapolitiikka, energiasysteemit
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1 Introduction

1.1 Background
The Paris climate agreement of 2015 could be considered a historical deal that provides a
glimmer of hope that a rapid transition towards more sustainable energy systems could be
achievable. At the same time, the agreement only provides a rough outline for limiting the
global warming to under 2oC and even that goal will be highly challenging [1]. With the
threat of climate change looming ever larger, any and all means of cutting back emissions
should be considered seriously. As heat demand accounts for more than half of the global
final energy consumption [2], the field will have a critical role in the coming years. In
this context, district heating (DH) can potentially rise to a more prominent role in the
future as at least in the EU, it has been recognized as one of the sources of increased
energy efficiency and decarbonisation [3]. In the Nordics, district heating systems are
fairly commonplace already comprising 43% of the total heating market [4]. Even so,
the decarbonisation of these systems has proven challenging as the efforts so far have
been heavily based on increasing the share of biomass. As this has happened alongside
the increased use of biomass as a material for transport fuels and other products, the
sustainability of this development has been questioned in some markets [5].

At the same time, small modular reactors (SMR) have risen to some level of prevalence as
a potential source of CO2 free energy in both the field of nuclear technology and public
discussion. While the technology is not yet applicable on a larger scale, the potential
advantages these plants could achieve in comparison to traditional large scale nuclear are
numerous. While nuclear plants have been used for district heating even in their more
traditional forms, they have been partly limited by their large size, safety considerations
and other factors. If SMRs can fulfil the expectations placed on the technology, they could
be a highly valuable tool for the decarbonisation of heating.

1.2 Main research question and methodology
The aim of the thesis is to evaluate under which conditions, if any, SMRs would be a
valid choice for energy production in the chosen markets beyond the year 2030. SMR
technology shows promise when it comes to making nuclear energy a more versatile
production form, but the question of price does remain. The two main areas of interest for
evaluating the market validity are the choice of technology and production type and the
market assumptions.

Unlike traditional nuclear power that is mainly focused on baseload production, SMRs
could also be utilized for load following, CHP or pure heat production for district heating
or process use. Special attention will be paid to the possibility of utilizing SMRs for the
decarbonisation of the heat production. For reactor design, the thesis will mostly focus on
the NuScale SMR while also highlighting some other designs.

To properly assess SMR technology and its possibilities, it is critical to have a proper
understanding of the energy system around the possible new plants. The thesis will attempt
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to present the basics of the future energy systems with a focus on Northern Europe. The
analysis of the energy system begins on an overall system and policy level outlook based
on the IEA World Energy Outlook [2]. Moving on, the EU and national level policies and
the characteristics of the individual energy systems are considered based on available data
with the basis formed around the Nordic Energy Technology Perspectives 2016 [4].

To fully evaluate the individual energy systems, the thesis will also present the basics of
the different production forms and other aspects of the energy system with focus on how
these interact with each other and especially with SMR plants. The same information is
presented for SMRs and based on this groundwork, a scenario analysis is performed to try
to answer the main research question of the thesis: In what kind of markets utilizing which
technologies and under which assumptions would SMRs be financially appealing?

The scenario analysis is performed using two separate models. The first model built for this
thesis attempts to evaluate how the hourly heat demand would be fulfilled by utilizing a
production mix based on the system data collected in the previous sections. The secondary
model supplied by Fortum is then used to evaluate the investments in individual plants
based on the production hours gained from the first model. The data gained from this
model is then used to evaluate the opportunities and challenges of SMR DH production and
deployment in comparison to other possible production forms. While the full evaluation
of this question would require a much deeper evaluation of electricity systems, potential
developments in the field and numerous other aspects, the scope of this thesis in the
scenario evaluation is almost fully focused on the heat production. The results achieved
by the analysis are by no means definitive, but function as initial results and as a potential
base for further evaluation.

1.3 Structure of the thesis
The Structure of the thesis is primarily divided into two parts, literature review and the
scenario analysis, with sections 2-3 focusing on literature review and the theoretical
background of the thesis. Sections 4-5 present the models used for the scenario analysis,
the data collected for the model and the primary results of the scenario runs. These are then
analyzed further in section 6 with section 7 functioning as the summarization of the thesis.
In section 2, the primary new technologies under consideration are presented. After laying
out a groundwork on traditional nuclear energy, the section focuses on the development of
SMRs and specifically the technical side of the NuScale SMR based on the data currently
publicly available on these plants while also shortly going through the basics of district
heating and its possible future developments.

In section 3, the most important changes to the energy sector on multiple levels are pre-
sented through literature review. Starting from a global level, the most important worldwide
energy trends are recognized and evaluated from the viewpoint of SMR deployment. This
is followed by an evaluation of the energy sector in the EU and the possible policy paths
the union is expected to take. Finally the same evaluations are performed on the countries
the possible SMR deployment is considered in: The Nordics and Poland.
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In section 4, the overall scope is fully focused on presenting the models used for the
scenarios and the data utilized in them. The basic equations behind the models are gone
through first followed by the presentation and evaluation of the fuel data sourced for the
model. Furthermore, all of the plant data used is presented in numerical form. The accuracy
of this data is analyzed alongside any other considerations that could be relevant for the
plant in question including fuel sourcing, siting, load following capacity and so forth.
While these cannot necessarily be taken into account in the models directly, they are taken
into consideration when analyzing the results.

In section 5, the models are used to run multiple variants of the scenario under consideration
including a sensitivity analysis. The section first focuses on the scenario specific data
before going through the results gained from the models. These results are then further
evaluated in section 6 alongside an analysis of the faults most likely found in the scenarios.
The results are then tied to the larger picture presented in the previous sections of the thesis
in an attempt to answer the main research question and finally the findings of the whole
thesis are summarized in section 7.
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2 Nuclear, SMR and district heating technology

2.1 Basics of nuclear energy
At the moment nuclear energy is responsible for around 11% of the world’s electricity pro-
duction making it the 4th largest production form after coal, gas and hydro [2]. Compared
to the other forms of energy production, nuclear energy has certain specific characteristics
that set it apart, mainly its role as baseload production, the focus on safety and the licensing
process for new plants.

The current nuclear fleet is mostly comprised of 2nd generation light water reactors with
more modern generation III and III+ reactors slowly starting to become more common.
Generally speaking most nuclear power plants (NPP) are based on the same basic principle
of heating water using the energy from a controlled fission reaction. Some reactor designs
currently in use utilize gas, heavy water and graphite as coolants/moderators but the
majority of the NPPs currently in use are light water reactors that use water as both coolant
and moderator. These are further divided into pressurized water reactors (PWR) or boiling
water reactors (BWR). For fuel, both of these usually use UO2 pellets enriched to 3.5 -
5% U-235 arranged into fuel rods. The main difference between the two NPP types is
the number of the circuits. BWRs use a single circuit arrangement where the water boils
inside the reactor and is driven directly to the turbine. PWRs have a primary and secondary
circuit with the primary circuit operating under a high enough pressure to keep the water
from boiling. Separate steam generators are used to heat the secondary circuit water that is
then used for the power production. The high pressure of the primary circuit also allows
the use of boron for reactivity control as the BWR designs only utilize control rods.[6]

NPPs are traditionally run at an as high as possible capacity factor. The reasoning behind
this is twofold. Nuclear plants are generally speaking capable of load following, but it
does present some challenges when it comes to, for example, fuel optimization [6]. The
main reasoning behind NPPs being used as baseload is still purely economic. The plants
are extremely capital intensive to build, but inexpensive to run. This is shown quite clearly
when looking at the levelized cost of electricity (LCOE) for nuclear generation with capital
costs accounting for at least 60% of the LCOE for new NPPs in 2017. As a comparison,
the share of investment in the LCOE is approximately 40% for coal and 15% for gas power
plants.[7, 8]

The safety requirements for NPPs are one of the reasons for the high capital costs. Nuclear
technology is always inherently risky on some level and high quality safety systems and
control equipment are necessary for the safe operation of an NPP. This has been especially
true after the Fukushima accident as multiple governments and organizations around the
world tightened regulation and performed stress tests on their plants.[9]

The inherent risk associated with nuclear technology is also part of the reason behind
the licensing and regulation processes required for new and existing plants. The IAEA
recommendation is that control of nuclear power installations should be granted to an
independent authority and this authority should also hold the formal licensing power. How
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closely this recommendation is followed varies from country to country. USA and Canada
for example have fully independent regulatory authorities while countries such as Japan and
Germany utilize government-integrated regulators. Some, like the UK, use a mixed case
where the authority is strongly connected to the government, but still remains independent.
In the Finnish case, all licensing decisions go through the government and its bodies. The
council of state, after a consultation process with various authorities and stakeholders,
issues a "decision in principle". This decision is then either approved or rejected by the
parliament.[10]

These kinds of licensing and regulation procedures also generally mean that nuclear energy
will always have a political aspect to it, more so than other production forms. It should also
be noted that in most countries, these procedures were originally written for large NPPs
with a single reactor core and thus, the licensing procedures will need to be updated for
SMR plants consisting of multiple reactor cores to be viable. This thesis will consider the
licensing issue as a solvable policy problem and focus on the techno-economical aspects
of SMR viability.

2.2 Small modular reactors
At the beginning of the 21st century the concept of nuclear renaissance was beginning
to build speed and nuclear energy was seen as a potential answer to the decarbonisation
of energy production. This thinking ran into some issues rather quickly with the rising
capital costs of large NPPs and the safety concerns brought on by the Fukushima incident
in March 2011.[11]

One potential source for a solution to these issues was found from SMR designs. Small
modular reactors are defined by the IAEA as advanced reactors that produce electrical
power up to 300 MWe and are designed to be factory-build and shipped complete for
installation [12]. Compared to the traditional large NPPs, SMR designs are expected to
bring forth advances both in terms of plant safety and economics. The combination of the
smaller scale and the simplified designs allow for the easier utilization of passive safety
systems lessening the plants reliance on active safety systems and operator intervention in
accident conditions. The small size and modular designs also enable in factory fabrication
of the reactor core and containment. This can facilitate the implementation of higher quality
standards for fabrication and over time, allow a reactor design to utilize the economies
of scale to drive down manufacturing costs. The small size and modularity of the design
also opens up some new options for siting. The reactors themselves can be installed in
sub-grade locations, either underground or underwater, for enhanced safety and a single
site could hold multiple reactors. This would also mean that a site could be expanded
over time to increase the number of reactor modules in response to generation capacity
requirements. The factory build modules can also cut down the construction times for
new NPPs. Naturally smaller reactors also have smaller radioactive inventories and the
modular nature of the units could allow for the removal of the complete reactor module for
decommissioning.[13]
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While the list of advantages for SMRs is long, there is still a number of issues to be solved
before large scale deployment can be considered. Some of the issues requiring further
research and development include PSA development for common cause failures, control
room staffing and operation procedures for multi-module plants and emergency planning
zone sizes for SMR plants. Similarly to the licensing, this thesis presumes that these are
solvable issues.[14]

SMR designs can be divided into a number of subcategories. IAEAs 2014 booklet on
SMR designs focuses purely on light water and gas cooled reactors and lists around 30
designs [12]. The unofficial 2016 edition of the same booklet also includes fast neutron
spectrum and molten salt SMRs and increases the number of designs to nearly 50 [15].
This thesis will mostly focus on integral PWR(IPWR) designs while also taking a look at
some high temperature gas cooled reactor(HTGR) designs and a pool-type reactor. The
main focus of the thesis will be on the NuScale SMR design. This decision is mainly due to
the information available, the maturity of the technology and consideration of the licensing
process that will most likely favor solutions based on a technology already in widespread
use. It should also be noted that since the conversation is mostly about technology that has,
for the most part, not seen actual application yet, most of the information available is based
on the data given out by the manufacturers and designers of these plants. Some of the data
points, especially when it comes to the economics of the plants, should be considered also
from the point of view of marketing.

2.2.1 Current status of development
The current status of SMR deployment is rather varied with some early designs being
built at the moment while others are still in early conceptual development. This is better
visualized in IAEAs timeline seen in figure 1. At the moment, the potential commercializa-
tion and deployment of SMR technology is expected to start between 2025 - 2030 with
the large scale deployment most likely happening sometime after 2030 [15]. The three
reactors currently under construction differ significantly from each other. CAREM-25 is
an Argentinian 27 MWe IPWR prototype for a future commercial version with an output
of 150-300 MWe. The design was originally presented in 1984 as one of the first new
generation reactor designs. Actual construction in Argentina began in 2014 and the reac-
tor is planned to be brought online in 2019. Outside of power generation, the design is
potentially considered for desalination purposes.[13]

KLT-40S is a Russian PWR design based on the KLT-40 marine propulsion plant used in
ice-breakers and meant to be used in barges as floating power plants. Designed to provide
power to remote locations, the design runs on a 3-4 year refueling cycle with onboard
refueling. The plant can produce up to 38,5 MWe of electricity or 35 MW of both heat and
electricity. While the design itself is a rather traditional four loop PWR that uses forced
circulation for cooling, the emergency cooling of the plant relies on natural convection.
The first plant is currently expected to be completed in 2018 and to begin operation in
2019.[13]
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The Chinese HTR-PM is the most advanced design out of the three currently under
construction. Based on the HTR-10 pebble bed HTGR, the HTR-PM is a commercial
demonstration unit with electricity output of 210 MW. The design incorporates two reactor
cores driving a single turbine with the basic design allowing the number of reactor modules
to be increased further for larger power output. The safety design relies mostly on the
passive safety features and the performance of the coated particle fuel pellets. The first of
the vessel heads was installed in place at the end of 2017 and the operation of the plant is
presumed to start during 2018.[12, 16]

IAEA’s evaluation of designs ready for near-term deployment already features a more
robust set of different reactor technologies. Reactors currently certified or at advanced
stages of design include both more advanced IPWR designs and early 4th generation reactor
types such as the Japanese sodium cooled fast reactor 4S and the Russian lead-bismuth
cooled fast reactor SVBR-100. The amount of SMR designs for long-term deployment
is notable with a number of conceptual designs that need large amounts of work being
proposed.[14]

Figure 1: IAEA’s estimated timeline of SMR deployment.[14]
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2.2.2 NuScale

The NuScale Power Modular and Scalable reactor is a 160 MWt, 50 MWe
1 IPWR design.

The development of the original preliminary design, the Multi-Application Small Light
Water Reactor, was completed in Oregon State University in 2003 in collaboration with
Idaho National Engineering Laboratory and Nexant-Bechtel and NuScale Power Inc. was
formed to commercialize the project in 2007.[18] The backing for the project has grown
over the years with Fluor Corporation buying a major share of the company in 2011 and
companies like Rolls-Royce joining the venture later on. The company sent the application
for the US design certification in 2017 and the process is expected to extend at least until
2020 with the final safety evaluation report currently scheduled for September 2020 [19].
NuScale noted in April 2018 that they were on schedule when it comes to the application
process which should result in approval by 2021. The company also noted that they were
working on their supply chain and hoped to have their first module fabricated in 2020.
The first full 600 MWe plant is currently scheduled to be delivered in Idaho by 2026. The
company is also aiming to deploy a plant in the United Kingdoms in the 2020s and has
started to build a supply chain in the country that could potentially deliver 85% of the
content of the final plants. [13, 20, 21]

A single NuScale reactor module consists of the reactor core, two steam generators and the
reactor pressure vessel (RPV) inside a high strength steel containment vessel 24,6 m long
and 4,6 m in diameter. The build of the reactor module is better presented in appendix
1. The reactor core consists of reduced length (2 m) but otherwise standard PWR fuel
assemblies and control rod clusters. The fuel is UO2 enriched to 4,95% with Gd2O3 mixed
homogeneously into select rods to act as a burnable absorber. The two helical coil steam
generators are located between the hot leg riser and the outer shell of the RPV. Both have
their individual feedwater inlet and steam outlet lines. The upper part of the RPV features
a set of pressurizer heaters providing pressure control. The core cooling is based fully
on natural circulation. The water heated by the core rises upwards through the hot leg
riser due to its low density and is turned downwards towards the steam generators near
the pressurizer. As the water is cooled at the steam generator, its density increases and
it is driven back towards the core. The only moving parts in the reactor are the control
rods. This eliminates multiple components such as pumps and valves from the reactor
module bringing a new level of simplicity to the design that enables advancements in both
nuclear safety and economics. The full reactor module can be prefabricated in a factory
and shipped complete to the plant site.[18]

The individual reactor modules are installed into a pool of water located below grade. The
concrete pool lined with stainless steel serves a multitude of roles: It provides a heat sink
large enough to absorb the full amount of decay heat from a mature core for 30 days, it can
dampen the effects of possible seismic events and it provides an additional layer of fission
product barrier. In addition it also functions as an extra layer of both radiation shielding

1The original electrical capacity given in most papers was 45 MWe which had been updated to 50 MWe
gross at some point during development. In June 2018, the power level was further updated with an increase
of 20% and the electrical capacity was updated to 60 MWe [17]. This latest change was not taken into
account in this thesis.
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and physical security. [18]

The design based on natural circulation also extends to the safety systems. NuScale
modules feature two redundant passive safety systems for emergency cooling: The Decay
Heat Removal System(DHRS) and the Emergency Core Cooling System(ECCS). The
DHRS utilizes either of the steam generators to transfer the excess heat from the reactor to
the containment pool. In the case that the steam generators are unavailable, the ECCS is
taken into use. The system is based on two pairs of valves, one pair on the reactor head and
another on the side of the RPV. By opening the top valves, the water heated by the core
can escape into the containment as steam. This steam then condenses on the containment
vessel surface and as the now condensated water reaches the level of the side valves, they
are opened to direct the now cooled water back into the RPV and reactor core. This ensures
natural circulation cooling that also uses the reactor pool as a heat sink. The valves are
meant to open passively in the case of loss of power meaning that the reactor cooling should
be ensured even without AC or DC power, operator intervention or additional water.[18]

The safety design is further enhanced by the fact that the integral design should eliminate
any kind of large break loss-of-coolant accidents. The high pressure containment also
provides multiple safety enhancing features. In normal operation, the containment is in a
vacuum state significantly reducing the heat loss from the RPV. During accident conditions,
the vacuum both improves the steam condensation rates and prevents the creation of
combustible hydrogen. Furthermore, the vacuum means that the need for corrosion or
humidity control inside the containment is mostly eliminated.[18]

Figure 2: A cut-away of the NuScale plant reactor building.[22]

The NuScale reference plant design is based on up to 12 fully independent modules on a
single plant site focusing fully on electricity production. The 12 module plant is designed
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to generate 600 MWe. The structure of the reactor building is shown in figure 2 and the
whole plant can be seen in figure 3. The reactor pool features 12 slots, 6 on each side, for
individual reactor modules. The pool also features the equipment necessary for refueling
the modules and the partly separate pool for spent fuel.[18]

The full plant has 2 separate turbine buildings with each individual reactor module using
their own dedicated turbine generator. The 50 MWe steam turbine generators are conven-
tional, widely available and small enough to only require air cooling. The combined design
choices of the pool and the dedicated power trains allow for the continuous operation of
the plant while individual modules are taken offline. This is advantageous from multiple
viewpoints as it allows you to, for example, refuel or perform maintenance on a single
module while the other modules still produce power. This can potentially improve the
economy of the plant as it can in part eliminate the long yearly maintenance shutdowns of
larger traditional NPPs. The refueling interval given by NuScale is 24 months while they
also claim that the plant is capable of 48 month fuel cycle.[18, 22]

Figure 3: An overview of the 12 module NuScale reference plant.[22]

Similarly the multi module design allows single reactors to be taken offline as one of the
options for load following. The design also incorporates multiple other features meant to
enhance the load following potential of the plant. Maneuvering reactor power allows for
intermediate period control of the plant output. A single reactor module can be dropped
down to 40% power with only the control rods minimizing the adjustments to boron
concentration in the coolant. The multi module nature of the plant can also be taken
advantage of here as the staggered refueling pattern of the plant will generally mean that
there are always modules available near to their beginning of life which are easier to use for
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reactor power maneuvering. The condenser in the dedicated power train is also designed
to withstand full turbine bypass to allow for rapid responses to load variation. The power
maneuvering does still bring forth multiple challenges for the operation of the plant as
frequent power cycling will most likely cause additional stress to components and require
increased focus on reactivity control. The extra stress on the fuel should also be taken into
account both in design and when considering the refueling schedules. While the turbine
bypass is a fairly simple method of control technology-wise, it does require the cooling
capacity to be tailored for the purpose and extra consideration on how to run the plant from
an economic viewpoint. [23]

2.2.3 Other SMR designs
As mentioned earlier, the focus of the thesis is on the NuScale SMR, but other IPWR
designs share many of the same features and advantages that make the NuScale design
promising. This is true especially for the passive safety systems and the advantages brought
on by the multi module nature of the plants. A small sample of these will be presented
here mostly to note that the NuScale SMR is not the only option available. As an example,
the Chinese ACP100 is fairly similar to the NuScale design on the surface level. As an
IPWR, the design features integrated steam generators, but still uses an external reactor
coolant pump and pressurizer. The reactor can still be passively cooled for 3 days without
operator intervention and for 14 days by utilizing a cooling pool drained by gravitational
force. The reactor modules are installed below grade with up to 8 modules comprising a
single plant. A single module produces 385 MWth which translates to roughly 125 MWe.
The design is fairly far along with at least three currently ongoing projects, one of which is
a marine version of the design stated for 2019 operation.[13, 12]

OKBM Afrikantov’s RITM-200, developed to replace the KLT reactors mentioned previ-
ously, is also an IPWR design originally meant for nuclear icebreakers, but also planned
for use in more traditional energy production. The plant produces 175 MWth or 50 MWe
using a reactor design that features four separate coolant loops with external pumps and
both active and passive safety systems. Originally meant for icebreakers, the reactor uses
fuel enriched up to 20% with a 5 to 7 year refueling cycle. The first vessel using the reactor
is expected to be taken into use in 2019.[13, 12]

Not all light water based designs are PWRs as proven by GE Hitachi’s BWRX-300, a small
300 MWe BWR design based on the company’s Gen III+ ESBWR design. There is data
on several BWR SMRs under GE Hitachi’s name and while the details under the current
name are sparse, the company has claimed the design to be extremely affordable at 2250
$/kW for a nth of a kind (NOAK) plant [13]. While this number is fairly questionable at
least with the amount of data available on the plant, China’s plans for pool-type reactors
for heat production could potentially realize cheap nuclear DH. The initial design is for a
400 MWth plant with a reactor core submerged in a deep underground reactor pool. This
configuration is then used to produce 90oC DH supply. As the design does not have to take
into account pressurization or a large number of safety components, the initial price point
for the plant is presumed to be around 200 M$. At the same time, the plant should be fairly
safe through passive means.[24]
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While not necessarily SMRs, the promise of the pool-type reactors is fairly evident in
their simplicity for the same application the NuScale SMR is used for in this thesis. There
are still a number of questions around the plant type, some answerable by the possible
commercialization in China if the potential pilot project succeeds. While pool-type reactors
have been in operation in the areas discussed in this thesis, the reactors have mostly been
small research reactors meaning that licensing a large scale plant for heat generation could
be challenging [25]. The temperature of DH the pool-type reactor can supply could also
be considered an issue, but this might change in the future as discussed in section 2.3.

Out of the 4th generation reactor types proposed, gas cooled reactors are the most likely to
see fairly fast deployment. Beside the HTR-PM discussed in section 2.2.1, the GTHTR300C
developed by a Japanese consortium led by Japan Atomic Energy Agency is also aimed
for near-term deployment. The design is based on three pressure vessel units housing the
reactor core, gas turbine and heat exchangers in a single loop producing under 600 MWth
with a power generation range between 100-300 MWe. As the helium coolants temperature
ranges between 850-950oC, the design is utilizable both in process heat production and
more efficient power or CHP generation. Due to the higher temperature and the elimination
of steam generation from the primary turbine cycle, efficiencies of 45-50% are achievable
for power generation. Similarly to the HTR-PM, the reactor is claimed to be inherently
safe through the combination of the inert coolant, ceramic coated fuel particles that are
designed to withstand temperatures up to 1600oC and the graphite reactor core design.[12]

2.3 Basics of district heating
District heating is often seen as a key technology towards more sustainable energy use as it
allows the utilization of a more extensive range of heat sources such as the wider use of CHP
compared to individual heating systems. While the technology is fairly widespread in some
areas comprising between 40% to 60% of the heat market in the Nordics and the Baltic
states, the overall share in Europe for example is only 13%. While EU roadmaps have noted
the opportunities offered by DH, the scenarios still often revolve around electrification and
energy efficiency. Yet as Connolly et al. note, similar results in terms of sustainability of
the energy system could be achieved through the wider use of district heating at a lower
price point.[3]

The technology has its original roots in the 1880s when steam was first utilized to transport
heat to residential and service sector buildings. Currently the systems generally in use are
referred to as 3rd generation district heating originally introduced in the 1970s. The basic
technology is fairly straightforward with networks built with buried pre-insulated steel
pipes that are used to carry pressurized hot water, often at below 100oC temperatures, to
the end users through plate heat exchangers. The water temperatures may vary based on
the demand and season with the Finnish supply temperatures for example ranging between
65oC and 115oC [26]. The heat is usually supplied by CHP or HOB plants utilizing a
variety of fuels from fossil fuels to biomass.[27]

While district heating is a fairly established technology, it will be developing further in the
following years. The article by Lund et al. defines the 4th generation of DH as a system
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that is better able to answer the challenges presented by a variety of sources including
higher shares of renewables in power systems and more energy efficient buildings. While
the basic principles of the technology are going to remain similar, there are some important
differences. The most significant change is going to be the continued drop in the supply
temperature of the water to a range of 30oC to 70oC. This is partly due to the presumption
that the increased energy efficiency of buildings reduces the required temperature level.
At the same time it will open up the production side of DH to more low temperature
sources while increasing the efficiency of existing production forms. Most likely this will
mean better utilization of waste heat and heat pumps while also opening up possibilities
for previously unusable heat sources including the pool-reactor presented in the previous
section. [27]

When considering future district heating systems, district cooling (DC) should also be
taken under consideration. The advantages of the wider utilization of the technology are
similar to the advantages of district heating as the centralized production can reduce the
amount of energy used. The scale of demand is still fairly small compared to the heating at
least in Europe as the EU energy efficiency scenario presumed the cooling demand to be
about 15% of the heat demand. This does still produce opportunities for heat pumps that
are expected to produce 50% of the supplied DC in the study.[3]

As large physical infrastructures, both networks are often considered fairly classic natural
monopolies. At least in Finland, this generally results in a local monopoly where both the
distribution and production are owned and controlled by the same company [28]. This
brings forth some additional considerations when considering the addition of a nuclear
SMR into an existing network as the investor would most likely need to be an existing
operator in the field.
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3 Future energy systems, policy and markets

3.1 Global outlook for energy
This thesis bases most of its global future outlook on the New Policies scenario presented
by IEA’s World energy outlook 2017. As the main scenario of the outlook, it aims to assess
the effects of the current energy policies in place as well as the effects of policies that have
only been announced. The Scenario results are given up to the year 2040 which seems
appropriate when considering the fact that the first major deployment of SMRs is most
likely going to be seen in the regions under our consideration between 2030-2040 [14, 29].
The scenario is also mostly based on current technology and does not take into account
emerging technologies like SMRs. It should also be noted that the numbers for the year
2016 used here are best estimates and not definitive final results.

The global energy sector is going through a major upheaval that is at the same time
extremely necessary, but advancing at a pace that might be too slow to properly respond to
the challenges ahead. Climate change continues to be one of the largest threats visible to
us at the moment and while the Paris climate agreement ratified in 2016 provides a basis
moving forward, it is questionable if the actions outlined in the agreement are meaningful
enough in practice. Most likely the window to limit the global average temperature rise to
below 1,5oC is already closed and even limiting it below 2oC seems challenging.[30, 1]
Electricity and heat production are by no means the only sectors that require our focus when
it comes to combating climate change, but moving towards a carbon neutral power sector
and more efficient end use of energy are still highly important goals in which every single
low-carbon production form should be utilized. This is also an important opportunity for
SMRs, especially when it comes to the use of the technology for heat and CHP production.

Figure 4: The world primary energy demand in Mtoe in the new policy scenario[2]

As the world population and the global economy grow, so does the need for energy. While
advances in energy efficiency can limit the growth, the primary energy demand will still
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rise from 13760 Mtoe in 2016 to 17584 Mtoe in 2040. Primarily the growth will be from
developing economies in Asia, Africa and Latin America with India representing almost
30% of the global growth. Figure 4 presents how the shares of different energy sources
evolve over the 24 year period. Unsurprisingly, the primary energy demand will still mostly
be satisfied by fossil fuels in 2040. It should still be noted that while the absolute amount
of coal is growing by almost 200 Mtoe, renewables, nuclear and the relatively clean gas
are overtaking it in growth.[2]

While the primary energy demand is still mostly fossil fuels, their share in electricity
generation will have been reduced to almost half of the overall generation by 2040 under the
new policies scenario as seen in figure 5. While this is in part highly positive development,
it should be noted that the overall electricity demand rises by 60% by 2040. While the
absolute amount of coal production rises here too, its share of the overall production drops
dramatically while the amount of oil is also halved. The most significant growth can be
found in wind, solar photovoltaics and gas. Nuclear sees a significant rise as well, but this
growth can mostly be found in a limited number of countries and its share of the overall
production remains at around 10%. It should also be noted again that the outlook only
consider traditional large scale NPPs.[2]

Figure 5: World electricity generation in TWh in the new policy scenario[2]

Many of the above developments have their roots in part in the four major trends recognized
by the IEA outlook. While these trends are global, they have major implications on possible
SMR development in our areas of focus as well:

• The costs of major low-carbon technologies are declining. The average LCOE
for solar PV has gone down 70% from 2010 to 2016 with projected additional
reduction of 50% by 2030. In the same timeframe, wind power has seen an LCOE
reduction of 25% with an additional expected reduction of 15% for onshore and 30%
for offshore by 2030. These numbers indicate that new wind power, for example,
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would have a lower LCOE than a new gas-fired CCGT by 2025 in Europe. While
these developments are significant, it should nevertheless be noted that the value
proposition for new intermittent generation can start to decline as it reaches a high
enough level.[2] Until that potential decline starts, it should be noted that investments
in nuclear electricity or CHP production will most likely lose to renewable generation
when it comes to LCOE comparison. This does not necessarily mean that the
investments would not happen as intermittent generation will still need balancing
power.

• The importance of electricity in global energy use is rising. Due to structural
changes and the electrification of new end uses, the share of electricity in primary
energy demand in the new policies scenario is expected to grow from the current
18,7% to 23,2% by 2040. This growth is primarily driven by developing economies
where new industrial motor systems and the electrification of heating are driving the
growth in industrial electricity use. Outside of industry, the growth is mainly found
from the rising middle class and the universal access to electricity. In advanced
economies a large amount of the potential growth is circumvented by advances
in energy efficiency. Growth is still seen from, for example, the electrification of
heating and transport.[2] This could potentially decrease the demand for heat and
CHP in the markets considered here as well.

• China’s economy and energy policy are undergoing profound changes. China is
transitioning from an economy purely based on manufacturing towards a more
service-oriented one. A similarly significant change is afoot in the country’s energy
sector. While China still relies heavily on fossil fuels, it is also the world leader
when it comes to investing in renewable generation. The country has long suffered
from heavy local level pollution, smog and other issues that it is now trying to
tackle.[2] As China is aiming towards cleaner and more sustainable energy policy, it
is also focusing some of its efforts on nuclear power and SMRs. Projects like the
HTR-PM SMR and the proposed pool-type reactors for district heating [31] could
act as important reference points and first of a kind (FOAK) -projects in the future.

• The rapid growth of shale gas and tight oil in US. As global gas use is expected to
grow by 45%, the US is transforming from a net importer of gas and oil in to a net
exporter. This does not have implications only on the global market of these fuels,
but also on the whole global energy economy. The growth of the share of liquid
natural gas (LNG) and the specific characteristics of US based LNG, destination
flexibility, hub-based pricing and spot availability, are changing the way gas is traded
and priced. With these changes, natural gas is potentially safer from a supply and
price volatility point of view.[2] Natural gas is also a potential choice for the same
use cases as SMRs and thus, any major changes to its availability and pricing have
substantial implications on SMR deployment as well.
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3.2 EU level outlook
Energy has been a central part of the European Union since its formation, but the actual
policies regarding energy have always been a compromise between the individual national
level policies of the member states and the often loftier goals of the union. Traditionally
EU has been responsible for the overall goals of the union and the member states have
been free to pursue these goals as they see best. This has partly changed as the union has
been pivoting towards more supranational decision making regarding energy in the last
decade. While still limited in control, the EU is currently working on a Energy Union
that is aiming towards the unification and integration of the energy markets of its member
states.[32]

Figure 6: The primary energy demand of the European Union in Mtoe in the new policy
scenario[2]

Currently the EU is mostly fueled by fossil fuels as can be seen from figure 6. Under the
new policies scenario, the EU will see a significant rise in renewable production while coal
and oil shrink. It is also worth noting that the overall primary energy demand falls from
1594 Mtoe to 1312 Mtoe between 2016 and 2040 mostly due to advances made in energy
efficiency. Figure 7 presents the development of the electricity production in the same
time span. Unlike the primary energy demand, the electricity production still grows from
3244 TWh to 3505 TWh. As mentioned before, the sinking price of wind production will
mean that it will grow into the single largest production form in Europe by 2040 while the
share of nuclear is shrinking inside EU due to plants coming to the end of their lifespan,
shutdown of all German plants as a part of the Energiewende, France’s transition towards
more renewables and a variety of other causes. The heat production in the EU is still mostly
dominated by fossil fuels as can be seen in figure 8. Solid fuels in this case, refer mostly to
different varieties of coal and peat.[2, 32, 33]
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Figure 7: The electricity production of the European Union in TWh in the new policy
scenario[2]

As EU is getting closer to seeing how it is succeeding in its legally binding targets for
2020, 20% share of renewables, 20% Greenhouse gas reduction and 20% improvement
in energy efficiency, the next goals have been set for 2030. The GHG emission target
has been updated to a reduction of 40% while the target numbers for the other two goals
have risen to 27%.[34] Similarly EU is also working towards reaching the target of 10%
electricity interconnection between member states by 2020 with the continuous goal of
reaching 15% by 2030 [35].

Figure 8: EUs gross heat generation in PJ in 2015[33]

Outside of these binding targets and various other tools such as financial support schemes
for research and investment, the EU emission trading scheme (ETS) could be seen as
the most important tool available for the union to steer choices regarding energy sources.
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While generally seen as the first-best policy instrument for cutting back GHG emissions
from energy and other fields, it has not functioned as well as hoped. As Gawel et al.
note, the ETS has been criticized for being filled with loopholes and for not addressing
politically challenging issues properly. At the same time, it has been in use alongside
national level renewable energy subsidy policies that have been partly responsible for
keeping the emission prices low. While Gawel et al. argue that there could be advantages in
using both tools simultaneously for achieving a tighter emission cap, so far the combination
has not been particularly effective. Even so, the EU reference scenario 2016 for energy
presumes that the ETS will start to function as it should and the CO2 price will rise from
the long-term price point of below 10 e/tCO2eq. to around 30 e/tCO2eq. by 2030 and
that the upwards trend will continue even steeper beyond 2040. There are some initial
promising signs for this kind of development as in June 2018 the price has risen above the
level of 15 e/tCO2eq for the first time since 2011. [36, 37, 38]

EU has also been building up its energy policies into a full energy union. Originally
brought back into consideration in 2014 by the then Polish Prime Minister Donald Tusk,
the energy union was originally launched as a set of policy proposals mainly meant to
ensure security of supply and affordability in the gas sector by joint action, solidarity
measures and expanded infrastructure with sustainability mentioned as a side note. The
European commission followed up on these ideas in 2015 with the Energy Union package
that expanded on the ideas of solidarity and expanded infrastructure by building a fully
integrated European energy market. While the original proposal was highly focused on
gas, the new package focused on renewables to both decarbonize the energy sector and
to increase security of supply by lessening EUs reliance on fuel imports. Later in 2015
Donald Tusk, now as the President of the European Council, led a council meeting on the
Energy Union package that focused mostly on Tusk’s original proposals.[39, 32]

This kind of back and forth is generally representative of EU’s energy policy as it attempts
to balance both the need of central control versus the individual mandates of the member
states and the variance between them, their energy systems and objectives. The difficulty
of finding cohesion is also visible in the case of nuclear. While nuclear is often noted as
one of the potentially most important technologies for the decarbonisation of the EU power
sector, it always comes with the caveat of acceptance[40]. Ten member states are currently
at various levels of nuclear new build from preparatory stages to construction and the EU
presumes that to replace old plants and to keep the capacity between 91 and 105 GWe until
2050 and beyond would require investments between 350 - 450 billion e. EU is looking
into supporting this by evaluating how co-operation in licensing and standardization of
designs could be supported.[41] Even so, there is also a fairly ardent anti-nuclear wing in
the EU. For example, Germany’s decision to shut down its nuclear plants is also visible
in their EU level energy policy goals as they oppose any Commission action that would
support nuclear energy to defend their own energiewende.[32]
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3.3 Nordics and Poland

3.3.1 Nordics
In this thesis, the Nordic energy system is considered to consist of Norway, Sweden,
Denmark and Finland with Iceland left out mainly due to its geographical location and
electricity and heating system that is already almost fully based on hydro and geothermal.
While sometimes considered a fairly unified system especially due to the Nordpool elec-
tricity trading market, the individual energy systems and generation mixes vary widely as
visible in figures 9 and 10. The variance will still most likely be lessened in the future as the
countries share fairly ambitious goals when it comes to climate and renewables. In addition
to the EU goals of 2050, Denmark, Sweden and Norway are aiming for 100% renewable
energy penetration while Finland’s goal is 80%[42]. The trustworthiness of these goals
is perhaps debatable, but they are further fortified by the decisions of individual cities as
especially the capitals of the countries have adopted even stricter goals for climate action.
For example, Copenhagen is aiming to be carbon neutral by 2025 while Helsinki’s latest
strategy includes the goal of achieving carbon neutrality by 2035[43]. This development
was further amplified in Finland in April 2018 as the Finnish government announced their
plans to ban use of coal in Finland by 2029 [44].[4]

Figure 9: Electricity generation in the Nordics in 2013[4]

These goals and their achievability are further supported by the facts that the Nordic
economy has managed to decouple its emissions from its GDP growth and that the Nordic
electricity generation is already 87% carbon free with most of the remaining fossil based
production found in Finland and Denmark. The functioning and integrated electricity
transmission grid and trading market, while in need of expansion, also serves as a good
base for building up further decentralized intermittent generation capacity. The base
scenario for evaluating the future of the Nordic energy system in this thesis is taken from
the Nordic Energy Technology Perspectives 2016 (NETP16) by IEA and Nordic Energy
Research. The report aims to evaluate how a carbon free Nordic energy system could be
built based mostly on current technology and foreseeable developments. While some of
the base assumptions the report and its main carbon neutral scenario (CNS) are based on
could be challenged, the presumed high CO2 prices and the certainty of Sweden’s nuclear
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phase-out for example, it does provide a good overview of the direction the overall Nordic
system could be taking.[4]

Figure 10: Delivered district heating in the Nordics in 2014.[4]

When considering the potential deployment of SMRs, the three most significant trends in
the report are:

• Transformation towards more distributed electricity supply with enhanced transmis-
sion capacity both inside the Nordics and towards Europe

• Steep increase in wind generation

• Electrification of heating.

All three are also intertwined to each other. As noted earlier, wind generation is forecast
to drop in price significantly and in combination with the target shares of renewables, the
reports evaluation that wind generation will increase five-fold to cover 30% of the overall
Nordic electricity generation seems reasonable. At the same time, a share this large of
intermittent generation could not be integrated into an electricity system without increased
flexibility. The high share of hydro in the Nordics provides a backdrop for this growth,
but the system will also require balancing through demand response, storage and wider
electricity trade. The electrification of heating could potentially provide opportunities
for both demand response and storage through heat pump utilization and heat storages.
As co-generation struggles with profitability, electricity based heating will start growing
significantly between 2025-30 and could, based on the reports assumptions and different
scenarios, cover somewhere between 30% to 50% of the DH demand in 2050 with most of
the remainder being covered by biomass and waste.[4]

The transformation of the European transmission grid in the CNS is formidable. Between
2014 and 2030, the transmission capacity is expected to grow by 17.3 GW between Nordic
countries and continental Europe, 2.8 GW between Nordic countries and the UK and 11.2
GW within the Nordics. This transformation would support EU’s goal of an integrated
market and the growth of intermittent generation in both the Nordics and the rest of Europe.
The end result of this process is better presented in appendix 2 that shows the modeled
development all the way to 2050. The rather steep rise in electricity price that the CNS
expects is also worth noting. Traditionally the Nordics have enjoyed fairly low and stable

21



electricity prices with the average system price remaining close to the 30 e/MWh level in
2017. The price level in the CNS varies between 50-60 e/MWh in 2050[45]. The price
development of electricity in the Nordics and Europe is shown in figure 11. The steep rise
between 2020-30 is mostly due to the presumed increase in CO2 prices, but partly also due
to the linking of the electricity system with the rest of Europe that could also lead to higher
price instability.[4, 42]

Figure 11: Electricity price development in the Nordics and Europe[4]

Figure 12 shows the CNS development of consumption and generation of electricity in the
four countries. When considering SMR deployment, Finland and Sweden would seem the
most likely to adopt the technology while Denmark has historically been against nuclear
power and Norway might not necessarily have any use for it. Norway’s energy system
shows the least change as the country is already able to fulfil its own consumption mainly
through hydro. Norway has still not utilized its full hydro potential with about 12% of
the total capacity remaining untapped as the incentives for further development have been
lacking so far. This will most likely change with the increased amount of transmission
capacity and export opportunities. Compared to the rest of the Nordics, Norway differs
significantly when it comes to heating technology. Only under 10% of the heat is delivered
through DH as electricity is the dominating form due to the abundance of hydro.[4]

Denmark sees the most dramatic increase in wind power with the share reaching 70%
of the total consumption by 2050 as the country both phases out coal and becomes an
exporter of electricity. The country is also presumed to be the only one to expand its natural
gas capacity. Denmark is initially forecast to substitute coal with biomass and waste but
sustainable biomass resources in the Nordics are limited and in the CNS, heavily used in
the decarbonisation of transport.[4] These changes indicate that if SMRs could substitute
either gas or biomass, deployment might be possible but Denmark originally ruled out the
nuclear option in 1985 with no changes to that decision currently in sight[46]. Denmark
also scaled back some of its climate goals after a change of government in 2015 referring
to them as too expensive for the Danish economy[42].
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Figure 12: Development of electricity generation in the CNS scenario[4]

The most significant change in the Swedish electricity generation is the potential phase-
out of nuclear and its replacement with wind while the DH system could be expected
to continue being powered by biomass with increased competition from heat pumps and
electric boilers.[4] Yet the phase-out of nuclear does not seem as definite as presented in the
CNS as an agreement reached in 2016 could potentially grant permissions to replace up to
10 old reactors with new NPPs. The same decision will also phase out the country’s nuclear
tax starting in 2017. The tax had seen criticism from plant operators as they claimed
it would lead to shutting down plants prematurely as unprofitable.[47] These decisions
could potentially lead the way to SMR deployment as well, if the plants turn out to be
economically viable.

In the recent years, the growth in nuclear energy in the Nordics has mostly been found
in Finland. The Olkiluoto 3 project is due to come fully online in 2019 after 10 years of
delays and Fennovoima expects to get its construction permit for Hanhikivi 1 in the same
year [48, 49]. The older plants are expected to run alongside these beyond their original
lifetimes as TVO applied for a permit to run OL1 and 2 until 2038 and Fortum has noted
that there are no technical limits to extending the lifetime of the Loviisa plants beyond the
end of the current permits in 2027 and 2030[50, 51]. Unlike the other Nordic countries, the
model in the CNS does not presume that Finland would expand its wind production outside
of its own targets, but rather become an importer of electricity [4]. This might bring forth
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some interesting developments as being import reliant has been considered problematic
over the years in public and political discussions [52, 53]. Outside of the nuclear new
build and the slight increase in wind production, the current governments energy policy
relies heavily on expanding biomass [54]. Biomass has always played a large part in both
heating and electricity in Finland, but the sustainability of its expansion has been brought
into question at least by academics [5]. This concern over the sustainability of biomass
sourcing and energy production has also been noted in cities that are trying to reduce their
carbon emissions. Helsinki is most likely trying to fill the hole left by the closing of their
largest coal powered CHP plant with biomass, but a recent motion put forward in the city
council called for an evaluation of the potential of SMRs as a source of district heating
[29]. A similar motion was also put forward in Espoo [55].

3.3.2 Poland
In contrast to the Nordics, Poland’s energy sector could be characterized as rather conser-
vative. Rich in hard coal and lignite resources, the country covered 50,8% of its primary
energy supply in 2015 using coal with shares of over 80% in both electricity and heat
production. The share of different production forms in these sectors is displayed in figure
13. Even if coal is currently the dominating source, Poland has been seeking to diversify
its energy portfolio in the recent years for numerous reasons. While the coal fleet is large,
it is aging with 62% of the capacity exceeding 30 years of age. Projections estimate that
between 16 GW and 23 GW of capacity will be lost over the next 20 years with current
plans for new plants only adding up to 10 GW. The old plants are not only inefficient, but
also a part of a wider problem concerning the air quality in Poland. Security of supply is
also a common concern especially as energy imports from Russia have been seen as a risk.
As an EU member state, Poland also needs to fulfil the binding renewable energy goals of
the EU2020 targets. While the country has been reluctant to support EU’s climate goals, it
seems to be on its way to meet its overall target of supplying 15% of energy consumption
by renewables. The sector specific targets are 19% for electricity supply and 17% for
heating and cooling. The heating share is interesting as the IEA report on Poland refers to
14% of renewables in heating and cooling while IEA’s database shown in figure 13 refers
to about 5% share of renewables in heating. The largest growth seen recently in renewable
electricity was from wind power that reached about 7% of the total production in 2015.
Any further growth might still be halted by new legislation adopted in 2016 that enforces
minimum distances from buildings for turbines and a large increase in tax base. The Polish
wind industry believes that these changes will halt further deployment of wind and lead to
bankruptcies in the sector.[56]

Increased wind capacity might face resistance from the overall electricity system as well.
Poland’s interconnections currently cover only 7% of the installed generation capacity while
the EU goal for 2020 is 10%. Further investments in transmission capacity are necessary
as the system is already under distress from loop flows originating from Germany. Further
interconnections would also most likely bring electricity price down. Furthermore, the
energy system could also be balanced by utilizing the untapped demand-response capacity
found in Poland that could potentially cover 7,5% of the country’s peak electricity use.[56]
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Figure 13: Polish electricity and heat generation in 2015[57]

A significant part of the Polish governments plan to diversify the country’s energy system
and increase its security of supply is the inclusion of nuclear power in the Polish energy
mix. The original plans approved in 2009 included the target of two 3 GW plants, the first
of which would be online in 2022. While this timetable did not hold, the idea has not been
abandoned. The revised timetable and plan includes a total of 6 GW of capacity by 2035.
Significant progress has been made in reinforcing the necessary institutions and acquiring
further knowledge, but further delays seem likely. While new nuclear plants have had
issues with their economy elsewhere, it would seem like the strong political backing might
partly override the issue. The strong support is also shared by the public as the approval
rate near two possible sites has ranged from 60% to 80%.[56] Poland also seems highly
interested in HTGR technology. While the light water reactors planned could be useful for
district heating, the country also has a large market for industrial heat with the 13 largest
chemical plants already requiring 6.5 GW of heat at the temperature of 400-550oC. The
initial report on HTGR plans by the Polish Ministry of Energy calls HTGRs "the only
practical alternative to replace fossil fuels for industrial heat production".[58] A potential
agreement with the Japanese Atomic Energy Agency and multiple Japanese companies to
build a 10 MW experimental reactor by 2025 and a proper 160 MW facility by 2030, most
likely based on the HTGTR300C mentioned in section 2.2.3, is expected to be reached at
the beginning of 2018.[59]

For SMR deployment in Europe, Poland seems like a likely candidate. Beyond the
positivity towards nuclear and the need for cleaner energy, the country also has one of the
largest district heating networks in Europe that covers approximately half of the population.
The district heating system supplies around two thirds of the overall heat demand of
which the share of CHP has ranged between 60 - 65% with the rest powered mostly by
often inefficient HOBs. Partly due to this, the Polish government has plans to double the
current share of 14% overall electricity production by CHP plants by 2030. The need to
reinvest also encompasses the networks themselves as estimated 35% of the Polish DH
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networks require investments. The system could be developed by not only fixing the old
networks but also by linking the smaller systems into existing larger networks. This work is
supported by the government and EU-level programs offering funding and loan support for
investments in modernization and development of CHP plants and DH networks. Poland
also had a certificate system in place for CHP production that is being phased out in 2018.
A replacement system has been under discussion with no concrete developments seen
yet.[56]
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4 Energy systems - Models, data and considerations

4.1 The model

4.1.1 The hourly heat demand and production model
Potential SMR deployment is evaluated through a three part Excel model. The basic
evaluation of district heating systems is performed using an hourly model that based on the
plant data, capacity available and the cost of electricity, fulfils the assigned heat demand at
the lowest cost possible over a single year. This can be used to assess both the full load
hours (FLH) different plants in the system will achieve and the overall cost of the DH
production. Compared to reality, the model is rather simplistic as it considers a production
form a single block instead of multiple plants and ignores issues such as start-up costs and
minimum loads. The data gained should not be considered exact, but can be used to gain a
rough idea of potential development.

The heat demand in the model is based on the hourly temperature data that has been
scaled using heating degree day value of 17 and a heat demand forecast. A base level of
heat demand is used to model hot water consumption throughout the year. This can be
represented by the following equation 1,

DH(t) =
{

(17−T (t)) fH ,(17−T (t)) fH ≥ DHB
DHB ,(17−T (t)) fH < DHB

(1)

where

DH(t) Hourly heat demand
DHB Base heat demand
T(t) Hourly temperature
fH Scaling factor for heat
t Hours from 1 to 8760

The scaling factor f is found by utilizing the solver tool found in Excel to set equation 2,
where DHA is the annual heating demand, as true.

8760

∑
t=1

DH(t) = DHA (2)

As the electricity price data for the future is provided in sorted format from the highest to
the lowest price in the Nordic Energy Technology Perspectives [4], hourly price data for
the model is found by scaling the data from NordPool Spot markets to fit the forecast. This
is done by first sorting the Nordpool data to a similar format and finding an appropriate
scaling factor by setting equation 3 as true using the solver function of Excel. The scaling
factor is then used as a multiplier for each of the original unsorted hourly data prices to
achieve the price series utilized in the model.
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8760

∑
t=1

(Pes(t) fe −Pe f (t)) = 0 (3)

where

Pes(t) Historical hourly electricity price
Pef(t) Forecasted hourly electricity price
fe Scaling factor for electricity price
t Hours from 1 to 8760

Hourly heat production cost calculations for different plants are presented in equations
4 - 6. All of the data except the efficiencies are inserted as e/MWh. The equations only
take into account the variable costs of heat generation and ignore, for example, fixed O&M
costs. In CHP plants, the electricity produced is presumed to be sold at the current market
price, the fuel taxation is only applied to the heat production and the O&M costs are based
on the electricity production.

For HOBs:
PH(t) = PO&M +

1
ηH

(PF +TF +PCO2) (4)

For CHP plants:

PH(t) =
ηE

ηH
PO&M +

1
ηH

(PF +PCO2)+
ηH

ηE +ηH
TF − ηE

ηH
PE(t) (5)

For heat pumps and electric boilers:

PH(t) = PO&M +
1

ηH
(PE(t)+TE +PT ) (6)

where

PH(t) Total variable cost of heat production
PO&M O&M costs of production
PF Price of fuel
PCO2 Price of CO2 emissions
PT Transmission costs of electricity
PE(t) Price of electricity
TF Fuel taxes
TE Electricity taxes
ηH Heat production efficiency
ηE Electricity production efficiency

In the case of heat pumps, the heat used is presumed to be from a free and unused source.
Based on the data gained from these equations and the maximum production capacities
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assigned for different production forms, a script crafted for the model runs through the cost
data and fulfils the hourly heat demand at the lowest cost possible.

4.1.2 Investment models
In addition to the hourly demand and production model, Fortum provided two separate
investment models that are used to evaluate the levelized costs of heat and electricity
(LCOH/LCOE) and the net present values (NPV) and internal rates of return (IRR) for
HOB and CHP plants. Both work using the same main principle where they calculate the
revenue streams over the lifetime of a plant and return the aforementioned values. The
first investment model calculates the data for a HOB plant whereas the second model
evaluates the additional investment from HOB to a CHP plant. The model is built around
the principle that a new plant is first and foremost built to produce a certain amount of heat.
The potential CHP plant is considered an additional investment from the base HOB that
would already answer this heat demand.

The models require basic data of both the technical and economic aspects of the plants
considered. The HOB data is used directly while the CHP data is modified to represent
an additional investment instead of a new plant. Generally speaking this process means
subtracting the HOB values for fuel consumption, capital costs and fixed O&M from the
CHP equivalents. The variable O&M costs were also re-evaluated for the CHP plants
based on the HOB counterparts. This was done using the following formula:

O&MCHPA = O&MCHP(1−
ηHO&MHOB

ηEO&MCHP
) (7)

where O&MCHPA is the modified variable O&M price, O&MCHP and O&MHOB are the
original equivalent values for the respective plants and ηH and ηE are the heat and electricity
efficiencies for CHP plants.

To calculate the cash flows, the models also need yearly data for heat, electricity and CO2
prices, fuel costs, tax and inflation rates as well as ramp-up rates for investments and
production. Based on this data, the model calculates the yearly cash flows that have been
adjusted for inflation. All the monetary data used is in 2015 euros, or adjusted to 2015
euros using the presumed inflation rate of Finland expected to grow steadily from the level
of -0,2% in 2015 to the rate of 2% in 2020 where it will stay [60]. Exchange rates from
pounds and dollars to euros were based on rough approximations from values over time
from the European Central bank with values of $/e = 0,9 and £/e = 1,15 used [61]. The
presumed ramp-up rates of capital costs are presented in appendix 3 while the production
is presumed to be 95% of the plants average yearly production on the first year of the plants
completion and 100% in the following years. The depreciation time is presumed to be the
lifetime of the plant up to 30 years. The yearly cash flow calculations follow equations
8-10.
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EBIT = (EE/H(PE/H −O&MV )−CF(PF +TV +PCO2)−TF −O&MF)i−D (8)

FCF = EBIT (1−TC)− Iic +D (9)

D =
∑ Iic
tD

(10)

where

EBIT Earning before interests and taxes (e)
FCF Free cash flow (e)
EE/H Electricity or heat produced (MWh)
PE/H Price of electricity or heat (e/MWh)
O&MV Variable O&M costs (e/MWh)
CF Fuel consumption (MWh)
PV Price of fuel (e/MWh)
TV Tax rate on fuel (e/MWh)
PCO2 Price of CO2 emissions
TF Fixed taxes (e)
O&MF Fixed O&M (e)
i inflation rate (%)
D Depreciation (e)
TC Corporate tax rate (%)
I Investment split over the years according to the capital cost ramp-up (e)
iC inflation rate at the start of construction (%)
tD Depreciation time (a)

The NPV-, IRR- and LCOE/LCOH-values are calculated based on the free cash flows over
the lifetime of the plant using the appropriate excel functions and by utilizing the solver
function. The formula for NPV (modified from [62]) is

NPV = FCF0 +
n

∑
i=1

FCFi

(1+ r)i (11)

where r is the weighted average cost of capital (WACC) and n is the combined construction
and utilization period of the power plant. Presumed base values of 5% WACC for HOBs
and 6.5% for CHP are used. As a ranking criteria, NPV is rather straightforward. The
higher the NPV of an investment, the more profitable it is. As a modification of this
formula, IRR is the rate of return that would set the NPV of the investment as zero as
shown in equation 12 modified from equation 11.

NPV = FCF0 +
n

∑
i=1

FCFi

(1+ IRR)i = 0 (12)
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If the IRR is higher than the presumed cost of capital, the investment can be considered
profitable. The higher the IRR, the more profitable the investment is. Both NPV and IRR
are generally considered two of the most important criteria for deciding which project to
invest into. Yet as Osborne notes, the two can provide mixed results and while IRR is often
more commonly used, NPV could be considered the superior criteria [62]. The prominence
of the IRR is still easily understandable, especially when considering technically similar
investments that still have varied investment sizes such as the power plants considered
here.

The LCOE/LCOH calculations provide further data for comparisons between different
investment options. LCOE and LCOH provide a base metric for evaluating the cost
of energy produced over the lifetime of the plant. Generally the LCOE/LCOH can be
calculated using equation 13:

LCOE =
∑

n
i=0Ci/(1+ r)i

∑
n
i=0 Ei/(1+ r)i (13)

where Ci represents the yearly costs and Ei is the yearly energy produced [63]. In the
model used in this thesis, similarly to the IRR calculations, the LCOE and LCOH are
calculated by setting the NPV of the project to 0, but instead of modifying the cost of
capital, the yearly cash flows are modified by finding a value for the heat or electricity sold
that would provide the same end result. In practice, this means running a solver based
script that sets PE/H in equation 8 so that equation 11 results in a NPV of 0. This PE/H is
then the LCOE/LCOH for that production form.

Similarly to the IRR and NPV, LCOE and LCOH should be considered flawed metrics for
evaluating investments. This is especially true for any comparisons between intermittent
and dispensable generation. Even between dispensable generation types, the LCOE- and
LCOH-values do not necessarily capture the dynamics of electricity prices, production
hours and other market assumptions relevant to the plants under consideration. Even so,
they’re still commonly used evaluation tool for comparison and will be used as such here
in combination with the other data gained from the model.[63, 64]

4.2 Fuel data
Fuel data for this thesis was compiled mostly from NETP16 and modified based on other
sources and internal discussions. As fuel costs in the relevant studies were generally given
until the year 2050 and in the cases they were required further, the assumption was made
that the costs would develop until 2060 at the same rate they did between 2040-2050 and
then stagnate. The main price developments for fuel and CO2 is shown in figure 14 with the
coal, gas and electricity pricing taken from the NETP16 and the biomass and CO2 pricing
taken from a Danish study and an EU reference scenario respectively as the pricings in the
NETP16 were deemed unrealistic in internal discussions.[4, 65, 37]
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Figure 14: Development of fuel and CO2 pricing.[4, 65]

The fossil fuel prices are presumed to fall into a slight decline from 2030 onwards due to
decreasing market demand. This is partly due to the sharp spike performed by the CO2
price starting after 2020 in the NETP16. While the carbon price does not rise as sharply
in the EU reference scenario, there is still a sense of optimism in the price development.
The use of the EU reference scenario CO2 pricing instead of the NETP16 numbers also
partly brings the fuel pricing used here into question. The carbon price is translated to coal
and gas prices using rates of 0.341 tCO2/MWh for coal and 0.202 tCO2/MWh for gas [66].
As the demand for fossil fuels lessen over time and biomass takes on a bigger role in the
energy market, the market price of biomass will grow to reflect these developments. This
growth seems rather high as well as it was noted in internal discussions that as the price of
woodchips and pellets start to reach a high enough point, energy use could begin to replace
higher end wood processing routes instead of being a side stream.[4, 65]

The gate fee for municipal solid waste was also determined through internal discussions to
remain at a level of 30 e/MWh as public sources tended to have high levels of variance.
The nuclear fuel price was also determined partly through internal discussions with base
price for 4.95% U235 enriched UO2 taken from market data with prices ranging from 755
to 980 $/kg [67]. Presuming manufacturing costs between 400 and 500 $/kg, burnup for
NuScale to be between 30 and 50 MWd/kg and 10% additional costs for fuel disposal, a
conservative fuel price estimate of 2.05 e/MWh was used [7, 18, 68].
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4.3 Plant data
As noted earlier, LCOE/LCOH or any other data-analysis and benchmarking tool that aims
to forecast developments over the lifetime of a power plant, especially a nuclear one, is
highly susceptible to the accuracy of the basic assumptions made in the analysis [63]. The
plant data used here is mostly from the Technology Data catalogues by the Danish Energy
Agency and Energinet.dk [69, 70]. As with the general system data, the data has been
in some cases modified based on other sources or due to internal discussions in Fortum
in an attempt to find more realistic assumptions. The basic data for heat only plants is
presented in table 1 and the data for CHP and power plants in table 2. The data and the
considerations associated with them are analyzed more in depth under the relevant sections.
As a general note, the efficiencies gained from the sources are fairly high explained by the
use of flue gas condensation in most cases. Still, these should be examined as fairly ideal
cases, especially in the context of CHP plants with total efficiencies of over 90 %.

Table 1: Basic data for heat only plants[69, 70].

MSW Woodchip Pellet Natural
Gas

Coal NuScale
SMR3

Heat
Pump

Electrical
Boiler

heat capacity
300 300 300 300 300 300 20 20(MWdh)

efficiencydh 97,6 % 108,0 % 108,0 % 104,0 % 108,0 % 93,8 % 380,0 % 99,0 %

lifetime
20 20 20 25 20 60 25 25

(a)
capex

1 595 0002 500 000 250 000 90 0002 200 0002 1 506 667 590 000 60 000
(EUR/MWdh)
variable O&M

5,40 1,851 2,70 1,00 2,70 1,26 1,70 0,50
(EUR/MWhdh)
fixed O&M

53 000 11 6001 0 1 900 0 30 000 2 000 1 020
(EUR/MWdh/a)

1 Adjusted according to [71].
2 Adjusted based on internal discussions and public plant data.
3 The background data for SMRs disclosed under section 4.3.7.

The plant data is built around the fact that the amount of new heat production required in a
system where the investment is considered is 300 MW. This is quite high especially for
a HOB, but the size was selected mostly due to the issue of scaling a 160 MWt NuScale
modules from a HOB to a CHP plant while keeping the size in line with the other possible
options. While not most likely extending towards 300 MW, it is possible that the trend to
replace older CHP plants with larger HOBs could continue. With the low electricity prices
in the recent years, actors like Helen in Helsinki have decided to replace their coal based
CHP plants with biomass-based HOBs as the additional investments towards a new CHP
plant would not be sustainable. Similar issues have also arisen in Sweden as potential CHP
investments might be degraded into HOBs.[72, 73]

While CHP investments might seem unlikely at the moment, it should be noted that there
are some potential future advantages that might play a part in making the investments
viable again. Combined with heat storage, CHP could play a large part in facilitating a
higher amount of intermittent renewables by providing additional balancing power to the
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system. While heat pumps are also often referred to as a part of the potential answer to
power system balancing through demand-side management, maintaining CHP plants in
their current role instead of investing in heat pumps in areas connected to DH network
would be preferable for minimizing CO2 emissions.[74, 75]

Table 2: Basic data for CHP and power plants [69, 70].

MSW Woodchip Pellet Natural
gas

Coal NuScale
SMR3

Offshore
wind

Onshore
wind

heat capacity
300 300 300 300 300 300 0 0(MWdh)

power capacity
110 145 303 391 303 90 12 4(MWe)

total efficiency 97,00 % 95,00 % 90,1 % 90,0 %2 90,1 % 81,3 % 100,00 % 100,00 %

lifetime
20 30 40 25 40 60 30 30(a)

capex
7 000 000 3 000 0001 1 990 000 800 000 1 860 000 9 408 750 1 990 000 910 000(e/MWe)

variable O&M
45,15 8,061 2,20 4,20 2,80 6,33 2,70 2,30(e/MWhe)

fixed O&M
0 45 5561 61 600 27 800 30 355 150 000 37 800 22 300(e/MWe/a)

1 Adjusted according to [71].
2 Adjusted based on internal discussions and public plant data.
3 The background data for SMRs disclosed under section 4.3.7.

4.3.1 Fossil fuel based plants
For the scope of this thesis, the fossil fuel based plants considered are limited to coal fired
CHP and natural gas fired HOBs and CHP. The data for coal HOB is mainly based on
pellet fired HOB and acts only as a base case for the CHP plant. Traditionally cheap coal
has had its place in the energy system acting both as baseload and when necessary, ramping
production. Considering the plant and fuel values presented in table 2 and figure 14, coal
CHP is the cheapest traditional CHP plant to run when you ignore emission costs. The
advanced pulverized fuel plant the data is based on is usually scaled to produce between
400 and 1000 MW when used purely for electricity production. Development-wise the
technology for super critical coal plants is fairly well established and proven. The plant
is capable of providing both frequency control at the rate of 5% of rated capacity per 30
seconds and secondary load control at the rate of 4% per minute between loads of 50% to
90% if necessary.[69, 70]

Cost-wise, the coal fired CHP has a fairly low investment expenditure with majority of the
costs accounted by the steam turbine, generator and the boiler that alone covers about 25%
of the plant cost. While flue gas desulphurization has fallen in cost to only cover 10-15%
of the investment, environmental considerations are unsurprisingly the largest object in
front of additional coal investments. Considering the earlier mentioned decarbonisation
efforts taken on by the Nordic countries, it would seem highly unlikely that additional
coal capacity would be build. At the same time, Poland is still heavily invested in its coal
industry and newer advanced coal plants would not seem out of place.[69, 70]
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Of the combustion based technologies considered here, natural gas fired HOBs and
combined-cycle gas turbine (CCGT) CHP plants are generally speaking the most cost
effective option when considered purely from an investment perspective. CCGT plants
capable of dual-mode operation, either pure power or CHP, are generally scaled between
100 and 400 MWe and are characterized by their high electricity efficiency. Due to the
low investment cost and fast start-up and ramping times, CCGTs can be regarded as fairly
suitable for balancing power use. Modern plants feature a ramp-up rate of 15% per minute
and are able to reach full power from warm start-up in under an hour with full gas turbine
power and 70% steam turbine power available in under 15 minutes.[69]

Similarly to the coal fired power plants, CCGT plants comprise of well proven technology
and in contrast to coal, they could be considered relatively environmentally friendly when
considering the amount of CO2 and other emissions released in combustion. This also
applies to gas HOBs as do most of the other characteristics mentioned here. Natural gas
based heat and power are most likely the forms of fossil based generation that will retains
their level or even see growth as can be seen in figure 12, partly because of their ability to
offset the increased amount of intermittent generation.[69]

It should also be noted that the HOB data here, including the investment and O&M costs,
are based on boilers of under 20 MW with the investment cost even scaled slightly higher
based on limited data from actual plants [69]. These could most likely be considered
rather conservative estimates, but they end up adding up to a rather minor part of the heat
production costs as the fuel cost dominates.

4.3.2 Biomass
Biomass based generation comprises a very high share of the Nordic district heating share
and as mentioned previously in section 3.3.1, at least Finland has plans to expand its
share. Based on internal discussions, the main focus is put on pellet fired HOBs and
woodchip fired CHP. Once again, the base data given is for smaller scale plants, under 50
MWdh for both HOBs and under 50 MWe for woodchip CHP, and the end results gained
by utilizing these numbers should be closely scrutinized. This problem is partly side-
stepped by utilizing cost data for woodchip fired plants directly and for scaling from ÅF
found in the thesis by Lehtomäki [71]. From a technology perspective, pellet plants do not
necessarily differ radically from coal fired production while woodchip firing has to take into
consideration the moisture content of the fuel. While the technology is fairly mature, there
is still room for improvements in the pre-treatment of the fuel, especially woodchips, and
reducing the effects and the amount of by-products produced by its combustion. Similarly
to coal, the plants can be utilized for balancing power, but due to the higher investment
costs, this is not advised and the plants should, if possible, be run as baseload.[70]

The status of biomass as a clean energy source has been an important part in expanding its
share of energy generation but this might be compromised as the use of biomass expands.
If the use of biomass rises and the share of biofuel in transportation increases as presumed
in the NETP16, the sustainability of the fuel should be taken under close consideration.
This will of course depend on the area examined, but as noted in the scenario study by
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Heinonen et al. for example, increasing the cutting drain of Finnish forests from the current
level of around 60 million m3 per year would result in decrease of carbon balance with the
maximum sustainable limit reached at a level of 73 million m3 per year [5]. At the same
time the current production level for pellets in Finland in 2017, for example, was 324000
tons or 1,5 TWh of fuel at lower heating value of 4,7 MWh/t [76, 77].

While the local resources for wood fuels might be limited, it should still be noted that
trading and shipping biomass based fuels has been a common occurrence in the Baltic sea
area since the 1990s. In 2015, Finland, Denmark and Sweden were all net importers of
pellets sourced mostly from Russia and the Baltic states with Finland importing around
50 kt, Denmark 2 200 kt and Sweden 350 kt [78]. For woodchips in energy use, the data
found is slightly more inconclusive with Finnish imports, mainly from Russia, presumed
to be around 5% of the total use while Denmark imported somewhere between 10-30%
of its consumption mostly from the Baltic States in 2009 with the imports limited by the
narrow margins that lead to them only being viable on coastal plants.[79, 80]

The narrow margins in combination with the generally lower energy density of wood fuels
compared to their fossil counterparts result in some additional challenges when considering
plant siting and logistics. These should be taken into account especially in urban context
near large district heating networks as the amount of fuel transported can be considerable.
As noted by Madlener and Vögtli in their study, the logistical opportunities presented by
different sites considered play a major part in the investment decision [81].

4.3.3 Waste
Waste incineration plants differ from other power and heat plants in a few substantial ways.
They are primarily built for waste treatment and the energy produced is mainly an useful
side stream. As waste treatment facilities, they do not pay for the waste, but receive it
at a gate fee resulting in a negative price for the fuel. In contrast, compared to the other
combustion based plants, waste CHP has the highest investment and O&M costs. While
the basis of the technology is similar utilizing a grate fired furnace, the extensive flue gas
and combustion residue treatment systems required by the municipal solid waste (MSW)
firing bring the costs up significantly. As the corrosive nature of the flue gas limits the
temperature range in which the plants can be run, waste CHP plants generally have lower
electrical efficiency compared to other CHP plants. This also limits, in combination with
the high operating and investment costs, the use of the plants for ramping generation due
to its negative effects on emissions control and environmental performance. Main points
of research and development concern optimizing the processes to reduce the amount of
waste residues and to improve the efficiency of the plants. The latter can also be improved
by utilizing auxiliary burners fueled by natural gas or gas oil.[70]

In the case of the energy system built for the scenarios in this thesis, investing in a HOB
is not considered as waste incineration plants of over 50 MWt are generally built as
CHP plants. Plants are usually scaled under 120 MWt meaning that the plant considered
here is quite a stretch [70]. This is also true from a fuel sourcing point of view as,
for example, the waste CHP plant of 117 MWt in Vantaa, Finland already sources the
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waste from about 1,5 million people living in and around the Helsinki metropolitan area
[82, 83]. At the same time, the proliferation of waste-to-energy technology has also
led to MSW imports becoming fairly commonplace around the Baltic sea. Estonia, for
example, imported over 56 kt of waste mostly from Finland and Ireland in 2015 while
Norway exports significant amounts of waste to Sweden. Poland acts both as an importer
(nearly 300 kt mostly from Germany and Lithuania in 2015) and an exporter (nearly
200 kt to mostly Germany in 2015). Dependency on waste incineration has also raised
questions of its sustainability as overcapacity of plants compared to waste resources can
lead to environmentally unjustifiable transport distances and the diversion of resources
from recycling efforts.[84]

As the data given for the MSW CHP plants only includes variable O&M costs, the
calculation of equation 7 was modified so that the fixed O&M costs were also included in
the variable O&M for a HOB based on the presumption that both plants would be run for
8000 hours a year.

4.3.4 Heat pumps and electrical boilers
As a comparison to the large scale heating plants, the same evaluation is also performed
for compression heat pumps and electrical boilers. Both are considered here at the capacity
of 20 MW as heat pump capacities generally stay under 25 MW while the electrode boilers
considered here range between 5 to 50 MW. In both cases, larger installations generally
consists of multiple smaller units. While both use electricity as the main fuel source, heat
pumps also require a stable and suitable source of heat. In larger scale use, these heat
sources range from sea or waste water to waste heat from industrial processes and data
centers. The availability of these could also be considered the most important limiting
factor for wider scale application of the technology. The technology itself is fairly recent in
DH use and there are still multiple aspects to improve from the efficiency of the processes
and pumps to their regulation capacity. The plants are also often custom built leaving room
for cost reductions through standardization. It is also important to note that beside heating,
the technology can also provide cooling at the same time. This generally means that heat
pumps have a clear advantage to their deployability and profitability compared to plants
that only produce heat.[69]

While heat pumps can reach efficiencies of over 4 (this thesis presumes a COP of 3.8),
electrical boilers translate the electrical power to heat at close to 1 to 1 ratio. Compared to
heat pumps that are not generally used for ramping, boilers are proven technology with
good regulation capacities. The operating costs, mainly through the price of electricity and
its transmission costs and taxes, are fairly high but the investment costs are low. Normally
the boilers would only be used as peak load plants, but in a system with large amounts of
intermittent generation that has the potential to drive the electricity price down, the use
cases can be more multifaceted.[69]
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4.3.5 Wind
Similarly to the heat pumps and electrical boilers used as a comparison to the HOBs, wind
power is considered here as an alternative to the CHP plants. The share of wind power is
presumed to increase significantly in the Nordics, partially driven by policy and in many
cases, the significant decreases in costs. IEAs World Energy Outlook presumes drops in
LCOE of over 15% for onshore and nearly 30% for offshore by 2030 while also noting that
when the share of intermittent generation starts to exceed 15%, the ability of the overall
power system to respond to the variation becomes vital [2]. The fairly strong and extensive
grid and the large share of dispatchable hydro in the Nordics do still mean that the system
is fairly well prepared for the growth.

The technology is fairly similar for both offshore and onshore turbines with the additional
costs of offshore mostly explained by the grid connection, offshore foundation, installation
costs and the modifications required for the turbines to survive in the harsher environment.
While the wider adoption of the technology has started to bring the cost down, the technol-
ogy itself still has a lot of room for improvements with examples ranging from the turbine
design itself to developing how the plants interact with the rest of the power system. The
offshore installation processes and technology are also undergoing quite rapid development
at the moment.[69]

Single onshore turbines generally range between 2 to 6 MW of capacity. For offshore, the
capacity for a single turbine is expected to exceed 10 MW by 2020 with offshore wind
farms in Europe ranging between 300 and 1200 MW by 2030. As the power generation is
fully tied to the wind resources in the area, siting is a fairly critical factor in wind power
deployment. The full load hour counts vary from area to area with, in the Nordic context,
Denmark having the best opportunities for both onshore and offshore deployment with
FLHs of around 3200 and 4500 respectively. In the rest of the Nordics the FLH range
varies between 2000 and 3200 for onshore installations and between 3300 and 4500 for
offshore with Norway having the second best potential for installations purely based on
the FLH factor.[69, 4]

4.3.6 Electricity and heat storage
While not taken into account in the modelling, balancing of the power system through
means other than load following power plants is necessary to consider if the share of wind
grows as significantly as presumed. There are multiple potential sources of additional
flexibility in the power system including various storage technologies and sources of
demand response. The investment cost for electricity storage is generally speaking still too
high for larger scale deployment with the exception of pumped hydro on a limited number
of suitable sites. While potentially deployable for frequency control, the price of battery
storage would need to fall over 75% from its current level in order to compete with other
peaking power technologies by 2030 [2]. In contrast, large scale heat storage has been
adopted quite widely and is considered fairly cost effective at an investment cost of 1-5
e/kWh.[74]
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The technology itself for heat storage is extremely simple as in most cases, the storage
is purely an insulated steel tank or if suitable site is found, a cave filled with hot water.
Yet, if utilized together with CHP plants, the CHP production could potentially be at least
partly freed from following heat demand and allow the plants to be better utilized for
load following. As Rinne and Syri note in their study, this could result in reduced CO2
emissions and increased efficiency of the overall power system through larger share of
CHP production. The study finds that the optimal level for storage is about 0,3% of the
yearly demand while for example, in Finland, the capacity was about 0.06% in 2014. In
the following years there have been significant advances in capacity growth at least in the
metropolitan area of Helsinki as Fortum announced and built an 800 MWh storage unit
in 2015 while Helen announced their plans to convert an old oil storage cave into an 11.6
GWh heat storage in 2018.[74, 85, 86]

4.3.7 NuScale and generic SMRs
The data on the NuScale SMR used in this thesis is mostly based on data from NuScale
itself while utilizing some of the same assumptions as VTT did in their study to evaluate
NuScale SMR as a part of the Espoo city DH network. The data given by Nuscale is for a
full 12 module plant, so the price for a single module was presumed to be 1/12th of the
full plant price referred up 30%. The HOB plants costs were further modified by removing
the turbine island and balance of plant from the cost summary while the presumption was
made that a CHP plant would cost roughly the same amount as a pure power plant. The
O&M costs are from the values for SMR CHP O&M in the British TEA reports scaled
to also fit HOBs based on the presumed heat and power efficiencies. The fixed O&M
costs in 2030 are presumed to be at the midpoint of their fall from 135 to 105 £/kW/a.
The efficiencies are purely estimates based on the presumption that a single 160 MWt
module can produce either 150 MW of heat in HOB use or 100 MW of heat and 30 MW
of electricity in CHP use giving us an overall efficiency of 93,8% for HOB and 81,25% for
CHP. The scaling from HOB to CHP is then done by presuming a two module HOB plant
producing 300 MWh as a base. The additional investment towards CHP then comprises of
one additional 160 MWt reactor module and the turbine island and balance of plant for all
of the modules.[22, 87, 88]

Table 3: 12-module NuScale plants overnight cost distribution [22]

Item Me
Power Modules (FOAK cost plus Fee, Transportation, & Site assembly) 763
Home Office Engineering and Support 130
Site Infrastructure 54
Nuclear Island (RXB, RWB, MCR) 484
Turbine island( 2 Buildings with 6 turbines each) 315
Balance of Plant (annex, cooling towers etc.) 203
Distributables (Temp. Buildings, Field Staff, Const. Eguip., etc.) 491
Other Costs 167
Total overnight price 2606
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As presumable for a technology that has yet to been applied, these cost evaluations include
high levels of uncertainty. NuScale’s original cost distribution for a 12 module plant
is shown in table 3. Simply dividing the costs and adding a premium is a fairly large
simplification, especially if you consider components like the reactor pool that is most
likely a large part of the nuclear island’s cost. A smaller pools costs most likely do not
scale directly while building the nuclear island for only a few modules will also limit the
plants ability to scale up. The same considerations most likely apply to multiple other
items on the list as well. It is also important to note that these costs do not include owners
costs which include licensing. The British techno-economic assessment (TEA) reports
prepared for the UK Department of Energy and Climate Change for SMR deployment and
published primarily in mid-2016, for example, evaluate their general design assessments
costs at around 400 Me with the potential for additional costs from necessary design
modifications. The licensing costs should still not be taken into consideration here as it is
likely that they will be recovered from multiple installations if possible.[22, 89]

The same TEA report series also discusses the credibility of the reactor vendor’s estimates
assuming a 54% increase in costs in FOAK plants. The expected optimism bias is mostly
based on the nature of SMR plants as non-standard civil engineering projects. At the same
time the reports also note that FOAK installations could potentially achieve up to 20% cost
reductions if the projects fully utilize advanced design, manufacturing and construction
techniques and processes. The use of these could also potentially drive the costs of NOAK
plants down rapidly compared to traditional large nuclear with expected learning rates
ranging between 5% to 10%. At the learning rate of 8%, SMRs could achieve cost parity
with large nuclear, presumed to stay at LCOE of 79 £/MWh, after 5 GWe deployment. It
should be noted that this refers to both plant types used purely for electricity production
and that the generic SMR numbers the reports use are based on the evaluations of two
IPWR vendors furthest along in their designs, one of which has values that align quite
closely with the public NuScale numbers. NuScale also published an UK SMR action
plan in 2017 that references their own FOAK LCOE at 60 £/MWh while referring to an
estimate of 95 £/MWh for large nuclear by the UK government [90]. While the uncertainty
around these factors is important to evaluate, the thesis uses the NuScale costs directly as
an estimate of NOAK plant costs.[89]

Studies on the cost escalation of the current large nuclear power plants (LNPP) also support
the potential SMR plants have. Rangel and Lévêque’s study on the French nuclear plants
found that neither experience nor capacity increases had positive results on the cost of
LNPPs. Instead the largest advantages were found from standardization. This did not only
apply to the costs, but also to the safety of the plants. [91]

Financing will also most likely play a major role in the cost and potential deployment of
SMR plants. As the plants investment cost is high compared to the other options, the cost
of capital plays a large part in the actual realized cost of energy production. The TEA
reports evaluate the cost of capital for a FOAK SMR to be at the same level as large nuclear,
8,9%. Yet, compared to large nuclear that has historically suffered from overruns both in
context of timetables and costs, SMRs could potentially be more attractive to investors. The
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smaller size of the plants that scales rather directly to smaller upfront capital requirements
and the modular nature of the designs that could, through factory manufacturing and other
means, reduce the chances of exceeding the construction schedules are both important
factors in bringing the cost of capital down. If the initial deployments are unproblematic,
NOAK plants could potentially get closer to the WACCs of other production forms.[89]
Based on internal evaluation, the WACC for NuScale both in HOB and CHP use in this
thesis was set at 8%. The TEA reports also evaluate the possible opportunities presented
by early adoption focusing mainly on manufacturing to bring additional value to the local
economy. These could partly offset the risks associated with an early SMR plant on some
level.

Figure 15: Load following as a percentage of full power with a single Nuscale module
using turbine bypass alone or in combination with reactor power maneuvering.[23]

When considering the role that SMRs might take in the energy system, their role as baseload
production is fairly certain. As an investment heavy plant, both as HOB and CHP option,
achieving a fairly low cost of heat and electricity is fully based on gaining enough full load
hours. Still as mentioned earlier, load following might be critical in the future and also
economical through heat storage. The main ways load following could be performed were
already mentioned in section 2.2.2. NuScale has not given detailed description of the load
following capabilities, but the design fulfills EPRI’s specifications for load following that
include, for example, the ability to cycle from full power to 20% and back within 24 hours,
ramp rate of 40% per hour and step change of 20% in 10 minutes. A good indication of
the potential capabilities of the NuScale SMR for this is given in figure 15. The figure is
from a case study where a single NuScale module was used to balance out the production
of a 57.6 MWe wind park to match the typical daily electricity demand. While adjusting
the reactor output itself requires additional planning and forecasting of the system, the full
bypass of the turbines allows for fairly rapid maneuverability. [23]
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It is also interesting to note that in the TEA reports scenarios, the model in the baseline run
clearly preferred SMR CHP over purely electricity producing ones. Compared to the run
with no SMRs, the 9 GW deployment of SMRs up to 2050 was enough to replace around
25 GW of primarily solar and offshore wind capacity with the SMRs also taking on the role
of providing the majority of district heating. Overall the 9 GW SMR deployment provided
about £1.3bn in savings compared to the baseline model. That is still not to say that the
SMRs are the only option as they are usually replaceable by other technology choices at a
fairly low cost in most cases.[88]

Siting an SMR HOB or CHP plant can also prove a challenge when considering that DH
plants are traditionally built fairly close to the network they provide heat for. Traditionally
nuclear power plants have required fairly wide emergency planning zones (EPZ) that do
not necessarily seem applicable when put into the context of comparatively urban DH
networks. NuScale is currently in the process of attempting to reduce the EPZ for their
design from the current US regulatory body requirement of 10 miles to potentially only
include the site area itself [92, 93]. In Finland similar requirements include a 5 km radius
with no significant amount of human traffic or activity inside it and a 20 km EPZ while the
Swedish regulatory body proposed to extend their equivalent of the EPZ to 25 km from 15
km in 2017 [94, 95]. It could be expected that if NuScale’s attempt in the US regulatory
system succeeds, the same arguments could be leveraged in other markets as well. In the
case of this thesis, similarly to the licensing, the siting is treated as a solvable issue.

NuScale presumes that their plant’s construction will take 51 months with a 28.5 month
critical path [22]. Based on this, the presumption is made that a HOB would take 4 years
to build while a CHP plant would take an additional year. The fairly large 1st year share of
the capital cost presented in table 3.1 in appendix 3 is mostly based on the presumption
that the pre-construction phase has already required significant funds. The modularity
of the plant also brings forth the interesting question of further expansions of the plant’s
capabilities. If the original plant infrastructure is built to allow for more modules than
originally installed, expanding the plant’s capabilities should be fairly cost-effective. Also
as with the costs, there is a possibility that the construction time could be brought down by
the effects of learning [89].
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5 Scenario runs

5.1 Helsinki Metropolitan Area 2030
The Helsinki Metropolitan area scenario is built around the base concept that the DH
networks of Helsinki, Espoo and Vantaa would be more fully integrated by 2030. This
further integration is not necessarily the most likely outcome, but used here based on the
data available in the NETP16 and the scaling and the resulting size of the SMR plant
discussed previously in section 4.3.7. The base heat demand and production used here is
based on the NETP16 Helsinki 4DS heat production distribution. While the thesis has
mostly used numbers from the CNS scenario in the report, the amount of money invested
in the energy efficiency of buildings necessary to gain the 3 TWh drop in heat consumption
by 2030 in the CNS scenario seems counter-intuitive in comparison to the investment
required for cleaner heat production. Based loosely on the current CHP and HOB plants in
use, a baseline of different production forms for 2030 was formed utilizing the hourly heat
demand and production model to emulate the 4DS production distribution. This is shown
in table 4 along with the base data used.[4]

Table 4: The realized DH production mix in the Helsinki
Metropolitan area in 2018 and the approximate mixes and
production amounts for 2030 [4]

2018 2030
NETP16 Model

Plants
(MW)

Production
(TWh)

Plants
(MW)

Production
(TWh)

Coal 3,15 0,00
HOB 420 0 0,00
CHP 1036 0 0,00

Gas 4,04 3,56
HOB 1965 2500 0,41
CHP 970 1000 3,15

Oil 0,00 0,00
HOB 1326 0 0,00
CHP 0 0 0,00

Biomass 2,54
Pellet 1,80

HOB 170 400 1,80
CHP 0 0 0,00

Woodchip 3,44
HOB 0 0 0,00
CHP 0 500 3,44

Waste 1,50 1,31
HOB 0 0 0,00
CHP 120 150 1,31

Electricity 0,07 0,00
0 50 0,00

Heat pumps 0,03 0,89
152 200 0,89

TOTAL 6094,00 11,32 4800 11,00

43



The current generation distribution is taken from the district heating statistics in Finland
from 2016 with the additions of the new Salmisaari and Kivenlahti pellet HOBs and 2 heat
pumps in Esplanadi [96, 97, 98, 99]. The heat pump capacity was also taken into account
in the generation mix while ignored by the NETP16. The NETP16 scenario still uses coal
but the decision by the Finnish government to ban the use of coal was taken into account
here [44]. The production mix was originally built with coal still in use and the 600 MW
of coal CHP was then replaced by the addition of 200 MW of pellet HOBs, 350 MW of
woodchip CHP and 50 MW of heat pumps. This baseline is not necessarily representative
of the full system. The peak power capacity for example, is not necessarily high enough
and was mostly taken care of by adding extra gas HOB capacity to the mix.[4]

Figure 16: The heat demand of the full Helsinki Metropolitan region.[100, 4]

The heat demand was compiled using equations 1 and 2, the heat demand from the NETP16
and the temperature data from the Kaisaniemi weather station from 2017 compiled by the
Finnish Meteorological Institute. The hourly variations are shown in figure 16 [100]. The
base heat demand was set at 300 MW based on scaling by population from the 80 MW
baseload presumed by VTT for Espoo [87]. This is a rather conservative estimate as the
share of DH is slightly higher in Helsinki than Espoo and Vantaa. In 2016, the population
based shares were 94% in Helsinki, 81% in Espoo and 88% in Vantaa [96]. The shares of
the overall heating markets are most likely slightly lower. The electricity price series is
gained similarly by using equation 3 and the hourly 2017 Finnish price series from Nord
Pool in combination with the presumed electricity price for Finland in 2030 from NETP16.
The price series is presented in figure 17 [45]. While it was originally considered if the
price series should be better scaled from the point of view of volatility, it was deemed
unnecessary due to the fairly even match of shapes between the two sorted series. For the
development of electricity prices over time, the NETP16 data presented earlier in figure
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11 was used with the same growth presumptions that were also used for the fuel price
development described in section 4.2. The electricity price series is also scaled up directly
using the price difference between 2030 and the target year when considering years beyond
2030. As the overall heat demand in the NETP16 does not see significant changes between
2030 and 2050, the heat demand series is presumed to stay even over time. These are, once
again, rough approximations but used here to gain a basic idea of the potential development
of the heating markets.[4]

Figure 17: The electricity price series of 2030 used for the scenario.[45, 4]

The price of district heating is expected to stay at the level of 80 e/MWh based on internal
discussions. This is fairly close to the current rate charged by the companies in the Helsinki
metropolitan region [101]. Based on internal discussion and the article by Persson and
Werner, the estimated share of the network costs was presumed to be 10 to 15 e/MWh
[102]. This in addition to the 24% VAT placed on the heat sold would result in realized
heat price of around 47.5 e/MWh for the plants. The question of the effect of increased
amounts of heat pumps built for individual buildings also came up in the discussions.
While these might put pressure on DH producers to lower their prices, the evaluation would
be outside of the scope of this thesis.

The tax rates used in the scenario mainly presume that the current levels of taxation would
continue. The fuel taxes for coal and gas are 28.8 e/MWh and 19.9 e/MWh respectively
for HOBs. In CHP use, the CO2 tax is halved resulting in tax levels of 18.2e/MWh for coal
and 13.7 e/MWh for gas. Electricity tax applied to its use for powering heat pumps and
electrical boilers is presumed to stay at the level of 22.53 e/MWh while the transmissions
costs are expected to stay around 30 e/MWh based on a rough evaluation of the rates of
Caruna. The corporate tax rate is presumed to stay at 20% after 2015. [103, 104, 105, 106]
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Figure 18: The LCOH breakdown of the heat only plants considered

Based on this data, the investments in different production forms are also evaluated. A
base case where each plant has 8000 full load hours a year is shown in figures 18 and 19
with figure 18 breaking down the LCOH for pure heat production plants and figure 19
evaluating the LCOE for the additional investment to a CHP plant. The values are based
on the plant data given in tables 1 and 2.

Figure 19: The LCOE breakdown of the additional CHP investments considered

MSW’s non-existent LCOH in the model is explained by the heat revenue and the negative
fuel cost that overpower most of the costs related to both investment and operation. This is
still fairly suspicious and not necessarily a fully realistic result. The SMR comes in as the
second cheapest option production-wise and while the result is expected based on the data
used for SMR costs, it does highlight the need for closer evaluation of the data provided by
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NuScale. Rest of the LCOHs are fairly close to what is to be expected. The fossil fuels
would otherwise be low-cost options, but the CO2 costs and taxes bring the LCOHs up
significantly. Electrical boilers are not even considered here as their results clearly drive
them to pure peak load territory when electricity pricing is low. Outside of those hours, the
boilers would not see much use.

The LCOE figures for the additional investments towards CHP production seem to indicate
that the issues CHP new build is currently suffering from will be persistent. The waste
CHP plant is the only option with a truly competitive LCOE even at 8000 FLHs. The rest
fall fairly close to each other in the 50-70 e/MWh range. The SMR LCOE of 52 e/MWh
is almost low enough to be a profitable investment in the presumed electricity price range,
but the higher WACC of 8% brings its NPV down to a negative value.

Figure 20: The LCOE breakdown of the off- and onshore wind turbines at various full load
hours

In contrast figure 20 showcases the same metrics for on- and offshore wind power at
various wind levels that generally represent the full load hours that could be expected in
the Nordics based on the wind map in the NETP16 with the lowest values for both on-
and offshore being generally representative of Finland [4]. The dropping investment costs
mean that wind power is extremely competitive in contrast to the CHP investments with
turbines even at the lower end of the FLH range being fairly profitable. If the power system
can fully accommodate increasing amounts of intermittent generation, these numbers
would indicate that the electricity production investments would most likely be allocated
towards additional wind power. CHP investments would generally be driven by the need for
efficient balancing power, if the development towards additional storage capacity succeeds.
Even the extremely profitable MSW CHP is still reigned in mostly by the supply of fuel.
If the hour counts for wind are high enough, even subsidy schemes would most likely
be unnecessary. The development of the overall power system in the Nordics is also
interesting from a wind power point of view as if the transmission capacity is high enough,
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building capacity in Finland instead of Norway or Denmark would not necessarily be
economically sensible. At the same time, there is value in diversifying the areas of wind
power production through the effects of the locality of wind conditions.

5.1.1 Base scenario

Figure 21: The development of the yearly average variable production costs for DH

The overall variable cost distribution of different DH production forms and its development
over 20 years is presented in figure 21 based on the equations 4-6. As noted earlier, these
are the production forms and investment options considered in the scenario. The costs
also give a fairly good idea of the running order for the plants. Waste CHP and any form
of SMR, while not considered here yet, will almost always fully form the baseline of
production. As noted earlier, the cost of both waste and SMR production should be low
but the costs visualized here for the two seem out of proportion in comparison to the other
production forms.

The limits of the model are first highlighted here as the start-up costs associated with
most plants would mean that firing up gas CHPs, for example, would be more unified
as sporadically switching between different production forms would generate additional
unnecessary costs. Similarly the model fails to take into account for maintenance breaks
that would shut down the waste CHP and allow the other production forms to enjoy higher
full load hours. These are still taken into account when evaluating the FLHs for the
investment model.
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Figure 22: The district heat production distribution in 2030 in MW

Figure 23: The district heat production distribution in 2050 in MW
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The actual production distributions presented in figures 22 and 23 do not necessarily
contain any surprises. The 2030 distribution generally follows the presumed order. In
an actual case, some of the spikes performed by gas CHP would not be realized due to
start-up costs. Same most likely applies to the woodchip CHP production that would most
likely be more continuous during the summertime cutting back on the number of hours
that heat pumps are used for production. At the same time, the model does not take cooling
produced by heat pumps into account at all which would most likely provide additional
hours for them. The use of heat pumps for district cooling could also potentially bring
their cost of production down further making them more competitive with pellet HOBs.

The only major change between 2030 and 2050, is the distribution of production between
gas CHP and HOBs. As the gas CHP is heavily biased towards electricity production and
the rising CO2 prices bring the cost of gas based production up significantly, the HOB
production is cheaper during hours of lower electricity pricing. The price increase also
shows in the overall amount of gas based production that drops from 3.56 TWh to 3.08
TWh. This is mainly replaced by increased pellet HOB and heat pump use.

5.1.2 Addition of SMR into the production mix

Figure 24: The district heat production distribution with SMR CHP in 2030 in MW

The addition of 300 MW of SMR heat production into the production mix is presented
better in figures 24 and 25. While the figures were built based on SMR CHP, the results
for running an SMR HOB instead of a CHP plant do not necessarily differ significantly
as both of them fall into the same slot in the running order. As noted earlier, the SMR
heat would be the second in the running order after the waste CHP and the plant would
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most likely keep that position under most scenarios as running the plant is inexpensive
compared to most other options.

Unsurprisingly, the addition of the SMR mostly drives the gas production fully into peak
load role. As the production costs of gas fired plants play an important part in the formation
of the overall cost level of DH production, the addition of SMR production brings this
down significantly. At the same time, any new investment that would replace the gas as an
cheaper option would have the same effect.

Figure 25: The district heat production distribution with SMR CHP in 2050 in MW

5.1.3 Effects on the cost heat production
As noted, the different production distributions also result in fairly different cost levels for
the DH production. These are better visualized in figures 26 and 27. Figure 26 showcases
the yearly marginal cost distribution in 2030 and 2050 clarified by taking a moving average
of the values using a period of 100 hours. As expected, the marginal cost of the DH
production during the peak load hours of winter is mostly determined by the cost of gas
based production. The effect of the rising CO2 price also explains most of the increase in
cost between 2030 and 2050 as even though most of the other fuels also see an increase in
price, the cost level of the production during the low demand hours of summer does not
rise as significantly as it does during the winter. Also as expected, the addition of an SMR
plant mostly brings the marginal cost down during the low demand hours as during the
3000 highest cost hours, the addition of either of the SMR options brings the cost down
just 6% in 2030 and 2% in 2050 on average.
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Figure 26: The marginal cost of district heat production over a year in 2030 and 2050 using
a 100 hour moving average

Even if the effect of the SMR investment on the marginal cost is limited, it would still bring
the overall cost of DH production down. Figure 27 presents the sorted cost series gained
by adding together the total realized production cost divided by the amount produced for
each hour of the year. These sorted series can be used to gain a basic idea of the overall
production cost and the effect of the SMR deployment on it. If the period of time surveyed
is again the 3000 highest cost hours, the SMR HOB investment would bring the average
cost of production down by 23% in 2030 and 24% in 2050. The SMR CHP would bring
the cost down 29% in both years compared to the base scenario. The figure 27 also had
some of the lowest cost values cut both for the sake of clarity and due to them mostly being
caused by spiking electricity prices that translate to extremely low CHP production costs
for the SMR and MSW CHP that are not necessarily valid.

Figure 27: The sorted average hourly production costs over a year in 2030 and 2050
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5.1.4 Investment evaluation
To assess the investment potential of the different production forms, the FLH counts were
evaluated based on the hourly heat demand model. These are better presented in table
5. The base presumption is that a new plant would be the most efficient of its kind and
have the priority in the start-up order. As the primary scenario under consideration here
is the choice of investment in a new plant when there is no SMR production in place, the
FLH values from the base case are most valid here. Generally the numbers were taken as
rather direct data while in the case of woodchip CHP, SMR plants and the waste CHP, the
availability of the plants was also considered. 8000 hours was generally considered suitable
for these. While the MSW CHP runs for full hours in the scenario, the plant data presumes
about 93% availability for it [70]. Generally the presumption is that through the planned
outage of the existing baseload MSW CHP that is usually performed in the period of lowest
load, all of the plants considered for the baseload production, SMR HOB/CHP, woodchip
CHP and MSW CHP, would most likely reach FLH counts close to 8000. Even though
nuclear is generally characterized by long outage periods for refueling and maintenance,
the NuScale plant can be refueled one module at a time meaning that it should always be
able to produce 150 or 200 MW depending on the choice between HOB and CHP plant.

Table 5: The full load hours from the two scenarios and general evaluations for the
investment model based on these.

SMR Base case
Plant type Plant size Full load hours Full load hours

(MWdh) 2030 2040 2050 2030 2040 2050 Evaluation
Waste CHP 150 8750 8750 8755 8750 8750 8760 8000
Woodchip CHP 300 6000 5980 6070 7360 7280 7460 8000
Pellet HOB 300 3790 3860 4360 4680 4760 5170 4700
Gas HOB 300 370 430 1540 650 750 2310 1000

CHP 300 3420 3260 1790 4650 4450 2410 3500
SMR CHP/HOB 300 7790 7780 7810 0 0 0 8000
Heat pumps 20 3920 4330 4900 4670 5160 5843 5200

Running the investment models based on these hour counts result in the data showcased
in figures 28 and 29. Generally speaking, the IRRs and NPVs for heat production here
seem too high. The presumed realized heat price of 47.5 e/MWh for the plants is still
fairly high and most likely the prime reason for this effect while the high efficiencies
facilitated by the flue gas condensation also play their part. As a counterpoint, the question
of the monopolistic nature of DH networks also came up in the internal discussions. The
high IRRs gained from the model could be correct but as the IRRs reached purely by the
upkeep of the old plants are most likely even higher, new plants are only ever considered
as replacement investments by existing operators that do not want to cannibalize their
own profits. The high heat price in this case would be easily explainable by the lack of
competition. Unsurprisingly the MSW CHP and SMR options enjoy the highest NPVs as
the plants enjoy cost effective production costs while they are huge investments. Even if the
high return rates do leave the numbers under fairly suspicious light, some light sensitivity
analysis done by dropping the realized heat price to 40 e/MWh revealed that the plants
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would still for the most part be valid choices for investment with the NPV of heat pumps
being the only one that falls to a negative value. Gas based production is driven fully out
of the list of valid options already even at the base heat value, mostly by the rising CO2
costs and taxation. The IRR for gas is lacking as the Excel formula fails when there are no
positive FCF values over the lifetime of the plant.

Figure 28: The LCOH breakdown, NPV and IRR of HOBs and the HOB bases for CHP
plants

Figure 29: The LCOE breakdown, NPV and IRR of the additional CHP investments
considered with wind power values for reference

The situation is fairly different for the additional investments towards CHP production
as the only option with a positive NPV is the MSW CHP. As noted earlier, the SMR
CHP is extremely close to a positive value but apart from the MSW CHP, the additional
investments all lose to wind power. The effect of the higher WACC for SMRs still shows
here as the nuclear CHP does actually have an higher IRR than the offshore wind and does
not lose too badly to the onshore wind. The objective riskiness of both SMR and offshore
wind investments will most likely play a large part in the actual financing opportunities
for both plants and determine which would be a more valid choice. While the CHP plants
do not necessarily look like opportune investment choices, the overall IRRs of the plants
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gained by calculating the IRR from the summed yearly cash flows from the two models
presented in table 6 show that if considered as a full investment, they are still valid options.
Still as noted earlier, the possibly inflated numbers for the heat plants might have the same
effect here as well. It’s also fairly important to note that while the wind power enjoys a
fairly low LCOE and decent IRR here, the simplified calculations behind these do not
fully take into account all of the factors regarding the investment in generation that cannot
be dispatched when necessary. The actual values for the wind turbines might be more
debatable depending on how the generation is split between highly valued peak hours and
hours of low demand and price [64].

Table 6: The total IRRs for CHP plants

MSW woodchip gas SMR

IRR 21,97 % 11,59 % - 11,93 %

5.1.5 Sensitivity analysis of the SMR plant
As the monetary values for SMRs contain a rather large amount of uncertainty, even
compared to the other values utilized in building the scenarios, a basic sensitivity analysis
was performed on the HOB and the additional investment towards a CHP plant. The
analysis was performed by adjusting the following listed values by ±20% compared to the
base values used in the rest of the scenario analysis.

• Full load hours (FLH)

• Capital expenditure (CAPEX)

• Weighted average cost of capital (WACC)

• Total O&M including both fixed and variable O&M costs

• Heat or electricity price depending on the plant

• Fuel price

The results are displayed in figures 31 and 30. As presumable for a plant with significant
investment and low operating costs, adjusting the O&M costs and the fuel prices at this
level do not necessarily affect the plants in a significant manner. The capital cost of the
investments is fairly significant, more so on the CHP side as the size of the investment
compared to the amount of production achieved is larger. Generally speaking all of the
factors are amplified in their effect on the CHP side compared to the HOB and the additional
investment is considerably more vulnerable to any changes to the base presumptions.
The truly significant factors are the full load hours, price achieved from the sales of the
production and the cost of capital. The role of the SMR as a baseload plant is fairly critical
as even rather minor changes to the number of hours achieved will have a significant effect
on the profitability of the plant.
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Figure 30: The NPV (left) and the LCOH (right) values from the sensitivity analysis
performed on the SMR HOB.

Figure 31: The NPV (left) and the LCOE (right) values from the sensitivity analysis
performed on the additional investment towards a SMR CHP plant.

Still perhaps the most worrying factor is the effect of the WACC on the profitability as
SMRs are, as noted previously, new technology in a field where the risks of investments
have already been considered high. As noted earlier in section 4.3.7, the TEA reports use
8,9% as the current level of WACC for large nuclear as well as for SMR [89]. This would
be equal to an increase of about 11% on the figures from the base value of 8% used in the
scenario. The overall range displayed here for WACC is between 6.4% and 9.6%. The
success of the FOAK plants as proof that the plants can be built and that they function as
planned is fairly critical if the goal is to keep the cost of capital down for potential NOAK
plants. The 8% was used here as a presumption of the level the WACC would reach in a
NOAK plant but once again, the development of this is fairly difficult to predict. While the
effect of the WACC is not linear and decreases with additional growth, the financing of
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the plant will most likely remain one of the most critical factors in the decision to invest
in a new plant. This is not necessarily surprising as the SMR plants still share a similar
relationship between investment and operating costs to large nuclear. As noted by Roques
et al. the capital intensive nuclear generation is extremely dependent on the discount rate
[107].

It should also be noted that the presumed efficiency for the CHP plant was fairly low
compared to most other CHP options, mostly to ensure that the assumption was sufficiently
conservative. In the case that the realized efficiency for electricity production is higher, the
plant’s NPV and LCOE would most likely move towards more preferable values.
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6 Discussion

6.1 Scenario analysis
As the scenario analysis contains a fair amount of uncertainty, the most important takeaways
from it are rather general ideas. The SMR HOB and CHP both have potential as baseload
plants. This is especially true when considering which plants they primarily run against.
While biomass and especially waste might seem like highly attractive options, both should
be looked at through the lens of fuel supply and its sustainability. The current sourceable
fuel supply of MSW from the Helsinki metropolitan area and beyond is already utilized
in the current MSW plant in Vantaa. This would generally mean that an additional MSW
CHP plant as an option in the Metropolitan area could be crossed out completely. At the
same time, academic sources mentioned earlier have raised concerns over the sustainability
of the plans to increase the share of biomass use in Finland. Similar questions have been
raised about the logistics involved in fueling the possible additional plants. In this case, the
question starts to move away from "What is the cheapest way to produce heat sustainably?"
and towards "What options for sustainable heat production are there left?"

In this discussion, based on the scenario runs, the SMR option is fairly strong. Compared
to, for example, the pellet HOBs and heat pumps that Helen and Fortum have invested in,
the heat produced by SMR HOB is cheaper based on its LCOH and its NPV and IRR values
seem comparatively strong. Similarly to the current situation, the trend of investments
towards HOBs instead of CHP plants also seems to continue. While the investments would
overall be profitable, the additional investments compared to just building a HOB do not
necessarily justify themselves. This is especially true if wind power’s learning rate stays
at its presumed level and its LCOE continues to drop. The continued build-up of wind
power might still also result in a resurgence of CHP, if there is enough monetary value
given to the ability to support the power system when it suffers from the negative effects
of high amounts of intermittent generation. The SMR CHP is already extremely close to
profitability at the WACC of 8% and if through load following and heat storage it could
realize additional profits, it would most likely be a more viable option. Still as noted in the
sensitivity analysis, the FLH counts are critical to the profitability of the SMR CHP and if
the increased amount of wind power drives other production out of the market, the CHP
investment will begin to look undesirable fairly fast.

Even if the sustainability of expanding the use of biomass might be questionable, the option
should be taken fully into account. The main comparisons are between SMR and pellet
HOBs and SMR and woodchip CHP plants. Between the HOBs, the pellet option has some
significant advantages. While the SMR LCOH is lower, the pellet HOB has significantly
lower initial investment costs and a higher IRR. The same point of lower initial investment
also applies to the woodchip CHP. It should also not be ignored that the SMR is built with
the lifetime of 60 years in mind. While this has some advantages in the form of overall
longevity, it also leaves the plants profitability more vulnerable to changes unforeseeable
at the point of the investment decision. In comparison, the woodchip CHP has an lifespan
of 30 years while a pellet HOB would need to be replaced after 20 years. Also, while still
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vulnerable to changes over time, any life and depreciation time over 7 years for an SMR
HOB in the investment model does still produce a positive NPV even if the LCOH also
rises significantly. This does once again slightly bring the credibility of the values used to
question, but can most likely be taken at least as a starting point to note that the plant does
not require its full lifetime to become profitable.

As the cost of SMR heat generation is fairly low, the overall heat production cost is brought
down fairly dramatically by its introduction. The effect of this is twofold. If the growth
in the share of individual heat pump installations that was raised in internal discussions
is realized, it would most likely result in additional pressure for the DH producers to
lower their prices. The cheaper SMR production would give the producers additional
maneuvering room, but at the same time, this could cannibalize the profitability of the
SMR investment.

While gas production was mostly driven out in this scenario by taxation and CO2 pricing,
there are still cases where this might not necessarily be certain. If the ETS as a policy
continues to have problems, the plants are still fairly cheap and extremely maneuverable.
The growing LNG markets are changing the way gas is traded and priced and the price
development might not necessarily follow the track presumed here. If one of SMR CHPs
selling points is its load following capacity, it could also face competition in this field from
peaking gas plants. Gas HOBs might also still continue to see investments as they are
still among the lowest cost plants with regard to investment cost. DH suppliers have to be
able to fulfil their supply even at peak loads and even if the gas HOBs are not necessarily
profitable investments, they could be necessary. The secondary option for this would
be electrical boilers that were dropped completely out of the discussion in the scenario.
Depending on the actual realized electricity price series, these might also see investment
for similar reasons to the gas HOBs.

Similarly to the electrical boilers, heat pump profitability is also dependent on the relation
between the heat and electricity pricing. While most likely profitable, the expansion of the
capacity is also limited by the amount of waste heat available close enough to the network.
It should still be noted that district cooling is also an opportunity for heat pumps that was
fully ignored here and would most likely increase their profitability in comparison to the
other options presented here.

Between the SMR HOB and CHP plant, the HOB seems like the more stable investment.
If built, the plant would most likely provide stable baseload at a low cost over its lifetime,
if the network it is connected to has a high enough base heat demand. A city the size of
Helsinki, even without the full metropolitan area, would most likely be able to support a
module or two. The CHP plant is a more complicated matter. While the electricity price is
presumed to rise here, estimating the level and volatility of the electricity price series with
the presumed high levels of wind power is outside of the scope of this thesis. The investment
would most likely require high number of baseload hours, or proper compensation for a
supporting role in the power system. Even so, the numbers presented here hold some initial
promise for the possibility of a CHP plant.
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The uncertainty of the base data still permeates most of the results presented here. The
sensitivity analysis performed provides an initial view of what kind of effect various
developments to the plant data could have. While the HOB values for NPV and IRR
presented here might seem somewhat unrealistic, the profitability and the affordability of
the production seem to be fairly stable even under changes to some primary values. For the
additional investment towards a CHP plant, the situation is almost reversed as the already
unprofitable plants NPV does decrease in a noteworthy manner with even fairly minor
changes. For both plants, the financing of the plant will be critical and 2030 as a starting
point might seem early as the plants will need to prove themselves to be both financially
and technically competitive for the cost of capital to drop down to suitable levels.

6.2 Expanding the results of the model to other markets
To limit the scope of the thesis, the scenario analysis was only performed on the Helsinki
Metropolitan area. Nevertheless, some rough approximations can most likely be made for
the potential of SMR DH in the other markets considered earlier based on the results gained
here. Poland is another fairly interesting candidate for SMR HOB or CHP deployment
due to its current heavy dependence on coal. The total district heating demand in 2011 in
Poland was 65.3 TWh [108] while just the network of Warsaw had total delivered DH of
10 TWh in 2010 [109]. The overall heat demand is presumed to stay at a similar level, even
though advances in the energy efficiency of individual buildings will continue. Networks
of this size should still be more than enough to support the investment in an SMR plant
with enough FLHs. As the DH system in Poland is almost fully based on coal and aging
as noted earlier in section 3.3.2, there is also a clear reasoning for new investments. At
the moment, the plans for the renewal of Warsaw’s DH production infrastructure include
increasing the share of MSW to 8% and the share of biomass to 15% by 2020. As the
most direct competitor for the SMR plants, the increasing share of Waste-to-Energy is
significant. The 2016 article by Wojdyga mentions 10 new MSW plants to be built by
2019 in Poland that would burn 1.5 Mt of waste out of the 3.5 Mt available a year for
combustion use. Another article by Cyranaka et al. from the same year notes that even the
30 plants under planning that would be burning up to 3.9 Mt of waste a year would still
not be enough to achieve the planned reductions in landfilled waste by 2020. While the
figures might be conflicted, there will most likely be a clear expansion of MSW plants that
will partly determine how much room for additional baseload DH production there is on
the market. [109, 110, 111]

Yet the MSW plants will not be the only competition facing SMR deployment. Even
with rising CO2 prices, replacing coal might not be as straightforward as presumable as
the concerns over security of energy supply and various business interests should also
be taken into consideration. While many of the country’s coal mines have been closed
in the face of declining profitability, Poland still has abundant coal resources that could
continue to supply the country’s energy demand. The mining companies are largely state
owned and important employers with estimates of almost 100 000 direct employees with
another 300 000 indirectly employed by the industry. While the move away from coal is
extremely important, it will have significant social and economic consequences for the
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country if mismanaged. Work is underway on multiple new coal plants utilizing more
efficient technologies and the overall energy strategy is still heavily based on coal.[56] As
seen in figures 18 and 19, significant share of the presumed high LCOE/LCOH of coal
is formed through taxes and CO2 costs. The coal based production will most likely be
significantly more profitable in Poland than in Finland if the local energy policy continues
to support the production through low or non-existent taxation and other sources.

There is also the question of profitability in a market where the price of heat is fairly low.
The last found data point for the polish DH price excluding VAT was 43.6 e/MWh in 2013,
only 75% of the price level of Finland in the same year [112]. While the pure HOB can
most likely withstand even lower prices, the price level in combination with the uncertainty
concerning the WACC-level of the plants does require additional considerations. At the
same time, the electricity price level in central Europe has generally been higher than in
the Nordics as noted in figure 11 meaning that the CHP investment could under the right
circumstances be more profitable.

Based on the existing attitudes towards nuclear in the Nordics, SMR deployment outside of
Finland would be most likely in Sweden. Compared to Finland, the DH system is already
greener as the share of fossil fuels in DH production is under 20% as seen in figure 10. As
a country with a larger urban population and multiple, compared to Finland, fairly large
DH networks, the basic presumptions set for Finland would most likely apply to Sweden
as well. If the decisions is made to replace existing fossil fuel based production, SMRs
could be a potential choice if the baseload demand is large enough. Interestingly, Denmark
with its fairly strong anti-nuclear stance also uses fossil fuels to cover over 55% of its DH
production. The development of electricity generation seen in figure 12 also presumes a
large share of natural gas based generation in the future. If these plants are presumed to be
CHP plants, there might be an opportunity for the further decarbonisation of the system
using SMRs. This would still require a swift change in the public attitudes towards nuclear
generation.[4]

6.3 Faults in the scenarios
While the scenario analyzed here was built as an attempt to evaluate the SMR investment
as accurately as possible in the scope of a thesis, the work, like most scenario evaluations,
almost certainly suffers from inaccuracies, simplifications, personal biases and other
possible shortcomings. The scenario was built upon a very exact premise that focuses fully
on the DH demand and presumes that any electricity from possible CHP production could
be sold at the market. Not taking the electricity market demand and supply into account
simplifies the scenario significantly, but also reduces the overall validity of the end results.

While the scenario was originally meant to be built fully upon the data from the NETP16
data, it became apparent rather quickly that some of the basic expectations in the scenario
data could not be presumed to be realistic. Modifying factors such as the CO2 and biomass
fuel pricing would most likely also affect the price of the other fuels, electricity and other
factors. Generally speaking cherry picking single pieces of data from multiple scenarios
and models is not necessarily ideal, but done here mainly out of necessity.
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Similarly, finding public financial and technical data for district heating plants proved
challenging and the Danish catalogues were mostly used as a least worst option. Once
again, the data was in many cases scaled up and heavily modified based on public data
and internal discussions in an attempt to find more realistic values. While the direct
modifications were mostly done based on other sources, some of the scaling, while noted
internally to be close to the correct range, seems extremely uncertain in its verifiability.
The scaling up to 300 MWdh overall was mostly done to bring all of the plants in line
with the NuScale plant. While defendable from the point of view of making sure that
most of the plants are comparable to each other, it does reduce the applicability of the data
in any kind of actual context. Some factors like the prevalence of flue gas condensation
that brings the efficiency of most of the plants considered here over 100% also require
additional consideration.

The same naturally applies to the SMR data. As an yet to be built technology, any data
applicable to the plants is highly uncertain and when the source is the manufacturer of
the product, also expected to contain some level of marketing or idealism. While some
of the base presumptions used here were taken from other studies and sources other than
the manufacturer, it does not make them any more realistic. As already discussed under
section 4.3.7, the unknown factors concerning SMR deployment are still numerous and
until the first plants are realized, they will most likely remain as such.

Beyond just the basic data, the thesis is heavily reliant on presumptions on policy issues
that could change in the future. As a prime example, the main scenario was originally built
based on a large amount of coal CHP that was replaced mostly by biomass as the Finnish
government publicized their plans to ban coal based production. The same uncertainty
applies to factors like taxation, future interest rates for different production forms and other
aspects of the model. Trying to evaluate the pricing for electricity and heat is well beyond
the scope of the thesis, but more accurate data on both would have huge implications on
the results presented here.

It is also fairly important to note the possibility of personal biases in scenario studies.
While the thesis was written with the goal of being as objective as possible, it is hard to
fully ignore the role the authors background could have. As Sovacool and Ramana note
in their article on the hopes and claims associated with SMR research, the studies often
feature rhetorical visions of the future [113]. While the article takes a fairly strong stance
on the issue, the point does stand that SMRs have often been referred to not only as tools,
but as solutions to multiple issues including the role of nuclear, climate change and water
scarcity. As the author has a background in nuclear through work and studies and a fairly
pessimistic outlook on the pervasive climate issues of today and the solutions proposed
to them, the risk of seeing the potential of SMRs as greater than it is should be taken into
consideration. The author still hopes that the thesis manages to retain a neutral outlook on
the role SMR could play in the decarbonisation of heating systems. While the scenario
work done here has its issues, a large number of them most likely not mentioned here,
there is some initial promise to the results. As a source of preliminary overlook and as a
possible starting point of further research, this thesis hopefully fulfils its role.
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6.4 Notes for future research
NuScale, as noted at the start, is not necessarily the optimal reactor for district heat
production. At the same time, it is one of the only SMRs that has fairly reliable data
publicly available and the passive safety features and other factors still make it fairly
promising, especially if considered for CHP use. Yet there are other reactor designs that
might be more suitable specifically as a HOB or CHP plant. In the case that the Chinese
pool-type reactors are proven feasible by the FOAK plants, it would most likely be the
optimal solution for a pure HOB plant when considering the economy of the plant, but
only if the district heating systems in the areas considered also evolve over time to allow
lower temperatures. Similarly if the plant type required is a CHP plant, HTGRs will most
likely be able to reach higher efficiencies but how those line up in relation to the cost and
operation of the plants is still fairly unknown. As more data starts to become publicly
available on various designs and especially as the evaluations of the costs of these plants
start to become more reliable, analyzing their potential will become more relevant. At the
same time the latest update to NuScale SMR’s generation capacity in June 2018 partly
makes the calculations performed here obsolete before the thesis has been finalized as the
actual cost of production might be dropping significantly through the additional power and
the analysis would require further updates [17].

Improving the relevance and reliability of the other data used in the scenario runs alongside
the new NuScale numbers is also a fairly clear point of improvement as are more varied
scenarios that would further map the effects of various development paths the energy
systems are likely to take. At the same time, limiting the research of the suitability of
these reactors to the Helsinki Metropolitan region or even the other areas mentioned here
is not ideal. DH might become more widespread technology in Europe and outside it in
the future. Mapping out the potential networks that have or will have enough heat demand
to support SMR plants seems fairly important as the plants will only become economical
if they reach a high enough level of deployment so that they can enjoy the economies of
scale achieved through the volume of production. At the same time, running more precise
scenario models on multiple locations and DH networks could better reveal which factors
are the most critical for SMR deployment.

At the moment, it seems likely that one of the most critical factors will be the financing of
these plants. Researching the possible financing models and types of support necessary for
the plants to reduce the WACC to a low enough level for the investment to be attractive
seems important. Similarly the effects of the modularity of the plants on the financing
would seem interesting. Building a single module and expanding the plant later could partly
assist in bringing down the WACC, but this would also require you to invest a significant
sum into the infrastructure of a plant with the risk of the additional module investments
failing.
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7 Conclusions

The continuous threat posed by climate change will require rapid action on multiple fronts.
Worldwide heating accounts for over half of the final energy demand while carbon free
generation of heat will still be an ongoing challenge for years to come. SMRs are a
promising answer to this challenge, but until the technology is realized as actual plants
and the route DH development will take is realized, no clear answers can be given. The
policy background is fairly conflicted currently especially in Europe with a wide variety of
different views on the role nuclear will have in the future. There is still enough interest
towards nuclear, especially in the areas mentioned in this thesis: Finland, Poland and
Eastern Europe overall and the UK, that a wide enough deployment seems achievable
to realize some of the benefits of SMR manufacturing even in just these regions. It will
still remain interesting to see how different potential global trends will affect the heating
systems overall. The clear growth in wind power and the adjacent electrification of heating
that partly utilizes the potentially cheaper electricity and partly balances the intermittent
production will have major implications on the potential of more traditional larger plants
for DH production. Similarly the changes brought on by the growing LNG market could
have implications both for the continuation of existing gas fired plants and new builds.
These developments and their results will most likely be visible at the point that an SMR
new build is a realizable option and the effects will remain to be seen.

The SMR technology itself seems suitable for district heating. The small scale means that
a single module can fit into a fairly small DH network if the baseload is large enough. At
the same time, the modular nature of SMRs also means that the plants can be built for a
variety of production configurations and they do not necessarily have to be tied down to a
single production type. Similarly the advances in safety seem promising with regard to
the EPZ considerations and the plants could hopefully be built fairly close to the networks
as long transmission pipelines would bring the costs of the investments up and increase
heat losses. The actual economics of the NuScale SMR also show quite a bit of promise,
especially for HOB plants. The SMR HOB has the second lowest LCOH after the MSW
CHP in the modelling and the levelized cost is fairly resilient to any changes to the base
values based on the sensitivity analysis. Due to the low operating costs of the SMR plants
and their nature as baseload production, they would also be bringing down the overall cost
of heat production and increasing the competitiveness of district heating against individual
heat pumps and other sources of heating. As the electrification of heating will not only
be happening through heat pumps in DH networks, SMRs could be an important tool
for energy companies to keep their DH price at a competitive level against heat pump
installations for individual buildings.

The potential SMR CHP deployment seems more unlikely but based on the results gained,
the same applies to all forms of CHP production outside of MSW CHP. There is some
initial promise to the numbers and deployment might be a possibility, but it will be highly
dependent on the route that electricity markets take. The LCOE and NPV values for the
SMR CHP are also clearly more sensitive to any modifications to the base data, especially
the cost of capital. The criticality of financing the plants does apply to the HOB plant
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as well as the overall financial structure of the plants, high initial investments with low
production costs, means that most of the LCOH and LCOE is determined by the rate at
which the initial investment has to be paid back.

It might still be early to definitely answer the main question of this thesis: In what kind
of markets utilizing which technologies and under which assumptions would SMRs be
financially appealing? Nevertheless, the initial results gained here do seem promising for
any district heating network with a large enough base heat demand that cannot be directly
supplied alone by MSW incineration plants. At the moment, producing only heat seems
like the ideal choice from the return on investment point of view, but this will most likely
be highly dependent on multiple factors including the development of electricity price and
the need for balancing power. The increase in power rating of 20% for the NuScale SMR
without an increase in the capital costs means that even though the numbers used here
contain a fair amount of uncertainty, the acceptable margin of error has grown significantly
when considering the credibility and accuracy of the results. If the financing costs can be
kept down and generating the full baseload by MSW is not possible or sustainable, SMRs
could be the second best option for sustainable heat production
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Appendix 1 The NuScale reactor diagram

Figure 1.1: The NuScale reactor diagram [114]
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Appendix 2 Transmission capacity, investments and electricity
pricing in the Nordic system and Europe

Figure 2.1: Existing transmission capacities in 2030, investments through 2050 and
electricity prices in 2050.[4]
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Appendix 3 Ramp-up rates of capital costs

Table 3.1: The presumed ramp-up of the capital costs of new power plants towards their
completion in year t.

Construction
time (years)

t-5 t-4 t-3 t-2 t-1 t

MSW CHP 3 0% 0% 40% 45% 15% 0%
HOB 3 0% 0% 20% 35% 35% 10%

Woodchips CHP 5 15% 25% 25% 20% 15% 0%
HOB 1 0% 0% 0% 0% 90% 10%

Pellet CHP 5 15% 25% 25% 20% 15% 0%
HOB 1 0% 0% 0% 0% 90% 10%

Gas CHP 3 0% 0% 40% 45% 15% 0%
HOB 1 0% 0% 0% 0% 90% 10%

Coal CHP 5 15% 25% 25% 20% 15% 0%
HOB 1 0% 0% 0% 0% 90% 10%

Nuclear CHP 5 40% 22% 18% 10% 10% 0%
HOB 4 0% 40% 25% 20% 10% 5%

Heat pumps HOB 1 0% 0% 0% 0% 90% 10%

Electrical boiler HOB 1 0% 0% 0% 0% 90% 10%

Offshore wind Power 3 0% 0% 40% 45% 15% 0%

Onshore wind Power 2 0% 0% 0% 20% 80% 0%
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