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Abstract 

Globally District Heating (DH) is, in large parts, produced in fossil fired heat plants, why finding 

“low” carbon or carbon-free alternatives is an important path towards the decarbonisation of the 

heat sector. With the emergence of Small Modular Reactors (SMR), heretofore economically 

unattractive nuclear commodities have become realities. One such is the possibility to utilise 

SMRs for co-generation of DH and electricity. A literature study concluded that SMR DH is 

gaining traction within the research community; the main attraction with the technology being 

the possibility to locate sites close to the consumption, thus alleviating the main 

counterargument against DH with conventional Nuclear Power Plants (NPPs). 

 

To investigate how a SMR would behave, a DH production model using linear programming 

was adapted to simulate a SMR with an adaptive α-value (heat-to-power ratio). The system was 

applied both as base-load and mid-load, in the latter an ad-hoc electricity mode was 

implemented. In the base-load case the system yielded capacity factors on par with 

conventional thermal power plants, for the mid-load system the capacity factor was significantly 

lower. A basic economic analysis concluded that the LCOE (Levelised Cost Of Energy) was on 

par with conventional heat plants. 
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POPULÄRVETENSKAPLIG SAMMANFATTNING 

Många av Sveriges större städer har någon form av lokal fjärrvärmeprodukt-

ion som förser bostäder, allmänna och industriella lokaler med värme. Beho-

vet av fjärrvärme är uppdelat i två kategorier; uppvärmning och varmvatten, 

där det förstnämnda är beroende av utetemperaturen, det senare å andra sidan 

är konstant sett till året. 

 

Värmen produceras i centrala värmepannor, för att sedan distribueras genom 

ett fjärrvärmenät, där det värmebärande mediet är vatten med en temperatur 

på 80–120 ºC. Bränslet som eldas varierar från stad till stad, och land till land. 

I Sverige är de primära bränslena avfall som inte kan återvinnas och biobräns-

len, medan internationellt sett är de främsta bränslena fossila. Det är vanligt 

att en del av värmeenergin går till att producera el, så kallad samgenerering. 

 

Ett alternativt sätt att producera värme är att utnyttja kärnkraftverk. Konvent-

ionell drift av kärnkraftverk där elproduktionen är primär har en verknings-

grad på dryga 30% vilken skulle kunna höjas till uppåt 80% om kraftverket 

körs om kraftvärmeverk. Att köra ett kärnkraftverk som kraftvärmeverk är nå-

got som tidigare gjorts i Sverige, det så kallade Ågestaverket producerade 68 

MW värme och 12 MW el mellan åren 1964 och 1974. De nya Små Modulära 

Reaktorerna (SMR), kan placeras nära värmeförbrukningen och därmed eli-

mineras ett av de största motargumenten mot kärnkraftsförsedd fjärrvärme, 

nämligen värmetransportförlusterna till följd av långa sträckor från produkt-

ion till konsumtion. För att en SMR ska kunna försörja en stad med värme och 

elektricitet ställs höga krav på dess förmåga att lastfölja, d.v.s. förmågan att 

reglera effekten för att möta behovet. 

 

I detta arbete modifierades en befintlig fjärrvärmemodell för att simulera en 

SMR med ett adaptivt alfa-värde, som räknades fram genom att jämföra vär-

mebehovet med värmekapaciteten hos reaktorn. Från dessa resultat kunde 

LCOE (Levelised Cost Of Energy) beräknas och jämföras med befintliga vär-

meproduktionssätt. Resultaten pekar på att kärnkraftsbaserad fjärrvärme 

skulle kunna vara ett ekonomiskt attraktivt alternativ till nuvarande teknik. 

  



 

 

EXEKUTIV SAMMANFATTING 

Kärnkraftsbaserad fjärrvärme (Nuclear District Heating, NDH) är ett område 

som sedan länge stagnerat, till följd av nackdelarna med långa värmetrans-

portsträckor. Dock, i och med den begynnande SMR-tekniken, som tillåter 

placeringen av reaktorn i närhet av förbrukningen, kan problemen med vär-

metransportförluster elimineras. 

 

För att utvärdera en SMR av typen NuScale modifierades en befintlig fjärr-

värmemodell, genom att för varje tidssteg mata in ett unikt alfa-värde och 

därur erhålla en fördelning mellan elektrisk och värmeenergi. Dessa vektorer 

multiplicerades sedan med värme- respektive elpriset för att erhålla en ekono-

misk översiktsbild på produktionen. Därefter beräknades LCOE (Levelised 

Cost Of Energy) och jämfördes med befintliga variationer av värmeprodukt-

ion. I sagda jämförelse, framkom att NDH är ett konkurrenskraftigt alternativ. 

Dock vilar resultaten på en andel antaganden, så de bör ses som en indikation. 

  



 

 

 
  

“A society grows great when old men plant trees whose shade they know 

they shall never sit in.” 

     -Greek proverb 
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Abbreviations 

α Heat-to-power ratio 

BWR Boiling Water Reactor 

CHP Combined Heat and Power 

DH District Heating 

DHRS Decay Heat Removal System 

DHW Domestic Hot Water 

EBITDA Earnings Before Interest Tax Depreciation and Amortisation 

ECCS Emergency Core Cooling System 

FMS Fixed Model Structure 

HOB Heat Only Boiler 

LCOEE Levelized Cost Of Energy  

LCOEel Levelized Cost Of Electricity 

LCOH Levelized Cost Of Heat 

LOCA Loss Of Coolant Accident 

LPP Linear Programming Problem 

LWR Light Water Reactor 

MWe Megawatt electrical 

MWth Megawatt thermal 

NDH Nuclear District Heating 

(N)GDH Nth Generation District Heating 

NPP Nuclear Power Plant 

NSSS Nuclear Steam Supply System 

(i)PWR (integral) Pressurised-Water reactor 

RES Renewable Energy Source 

RPV Reactor Pressure Vessel 

SMR Small Modular Reactor 
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1 INTRODUCTION 

Heat is the largest end use of energy in the world, accounting for almost half 

of all final energy consumption, larger than both electricity and transport, 

which account for 20% and 30% of energy end use respectively [1]. The larg-

est proportion of heat is used in industrial processes (51%), followed by space 

and water heating (46%) and the smallest sectors are cooking and agriculture. 

More than 25% of the global heat consumption takes place in China, whereas 

Russia, India, the US and the European Union account for 35%. In 2019 the 

market share of District Heating (DH) globally was only 10%, whereas fossil 

fuels accounted for 51%, conventional electric equipment (direct electrical 

heating) accounted for 16%, electric heat pumps stood for 9% and renewables 

(firewood) for 14%[2]. 

 

As Europe takes strides towards decarbonisation of its energy sector to reach 

carbon neutrality by 2050 [3], vast amounts of heat production will be af-

fected. Heat that is used in industrial processes as well as space heating, and 

hot water will have to be produced using carbon neutral or low carbon alter-

natives. Another aspect pertinent to the effort to decarbonise society is moving 

from petroleum-based products towards bio-derivatives, such as bioplastics 

and biodiesel, as well as replacement for concrete as building materials [4]. 

This stands in competition to the use of wood as feedstock for biomass boilers 

in combined heat and power (CHP) plants, commonly used for district heating, 

which is why it is of interest to investigate alternative avenues to meet these 

demands. One such avenue is the use of nuclear power plants in the production 

of district heating as well as electricity production. 

 

Nuclear District Heating (NDH) is not a new concept, but it has not reached 

widespread utilisation. The reasons for this are manyfold, some of the main 

reservations being the general downtrend in the first part of the 2010s in pop-

ular perception of nuclear power following Fukushima, and for NDH specifi-

cally, the investment costs in heat transport. As Nuclear Power Plants (NPPs) 

often are sited in remote locations, which would require large investments in 

heat transport, coupled with cheap alternatives for heat production, has caused 

investments in NDH to remain lacking. Though, with the advent of SMR tech-

nologies and the shift in public perception of nuclear energy [5]–[11], coupled 

with 4-Generation District Heating (4GDHN), the arguments for are begin-

ning to outweigh those against. 
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1.1 Purpose and research questions 

The purpose of this thesis is to investigate commercial, or soon to be commer-

cial, SMR technologies on their applicability for co-generation of electricity 

and district heating, as a part of AFRY’s project “Nuclear beyond Electricity” 

commissioned by Energiforsk. Therefore, the work has focused on the mod-

elling of a SMR CHP using an adaptive α-value, in order to evaluate the ap-

plicability of such a system. 

 

The research questions posed to achieve the purpose of this thesis are: 

• How would the co-production of heat and electricity look like over 

the course of a year? 

• What would the characteristics of a SMR run in this mode be? 

And to a lesser extent: 

• Would a SMR CHP be competitive? 

 

1.2 Delimitations 

In order to investigate NDH, within reasonable boundaries, some delimita-

tions had to be made:  

• Detailed core physics calculations were not considered. 

• The referenced ramping speeds were assumed to be applicable during 

the entire fuel cycle. They were also assumed to be linear. 

• Only a rough economic analysis was performed. 
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2 DISTRICT HEATING 
The basic objective of a modern district heating network is transfer heat, in 

the form of hot water, from a central heat producer to a distributed load. The 

first-generation district heating (1GDH) networks used steam as a heat carrier 

and it was supplied by coal and waste fired plants. As the development of 

DHNs continued during the 1900s, the heat carrier was changed to super-

heated water (2GDH), requiring the water to be pressurised. CHPs were also 

integrated into the system. A 3GDH system utilises supply temperatures lower 

than 100ºC, enabling a wider variety of heat sources [12]. The emerging 

4GDH aims to involve even further energy sources, such as geothermal and 

Renewable Energy Sources (RES) as well as seasonal heat storages. This, in 

combination with further lowering the system temperature, is forecasted to 

reduce both energy losses and investment costs [12]. 

 

2.1.1 District heat production systems and merit order of produc-

tion units 

A district heating system usually consist of a number of heat producing units: 

HO boilers, CHP plants, and electrical boilers; fuelled by a variety of fuels. 

These units are subject to economic dispatch, i.e. minimising the cost of gen-

eration. This constitutes an order of merit, where usually waste incineration 

plants (HO + CHP) have the lowest order of merit, while oil usually has the 

highest [13]. This means that the production plants with the lowest order of 

merit are dispatched first, acting as baseload, and plants with higher order of 

merit are only dispatched when the heat load can’t be met by plants lower on 

the scale. 

 

2.1.2 District heating in Sweden 
In 2019, the total delivered energy to Swedish DHNs amounted to 

47 866 GWh, the largest feedstock being wood based fuels, constituting 40% 

of total delivered DH energy. Sweden, along with Denmark, has one of the 

highest rates of DH in the world; 50% of total heat demand is met by DH, as 

compared to 15% globally [13].  

Figure 1 Delivered energy to DHNs in Sweden 2019 [14] illustrates the distri-

bution of different fuel sources for Swedish DHNs in 2019. 
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Figure 1 Delivered energy to DHNs in Sweden 2019 [14] 

2.2 Co-generation of electricity and heat 

Conventional thermal power generation, fossil power plants as well as NPPs, 

usually have an electric efficiency of 30-45 %, where most of the energy is 

vented to the environment as low value waste heat. Co-generation is a method 

of utilising some of the otherwise wasted energy for other processes, such as 

space heating, desalination, industrial processes etc. [15]. The extraction of 

this otherwise wasted heat energy increases the thermodynamical efficiency 

of the plant, often to levels above 80%, and in cases where the lower heating 

value of the fuel is used, thermodynamical efficiencies above 100%, by way 

of flue gas condensation, are possible [16]. The trade off in co-generation sys-

tems is a lowered electrical efficiency than possible in conventional power 

plants. Figure 2 and Figure 3 illustrates the thermodynamical gain in co-gen-

eration systems. 
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Figure 2 Sankey diagram of a conventional condens-

ing power plant [MW]. 

 

Figure 3 Sankey diagram of a co-generation 

plant [MW]. 

 

The implementation of CHP plants in DH systems is dependent on the elec-

tricity price, as made evident by Vattenfall deciding not to construct turbines 

in the new Carpe Futurum heat plant, citing low electricity prices as the reason 

[17]. CHP plants are more common in large scale utilisations, where the heat 

and electricity demands are stable over the year. However, small scale CHPs 

do exist, and provide local heat and power to buildings where the demand 

meet the same aforementioned requirements. Such sites could be hospitals 

and/or universities, where the lack of a large-scale plant could justify the im-

plementation of a small scale CHP [18]. 
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3 NUCLEAR POWER AND SMALL MODULAR 

REACTORS 

3.1 Nuclear power 
This section aims to give a brief insight into the basic physics of nuclear fis-

sion and its uses as a source of power. 

3.1.1 The basic physics 

Nuclear power is the utilisation of the energy released when an atom splits 

(fission) or when two or more are fused (fusion). The resulting products of 

these reactions have less mass than their precursor(s), the difference in mass 

having been turned into energy, as per Einstein’s formula for mass-energy 

equivalency: 

𝐸 =  𝛥𝑚𝑐2 (1) 

 

Fission is induced in a fissile element by hitting the nucleus with a neutron, 

causing it to split and in doing so expelling further neutrons. This in turn splits 

more nuclei and, by using relevant technical measures, causes a controlled 

chain reaction. Figure 1 illustrates a fission event in uranium-235 (235U). 

 

Figure 4. A figure showing a neutron induced fission event in 235U, according to the droplet model. 

Note that one neutron can give rise to three new neutrons (2.76 on average) [19]. 

 

The probability of a nuclear fission reaction to occur is measured in a quantity 

called the nuclear cross section. The total cross section is divided into two 

parts: scattering and absorption, the latter further subdivided into capture and 

fission cross sections. The value of the cross section is a function of the inci-

dent neutron’s kinetic energy, measured in electron volt (eV). Figure 2 illus-

trates the fission and capture cross sections for 235U and 238U. 
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Figure 5 Fission cross section for 235U and neutron capture cross section for 238U [20].  

 

Neutrons are often categorised into four energy regions: thermal (≈ 0.025 eV), 

epithermal (<1 eV), intermediate (1-100 eV) and fast (>100 eV). Neutrons 

created by a fission event are fast neutrons, on average 2 MeV, so called 

prompt neutrons. However, there is also a significant number of delayed neu-

trons originating from the fission fragments. As is evident from Figure 5 the 

possibility for thermal neutrons to cause a fission event in 235U is much higher 

than for fast neutrons. Therefore, there is a need for neutrons to be “moder-

ated”, i.e. slowed down. This is achieved by a moderator, which varies de-

pending on reactor type. Most commercial reactors are light-water moderated 

reactors where the water also serves as coolant, although there exist other var-

iants, such as heavy water reactors (ex. CANDU) or graphite moderated reac-

tors (ex. RBMK). In Light Water Reactors (LWRs), neutrons are moderated 

to thermal energy levels, which can sustain the chain reaction, these reactors 

are referred to as thermal reactors. 

 

The chain reaction is controlled directly by circulating more or less cooling 

water through the reactor core. More “cold” water pumped into the core, 
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implies an increase of the reactor power due to the higher density of the water 

and, thus, higher moderation ability. Another way is to add a neutron absorb-

ing agent to the water. 

 

The chain reaction is most importantly also controlled indirectly by negative 

feedbacks inherent to the reactor and fuel designs. One such negative feedback 

is fuel temperature. As the fuel temperature increases so does the probability 

of neutron capture in 238U, not leading to fission and thus production of new 

neutrons, which causes the chain reaction to slow down. The abovementioned 

delayed neutrons are also an important part of the control mechanism. Shut 

down and emergency stop is achieved by using control rods made of neutron 

absorbing material, usually boron. 

 

3.1.2 Reactor types 

Globally, the majority of nuclear reactors belong to two main types of LWRs: 

Pressurised Water Reactor (PWR) and Boiling Water Reactor (BWR) [21]. 

These mainly differ in the way steam is generated. In BWRs, which account 

for 13% of power reactors globally, the coolant (water) is evaporated inside 

the Reactor Pressure Vessel (RPV) and led through moisture separators on to 

the turbine stage of the cycle. The pressure inside the RPV is approximately 

70 bar, meaning boiling occurs at ~285 ºC. The power output of a BWR is 

mainly controlled by regulating the flow rate of the main circulation pumps, 

it can also be manipulated by inserting/extracting the control rods, or a com-

bination of both. By regulating the flow of coolant through the core, operators 

can regulate the amount of steam present in the core, a lower flow rate leads 

to a higher concentration of steam (void), which in turn leads to lower moder-

ation, leading to a decrease in power. 

 

In PWRs, which account for roughly 70% of civil power reactors, the coolant 

is kept at pressure exceeding the vaporisation pressure in the primary circuit. 

The coolant transfers its heat to a secondary coolant loop by means of heat 

exchangers, referred to as steam generators. The operating temperature in the 

primary loop is often in excess of 320 ºC, which corresponds to a pressure of 

approximately 150 bar. The pressure in the secondary loop is much lower, 

around 60 bar, and the steam is heated to around 300 ºC [22]. In contrast to 

BWRs, PWRs are more difficult to regulate as there is no steam present in the 

core, operators therefore make use of soluble neutron absorbing materials. 

However, power regulation by control rod manipulation is still possible. 
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The advantages and drawbacks of each type is evident upon inspection, BWRs 

are inherently less complex and therefore less capital intensive, however as it 

only has a single circuit, radioactive particles travel with the steam flow, caus-

ing the turbines to become contaminated, increasing operation & maintenance 

costs. As for PWRs, due to the separate circuits, there is no cross contamina-

tion of the secondary circuit. Figure 6 and Figure 7 illustrates the layout of the 

two reactor types.  

 

 

Figure 6 Typical PWR layout [23]. 

 

Figure 7 Typical BWR layout [23]. 

 

3.1.3 Current and future reactor systems 

Nuclear power generation systems are categorised by generation; each new 

generation building on the previous but introducing significant improvements 

in safety, cost-effectiveness, security and non-proliferation, grid appropriate-

ness, commercialisation, and fuel cycle. Gen I systems were “proof of con-

cept” reactors that provided civil electrical power at comparatively low power 

levels. Gen II comprise most of the currently operating reactors, such as PWRs 

and BWRs. Gen III reactor systems are an evolutionary improvement of 

Gen II systems, with significantly lower rates of core damage, longer 

lifespans, higher thermodynamic efficiencies, and passive safety systems. 

ABWR and APWR, such as built in Japan, are Gen III systems. Gen III+ sys-

tem designs build on Gen III designs but offer significant improvements in the 

economics and safety of these concepts. Examples of Gen III+ systems are 

EPR and AP1000 [24].  
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Gen IV systems are an amalgamation of many different future reactor con-

cepts, both fast and thermal reactors. Gen IV International Forum (GIF) has 

identified 6 promising concepts: 

• Very High Temperature Reactor (VHTR, thermal) 

• Molten Salt Reactor (MSR, fast/thermal) 

• Super Critical Water-cooled Reactor (SCWR, fast) 

• Gas-cooled Fast Reactor (GFR, fast) 

• Lead-cooled Fast Reactor (LFR, fast) 

 

 

Figure 8 Timeline of nuclear reactors [25]. 

 

3.1.4 Nuclear fuel 

This subsection aims to give a brief summary of the nuclear fuel cycle, from 

mine to end use. 

3.1.4.1 Uranium mining 

Uranium, atomic number 92, is the heaviest naturally occurring element. It 

mainly consists of two isotopes, 238U (99.3%) and 235U (0.7%). The largest 

deposits of uranium are found in Australia, with 28% of identified resources, 

followed by Kazakhstan and Canada with 15% and 9% respectively. Other 

notable resources are also to be found in Russia, Niger and Namibia. In total, 

16 countries contributed to the global production of uranium in 2018, where 

the top 10 countries accounted for 98% of total production [26]. 

 

The global production of uranium amounted to 53 516 tonnes in 2018, a 15% 

decrease from 2016s levels, attributed to depression of uranium market prices. 

However, the market increased by 1% in 2019 [26]. In 2018 Kazakhstan 
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produced 40.6% of world total production, followed by Canada (13.1%), Aus-

tralia (12.2%) and Namibia (10.3%). The global demand for nuclear fuel in 

2018 reached 59 200 tonnes, the vast majority going to OECD countries, the 

gap filled by secondary supply. By 2050 these levels are predicted to lie be-

tween 56 640 tonnes in the low case and 100 224 tonnes in the high case. The 

development is highly dependent on east Asian (see China) policies [27]. The 

main methods for uranium extraction are in-situ leaching, underground min-

ing and open pit mining, responsible for 55.2%, 20.7% and 17.1% respec-

tively. 

3.1.4.2 Enrichment 

In order to sustain a nuclear reaction in a LWR the fuel must be enriched to 

approximately 5% 235U, though some designs such as research reactors require 

even higher concentrations. There are three enrichment processes: gaseous 

diffusion, gas centrifuge and laser separation. Gas centrifuge is most commer-

cially used of these methods, as gaseous diffusion is considered obsolete and 

laser separation is still being researched. In the gas centrifuge process, a feed-

stock of gaseous uranium hexafluoride (UF6) is fed through a series of centri-

fuges, in which the heavier isotope 238U is pushed towards the outer wall of 

the centrifuge, and the lighter 235U remains in the middle. This creates two 

streams of UF6 of slightly different isotopic composition, the process is re-

peated until the 235U concentration reaches specified limits [28].  

 

3.1.4.3 Pelletisation and fuel assemblies  

The last step in the fuel production process is pelletisation and fuel assembly 

manufacture. The enriched UF6 is chemically processed into uranium dioxide 

(UO2), which is pressed and sintered into pellets. These pellets are then 

stacked in Zircaloy fuel rods, arranged in assemblies. The assemblies, with 

corresponding control rods, form the reactor core. After a period of time, 12-

24 months, old fuel is removed from the reactor and replaced with fresh fuel. 

The average utilisation period of nuclear fuel is 5 years, during which its place 

inside the reactor core is changed with every fuel change, as to optimise con-

sumption. 

 

3.2 EU Taxonomy 
On the 2nd of February 2022 the European Commission presented an addition 

to the Climate Delegated Act to accelerate decarbonisation in which nuclear 

and natural gas became a part of the official EU taxonomy [29]. The decision 
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to include nuclear was based on an investigation carried out by the European 

Commission Joint Research Centre (JRC), after the Technical Expert Group 

on Sustainable Finance could not provide a conclusive recommendation on 

nuclear energy, due to the lack of experience with high-level waste disposal. 

Therefore, the group recommended that a further analysis into the topic of “do 

no significant harm” aspects of nuclear energy. The technical analysis carried 

out by JRC showed that nuclear energy was safer than or as safe as, to both 

human health and the environment, other means of electricity production al-

ready included in the taxonomy[30].  

 

The inclusion of nuclear into the EU taxonomy means that companies are able 

to raise finances to support their climate and environmental transition, by re-

ferring to the taxonomy [31]. 

3.3 Nuclear power in Sweden 

The first commercial nuclear reactor in Sweden was located in Ågesta, south 

of Stockholm, and operated from 1963 to 1974. The reactor was moderated 

by heavy water and used natural uranium as fuel [32]. 

 

Sweden built 12 commercial nuclear power reactors during the 70s and 80s 

[33], two located in Barsebäck, three in Oskarshamn, three in Forsmark and 

four in Ringhals. The two reactors in Barsebäck were closed in 1999 and 2005 

respectively, Oskarshamn 1 (O1) and O2 were closed in 2017, and two reac-

tors in Ringhals (R1 and R2) were closed in 2019 and 2020. Six of the twelve 

reactors are still in operation today with the intent to run them until 2040 [34]. 

 

Nuclear power stands for around 30 % of the total electricity production in 

Sweden (2021) [35], however, none of the nuclear power plants contribute any 

heat to the district heating grids [36].  

 

3.4 Load following with nuclear reactors 

It is often said that NPPs lack the ability to regulate their output, this is not 

true. Generally, due to the large capital investments and low operational costs, 

NPPs are operated at the highest capacity possible, providing steady base-load 

production, only stopping for refuelling. However, when the proportion of nu-

clear exceeds the minimum power demand or when large injections of inter-

mittent energy sources, or both, operators of NPPs run the plants in flexible 

mode. One example of this is found in France, where 75% of the total elec-

tricity production comes from nuclear. EDF, the national distribution and 
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generation company, utilise their nuclear fleet for diurnal load variations, as 

well as for primary and secondary frequency response. The day-to-day varia-

tion is typically in the range 5-10% of total nuclear generation, however in 

some instances it can be as high as 30% [37]. 

 

3.5 Nuclear Co-generation 

The concept of nuclear co-generation is not new, in fact some of the first civil 

reactors provided both electricity and process heat. One such example is 

Ågesta CHP, which delivered 80 MW distributed on 12 MWe and 68 MWth 

from 1963 to 1974 [38]. Worldwide, the operational experience of NDH 

amount to 750 years, mostly in eastern Europe and Russia where the colder 

climate has justified such solutions. Though, nuclear co-generation is not lim-

ited to district heating, many developing reactor concepts include options for 

a wide variety of non-electric commodities [39]. The range of possible com-

modities depend on the outlet steam temperature of the reactor considered. 

 

The steam from current generation LWRs is only suitable for low temperature 

processes, such as district heating (80-150ºC) and desalination (65-120ºC). In 

the medium temperature range (300-600ºC), processes such as petroleum re-

fining and pulp and paper production could be provided by liquid metal reac-

tors and high temperature gas reactors, the latter is (could) also able to provide 

high temperature steam (>600ºC). High temperature processes include, among 

others, steam electrolysis, thermochemical H2 production and cement manu-

facture [40]. 
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Figure 9 Ranges of process heat from NPPs and their potential applications [35] 

 

3.6 Small Modular Reactors 

Small Modular Reactors (SMRs) are defined as nuclear reactors that have an 

electric capacity of up to 300 MWe (~ 1000 MWth), although some concepts 

exceeding this power rating do exist. The reactor components and systems are 

designed to be serially manufactured in a central location and assembled on-

site. In 2020, 72 SMR concepts were under different stages of development, a 

40% increase from 2018. These concepts include both Gen III+ and Gen IV 

technologies [41].  
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Traditionally, reactor designers have utilised the economy of scale when de-

signing NPPs. But in the shadow of the Fukushima accident and the subse-

quent political indecision, interest in investing large initial amounts in full-

scale facilities has decreased. The modularisation and the serial production 

strategy of SMRs is accompanied by several economic and design advantages 

compared to conventional large-scale NPPs. These advantages are, among 

others: 

• Shorter lead times 

• Increased scalability 

• Higher degree of safety 

• Larger number of suitable sites 

• Lower economic risk 

 

Figure 10 illustrates how SMRs could achieve similar production costs as 

large reactors. Researchers predict significant cost reductions from First Of A 

Kind (FOAK) to Nth Of A Kind (NOAK) by the learn-by-doing effect, 

constituted by the steps shown in the figure below. 

 

 
Figure 10 SMR key components for diseconomies of scale [42] 

 

The learn-by-doing effect is evident in other sectors, such as wind and solar, 

which have achieved large cost reductions. Inversely, large scale reactors have 

had a negative trend resulting in increasing costs, mainly due to higher safety 

requirements, continuous design alterations, and increased build times [43]. 

These issues, researchers say, could be remedied with the SMR concept. 



 

16 

 

 

The smaller size offers opportunities for design simplification, e.g. the elimi-

nation of active reactor cooling pumps in some designs, and reduced need for 

complex redundant safety and auxiliary systems. Historically, the construction 

of large NPPs has been tailored for the specific site, in practice making every 

site unique. This has required large numbers of specialised personnel to erect 

the civil structures, balance of plant systems, and nuclear island. The simpli-

fication and standardisation of not only SMR components, but plant infra-

structure as well, would allow these structures and systems to be fabricated in 

parallel and shipped and assembled on-site [44]. Further, as the fabrication 

would be performed in large facilities, where adequate quality control could 

be assured, coupled with the inherent smaller size, would qualify a wider base 

of suppliers. Additionally, the smaller size enables the SMR modules to be 

transported by rail or truck implying that locations previously not accessible 

by sea or river, open up as possible sites. 

 

As an example of a recently licensed SMR design is the one developed by 

NuScale, which is briefly presented in 3.6.1 below.  

 

3.6.1 NuScale 

The NuScale Power Module™ is a 250 MWth, 77 MWe IPWR design, devel-

oped from the precursor project Multi-Application Small LWR originally con-

ceptualised by Oregon State University in collaboration with Nexant and 

Idaho National Engineering and Environmental Laboratory. The project ran 

between 2000 and 2003. NuScale Power was incorporated in 2007 and re-

ceived considerable financial backing as Flour Corporation became the ma-

jority shareholder in 2011. The U.S. Department of Energy further backed the 

company as it awarded the company with a five-year financial assistance to 

further develop the design in preparation for a Construction and Operating 

License Application [45]. In 2020 the design was approved by the U.S. Nu-

clear Regulatory Commission (NRC), essentially enabling customers to begin 

planning of NuScale NPPs [46]. The first of a kind (FOAK) module is sched-

uled to begin operation in Idaho Falls in 2029, with the entire NPP expected 

to be finished the following year [47]. 

 

The NPP concept consist either of four, six or twelve reactor modules, gener-

ating 308 MWe, 462 MWe or 924 MWe respectively. Each module is com-

prised of a containment vessel which houses the RPV, which in turn contains 
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the reactor core, the helical coil steam generators, and the pressuriser. The 

RPV measures 17.8 m in length and has a diameter of 3.0 m. The whole mod-

ule has an overall height of 23 m and diameter of 4.5 m. The iPWR is designed 

without active pumps, instead utilising natural circulation. As the coolant 

passes through the core it is heated to approximately 325ºC, the density dif-

ference between the coolant entering and exiting the core, drives it upwards 

through two helical once through heat exchangers. As the heat is transferred, 

the density of the coolant increases, and it falls towards the bottom of the core, 

through the downcomer region [48]. Figure 11 illustrates the power module 

layout. 

 

Figure 11 NuScale Power Module layout [48]. 
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The core consists of 37, shortened but otherwise conventional, PWR fuel as-

semblies, containing 9250 kg fissile material. The active fuel length is approx-

imately 2 meters. Refuelling occurs every 24 months, during normal opera-

tion, which is equivalent to a 12 GWd/MTU cycle. In a multi-module setup, 

the refuelling is staggered to achieve minimal outage of power output. Each 

module is transported using a crane to a refuelling station situated in the same 

shared reactor pool. The refuelling procedure of a single module is expected 

to take 10 days and will be performed by on-site personnel [49]. 

 

Each module is equipped with two independent decay heat removal safety 

systems: the Decay Heat Removal System (DHRS) and the Emergency Core 

Cooling System (ECCS). In addition to this is the entire module immersed in 

a pool of water, capable of absorbing all decay heat for 30 days. The DHRS 

utilises the heat exchangers to remove heat from the coolant by transferring it 

to the pool water by way of passive condensers. This process is driven purely 

by natural circulation. The system has a well-developed redundancy, as each 

module has two steam generators, each able to transfer 100% of the decay 

heat. The ECCS utilises two sets of valves, located on the RPV: two vent 

valves on top, and two recirculation valves on the sides. This system is acti-

vated if the DHRS is not available. Upon activation the ECCS vents the cool-

ant as steam through the top valves, into the vacuum between the RPV and the 

containment vessel, transferring heat to the pool by conduction. The coolant 

then condenses and pools at the bottom of the RPV and is recirculated when 

the liquid level is high enough. As pointed out, the reactor pool is able to ab-

sorb all decay heat generated over 30 days, followed by air cooling for an 

indefinite period of time [49]. 

 

Initial economic analyses estimate the investment cost of a 12-module plant 

to 2469 M$ distributed of which is shown in Table 1. 

 

Table 1 Distribution of NuScale 12 module plant costs [50].  

Description NuScale costs [MSEK] 

Structures and Improvements 6 244 

Reactor plant equipment 8 867 

Electrical conversion equipment 2 999 

Construction services 6 770  

Miscellaneous systems 307 

Base construction costs 25 187 
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An important design consideration of the NuScale SMR has been its integra-

tion with Renewable Energy Sources (RES), which requires an ability to 

quickly follow load fluctuations. This can be achieved either by control rod 

manoeuvring, boron injection, and/or turbine bypass. NuScale claims that the 

power module has the ability to change its power output from 20% to 100% 

in 96 minutes by control rod manipulation only [51]. For the case of this thesis 

it is assumed that the reactor ramping is linear between these limits. 
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4 LITERATURE STUDY: NUCLEAR DISTRICT 

HEATING 

The subject of NDH is well known but not extensively studied, especially with 

respect to SMR implementation. The focus for SMR co-generation studies is 

and has been desalination or hydrogen production. Even though many manu-

facturers highlight DH as a possible mode of co-generation. However, this 

mode remains to be further investigated. A literature study of relevant and 

applicable articles was performed, and the result is presented below. 

 

Safa, H [52] deduces that heat recovery from NPPs is technically feasible, and 

that it is possible to increase existing plants’ total energy output up to 70%, 

and that it would be economically beneficial. The author suggests modifying 

the Rankine cycle by increasing the condensing temperature to between 100-

120 ºC, leading to a net loss in electricity production but a net gain in fuel 

utilisation. This would – especially in systems where district heating plants 

are fossil fuelled – lead to significant CO2 mitigation. Jaskólski, et al. [53] 

provide a techno-economical methodology for analysing the competitiveness 

of nuclear CHP. The article compares three different NPP concepts, AP1000, 

EPR and ESBWR to fossil fuelled alternatives, and it is found that nuclear 

CHP can be competitive even with low CO2 allowance prices. The authors 

predict that the competitiveness will increase as a consequence of EU’s 2050 

decarbonisation policy, which would see even higher allowance prices. Loca-

telli, et al. [54] find that among the co-generation commodities, district heat-

ing, in countries where it is applicable, is one of the most attractive alterna-

tives. However, this is dependent on the price of heat, the distance to heat end 

use, and existing heating networks.  

 

In the late 2000s the Finnish nuclear operator Fortum investigated the possi-

bility for NDH from the NPP Loviisa to the Helsinki region [55]. However, 

the project fell through; [56] examined the reasons for this. The authors found 

that the large trade-offs, and the split incentives between Fortum and the mu-

nicipal DH operator Helen, to be large contributions to the failure of the pro-

ject. The inclusion of NDH would have necessitated the closure, and thereby 

loss of revenue, of fossil-fuelled co-generation plants. Though, the authors 

still reason that the EU should consider NDH as a pathway toward the decar-

bonisation of the heat sector.  
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The UK based ETI and The Royal Society [57], [58] both highlight the poten-

tial for nuclear heat, both HO and CHP, to significantly contribute towards the 

decarbonisation of the UK heat sector. ETI recommends policy makers should 

facilitate the inclusion of SMRs into the UK Generic Design Assessment pro-

cess. The Ph.D. thesis of Leurent. [59] investigates the possibility to decar-

bonise parts of the European and French heat sector by nuclear co-generation. 

The thesis is focused around three areas: Cost-benefit analysis (CBA) of sys-

tems using heat from nuclear plants, Analysis of multi-stakeholder interac-

tions in real projects, and In-depth analysis of the potential in France. The 

result of the CBA indicates that NDH is economically attractive in 7 of the 15 

investigated systems, and that these together would reduce greenhouse gas 

emissions by 10 Mt eCO2/a. 
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5 SIMULATION OF DISTRICT HEAT PRODUC-

TION SYSTEMS WITH SMR UNITS 

5.1 Model description 
The model used in this thesis utilises production cost optimisation by linear 

programming in order to simulate DH production. This subsection will pro-

vide a brief overview of the model and its operating principles. 

5.1.1 Linear programming 

Optimisation in engineering terms is the process of finding the optimal solu-

tion to a mathematical representation of a physical problem, i.e. a model. Of-

ten these representations can be formulated as linear functions subject to finite 

set of linear constraints, this is known as linear programming (LP). The basis 

of LP is the linear programming problem (LPP), a general structure is shown 

in equation (2) below. 

𝑚𝑖𝑛
𝑥
 𝑓𝑇𝑥 𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡 {

𝐴 ⋅ 𝑥 ≤ 𝑏
𝐴𝑒𝑞 ⋅ 𝑥 = 𝑏_𝑒𝑞

𝑙𝑏 ≤ 𝑥 ≤ 𝑢𝑏

 (2) 

 

A LPP has four major components: decision variables, objective function, 

constraints, and variable bounds. The decision variables represent the quanti-

ties to be estimated by the model. The objective function, f, is the function that 

the model aims to solve, formulated in terms of decision variables and other 

parameters. It can be generally formulated as: 

 

𝑓(𝑥) = 𝑐1𝑥1 + 𝑐2𝑥2 +⋯+ 𝑐𝑛𝑥𝑛 , 𝑥𝑗 ≥ 0 (3) 

 

Next, the constraints define the linear relationships between the variables, ei-

ther equalities or inequalities. 

 

{

𝑎11𝑥1 + 𝑎12𝑥2 +⋯+ 𝑎1𝑛𝑥𝑛 = 𝑏1
.
.
.

𝑎𝑚1𝑥1 + 𝑎𝑛2𝑥2 +⋯+ 𝑎𝑚𝑛𝑥𝑛 = 𝑏𝑚

, 𝑥 ≥ 0 (4) 

 

Lastly, the variable bounds dictate the solution interval, and are set by the 

physical limitations of the system, such as production and/or transfer capacity 

[60]. 

 

Linear programming has many different areas of application and is used for 

problems as simple as shortest path to advanced problems as optimal operation 
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of electrical grids. In this work, an integrated MATLAB linear programming 

function is used to solve heat flow equations. 

 

5.1.2 District heat production model 

The model used to simulate a district heating system in this thesis is a Fixed 

Model Structure (FMS), described in [61]. The model consists of five different 

kinds of nodes; fuel nodes, where fuel type is defined (fossil, biomass, or 

waste); conversion nodes, which represent the heat plants in the system; dis-

tribution nodes; demand nodes, where heat is consumed; and electricity nodes, 

where electricity can be both sold and bought. By relating two or more energy 

flows between nodes, different parts of a DHN can be described. The con-

straints put on the interconnection of the energy flows regulate the operation 

of the model, for instance in the conversion nodes the energy balance between 

the input and output is used to describe production plants. The energy balance 

describes the energy conversion efficiency, in the case for this work the con-

version is set to 1:1. 

 

It is possible to dictate a fixed relationship between two outputs in an energy 

balance node, the α-value, i.e. the relation between electricity and useful heat 

in a CHP, also referred to as power-to-heat ratio. The model uses this value to 

calculate the electricity production of a unit. The relationship is calculated by 

the following equation: 

 

𝑃𝑒 = 𝛼𝑃ℎ (5) 

 

The energy balance node and end node differ slightly, in that the energy bal-

ance node requires the input ηk·x to be equal to the demand Q, whereas in the 

end nodes the input is only limited to Q. End nodes describe waste heat and 

electricity sales [61]. 

 

The model solves the LPP for the hourly heat load of a general DHN by gen-

erating a heat demand profile from a vector containing outdoor temperatures 

and, by utilising economic dispatch, it yields the most economically optimised 

composition of heat producing plants that is able to meet the heat demand in 

a given timestep. 
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5.1.2.1 Model input 

The model input relevant to this work consists of Temperature (T), Production 

unit capacity (Pcap) and efficiency, α-value, price of generation, and heat de-

mand (HD). The HD is approximated as a combination of domestic hot water 

(DHW) and space heating (SH). The demand for DHW is largely invariant 

over a year, and as such provide a base-load demand. SH, on the other hand, 

varies depending on outdoor temperature. The calculation of SH uses a refer-

ence temperature of 17 ºC, specified by SMHI [62]. As such it follows that the 

HD for the system is calculated by: 

 

𝐻𝐷(𝑡) =  {
𝑃𝑆𝐻 + 𝑃𝐷𝐻𝑊, 𝑇 < 17º𝐶
𝑃𝐷𝐻𝑊 , 𝑇 ≥ 17º𝐶

 (6) 

 

The α-value in equation (5) is calculated by comparing the HD for every hour 

to the available heat capacity Pcap, resulting in three cases shown in equation 

(7) 

𝛼(𝑡) =

{
  
 

  
 

𝑃𝑒,𝑚𝑖𝑛
𝑃𝑐𝑎𝑝 − 𝑃𝑒,𝑚𝑖𝑛

, 𝐻𝐷(𝑡) ≥ 𝑃𝑐𝑎𝑝

𝑃𝑐𝑎𝑝 − 𝐻𝐷(𝑡)

𝐻𝐷(𝑡)
, 𝑃𝑡𝑜𝑡 > 𝐻𝐷(𝑡) ≥ 𝑃𝑐𝑎𝑝 − 𝑃𝑒,𝑚𝑎𝑥 

𝑃𝑒,𝑚𝑎𝑥
𝑃𝑐𝑎𝑝 − 𝑃𝑒,𝑚𝑎𝑥

, 𝐻𝐷(𝑡) < 𝑃𝑐𝑎𝑝 − 𝑃𝑒,𝑚𝑎𝑥

, 𝛼𝑗 ∈ [𝛼𝑚𝑖𝑛 , 𝛼𝑚𝑎𝑥] ∀ 𝑗 (7) 

 

where Pe,min was set to 10% of the maximum electricity production, so as to 

emulate real-world conditions for turbine ramping. The reasoning behind this 

assumption is that a generator run under these conditions would have to be 

continuously synchronised to the grid in order to quickly change electrical 

output. The percentage of nominal capacity is, however, a qualified guess. The 

DH supply temperature is assumed to be 80ºC on average, this is assumed to 

cause a 10% decrease in maximum electricity capacity in full co-generation 

mode. Due to this assumption the measurement Pt>95% is henceforth used to 

represent full capacity generation. In accordance with [16] the total reactor 

output for each timestep Ptot was defined as: 

 

𝑃𝑡𝑜𝑡 = 𝑃ℎ + 𝑃𝑒, 𝑃𝑡𝑜𝑡 ∈ [0, 𝑃𝑐𝑎𝑝] (8) 

 

The generated α-vector in equation (9) in combination with the relationships 

in (5) and (8) was used to regulate the reactor’s thermal output according to:  
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𝑃ℎ = 
𝑃𝑐𝑎𝑝
1 + 𝛼

 (9) 

 

5.1.2.2 Operational modes 

To simulate a system in which the SMR does not act as base-load production, 

that role instead being taken by another heat plant, an alternative full electric 

mode was implemented. The ad hoc solution was to subtract the base-load 

capacity from the HD, and for those hours when the remaining HD was less 

than zero, set the α-value to Pe,max, leading to the module producing full elec-

trical output. The heat output Ph for the same indices was set to 1. In this mode 

Ptot was instead calculated by the electrical efficiency (30.8%) of the NPP, 

based on figures from NuScale public information: 

 

𝑃𝑡𝑜𝑡 =
𝑃𝑒
𝜂𝑒

 (10) 

 

5.1.3 Fuel usage 

Fuel usage in a nuclear reactor is a complex process in which not only 235U is 

fissioned, as mentioned in 3.1.1. However, for this work the entire thermal 

output of the reactor is assumed to originate from 235U fission. The hourly fuel 

usage can therefore be calculated by the instantaneous reaction rate, dependent 

on the thermal output and the energy released by each fission event Er in MeV. 

 

𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =  
𝑃𝑡𝑜𝑡 ⋅ 10

6

𝐸𝑟 ⋅ 10
6 ⋅ 1.6 ⋅ 10−19

, [𝑠−1] (11) 

 

From the reaction rate it is possible to calculate the hourly consumption by 

relating the reaction rate to the atomic mass constant mu and the atomic mass 

number for 235U. 

 

𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟 = 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ⋅ 235 ⋅ 𝑚𝑢 ⋅ 3600, [kg ⋅ hr
−1] (12) 

 

The total consumption over one year can be used to evaluate the possible fuel 

cycle length of the proposed system. 
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5.1.4 Capacity factor 

The capacity factor Cf quantifies the utilisation of a power plant by comparing 

the generated energy during a period to the maximum possible energy gener-

ation for the same time period. 

 

𝐶𝑓 =  
∑ 𝑃(𝑡)𝑡=8760
𝑡=1

𝑃𝑐𝑎𝑝 ⋅ 𝑇
 (13) 

 

Table 2 below lists a few typical values for different power plants [63]. 

 

Table 2 Typical capacity factor ranges for different power producing plants. 

Plant type Capacity factor 

Nuclear 60%-100% 

Thermal power plant 70%-90% 

Combined cycle 55%-65% 

Biomass thermal 75%-80% 

Photovoltaic 10%-30% 

Wind energy 20%-40% 

 

5.1.5 Economics 

A measure often used to evaluate power producing plants is the Levelized Cost 

Of Electricity (LCOEel), or in the case for HO plants Levelized Cost Of Heat 

(LCOH). These measurements can also be combined into Levelized Cost Of 

Energy (LCOEE), as suggested in [64]. In this work LCOEE is calculated by 

first finding the Capital Recovery Factor (CRF): 

 

𝐶𝑅𝐹 =
𝑖(1 + 𝑖)𝑡

(1 + 𝑖)
  (14) 

 

The LCOEE is then calculated, as in [65], by the following equation: 

 

𝐿𝐶𝑂𝐸𝐸 = 
𝐼 ⋅ 𝐶𝑅𝐹 + 𝑂&𝑀𝑓

𝐶𝑓 ⋅ 8760
+ 𝑓𝑢𝑒𝑙 𝑐𝑜𝑠𝑡 + 𝑂&𝑀𝑣 (15) 

 

Table 3 lists investment data of a single NuScale module. The investment cost 

was transformed from [50] by increasing the over-night cost by 30%, as to 

represent the novelty of the system, this being the methodology of previous 

works, and dividing by 12. The other costs were adapted from [66]. 
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Table 3 Economic plant data. 

Plant data NuScale SMR Unit 

Heat capacity 250 MWth 

Lifetime (a) 60 years 

Investment cost 11 342 000 SEK/MWth 

O&Mv 67.7 SEK/MWh 

O&Mf 1 605 000 SEK/MWth/annum 

UO2 21.9 SEK/MWh 

 

5.1.6 Proposed system 

The proposed system is based on the NuScale Power Module design, as it has 

the most publicly available specifications. However, some assumptions were 

inevitable, and were made based on similar designs, where possible. Further, 

the iPWR design is suitable for DH, compared to competitive designs, as the 

inactive secondary coolant loop doesn’t transfer radioactive particles to the 

DHN. 

 

The main focus of the proposed system is to illustrate the distribution between 

useful heat and electricity. 

 

The model’s inherent way of calculating unit dispatch means that the SMR 

CHP will always meet the heat load first and will as such only “switch” to full 

electricity generation if and only if the heat load is covered by a production 

unit of higher order of merit.  

 

5.1.7 Cases (Scenarios) 

In 2019 the combined heat transferred to the Västerås DHN amounted to 

1856 GWh [67], 253 GWh for Enköping [68], and approximately 1700 GWh 

for Uppsala [69]. 

 

In total, five cases were considered, two large systems where the SMR acts as 

base-load in case 1, and as middle load in case 2, where the base-load is higher 

on the order of merit. For Enköping with an annual load of 253 GWh and a 

peak load of 66.1 MWth, a full-sized power module is not justifiable, as such 

a scaled down version (50 MWth) was assumed; the costs were assumed to 

have the same ratio. The temperature vectors were retrieved from tempera-

tur.nu, potentially missing values were interpolated using a MATLAB func-

tion. All cases used temperature values from 2019, and this was set as 
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reference for the following sensitivity analysis. The viability of the results was 

evaluated by calculating the difference between adjacent elements in the re-

sulting P(t) vector and comparing this to the stated ramping limits, ± 40% of 

nominal capacity [51]. 

 

Table 4 Size of annual load and production units. In parentheses: production unit of higher order of 

merit for case 2 in column 2, electrical capacity in column 3. 

Location Annual heat load HO boiler ca-

pacity 

SMR capacity 

Uppsala 1700 GWh 400 (100) MW 250 (77) MW 

Enköping 253 GWh 200 MW 50 MW 

Västerås 1856 GWh 400 (100) MW 250 (77) MW 

 

Figure 12 shows the relationship between outside temperature and the HD in 

Uppsala 2019. The corresponding figures for the other systems are shown in 

Appendix 1.  

 

Figure 12 Temperature [°C] and corresponding heat demand [MWh/h] in Uppsala (2019). Due to a 

faulty sensor the timeseries was missing 14 days of measurements during the summer. These were 

interpolated using the MATLAB ‘pchip’ function. 
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6 RESULTS 

6.1 Simulation results: Case 1 

Figure 13 illustrates the resulting heat and electricity production as well as the 

corresponding load duration curve for the Uppsala system. The bottom picture 

shows how the SMR CHP is able to sustain maximum power output for the 

first ~3200 and last ~1700 hours of the year. During summer, the system runs 

at approximately 50% power output, apart from a spike in HD in August. The 

load duration curve shows that the total full load hours surpass 5100, after that 

point the heat demand is no longer enough to maintain full power output. In 

the case of Enköping the number of hours of full load amount to over 3600, 

running at 38% power output during summer. For Västerås the amount of full 

load hours ~5300 hours. The corresponding figures for Enköping and Västerås 

are shown in Appendix 1.  

 

Figure 13 Top: Uppsala load duration curve. bottom: hourly production. Purple: SMR CHP heat, 

blue: SMR CHP electricity, orange: HO boiler. 

 

Figure 14 illustrates the ramping speed of the SMR CHP and that the system 

doesn’t exceed the limits specified by the supplier. This implies that the sys-

tem would be able to handle load following requirements. Though, this kind 

of analysis is only a rough estimation of how the system would respond to the 

varying demand. Corresponding figures for Enköping and Västerås are shown 

in Appendix 1. 
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Figure 14 SMR CHP ramping speed for the Uppsala system. The figure illustrates the difference be-

tween two adjacent values in the production vector. The dashed line indicates the ramping limits 

specified by NuScale. 

 

Table 5 and Table 6 presents the results in case 1 (2019), where the SMR CHP 

is run as base-load production. The system in Uppsala provides 6.1 times more 

heat when compared to the system in Enköping, even though the annual heat 

load for the Uppsala system is 6.7 times larger. Comparing Västerås to Enkö-

ping; the Västerås system produces 6.2 times more heat, being 7.3 times 

larger. This implies that the relationship between the size of the heat load and 

the heat production is not linear. The UO2 consumption for the systems would 

indicate a fuel cycle length of 5.6-6.4 years, assuming 5% enrichment. 

 

Table 5 Total heat & electricity production in base-load case (2019). 

Case 1 Total heat production 

[GWh] 

Total electricity production 

[GWh] 

Uppsala 1604 240 

Enköping 262 65 

Västerås 1641 227 
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Table 6 Resulting Pt>95% load hours, 235U consumption and average capacity factor in base-load 

case (2019). 

Case 1 Pt>95% Consumption [kg 235U] Cfavg Fuel cycle length [a] 

Uppsala 5291 80.65 0.842 5.73 

Enköping 3817 14.33 0.748 6.45 

Västerås 5384 81.68 0.853 5.66 

 

6.2 Simulation results: Case 2 

Figure 15 illustrates the heat and electricity production for the Uppsala system 

(2019). The load duration curve illustrates how the SMR CHP is run as mid-

load, and consequently has less full load hours than case 1. The number of full 

load hours, without the ad hoc “mode switch”, is ~1900 hours. Including the 

electricity only mode, the number of full load hours approach 3800. 

 

 

Figure 15 Top: load duration curve for Uppsala (2019), bottom: hourly production. Purple: SMR 

heat, Blue: SMR electricity, Yellow: Base-load. 

 

The corresponding ramping speed for the mid-load SMR CHP is shown in 

Figure 16, where the inherent “fault” in the ad hoc solution becomes evident, 

as described in 5.1.2.2. Disregarding the large infractions of the limits during 

summer, it would seem that even during spring/autumn/winter there is signif-

icant ramping. 
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Figure 16 SMR CHP ramping speed. The dashed line indicates the ramping limit specified by 

NuScale. 

 

Table 7 shows the results for case 2 when the SMR CHP was run as mid-load. 

Comparing Table 7 to Table 5, for Uppsala the total heat production decreases 

by approximately 690 MWh, however the total electricity production in-

creases with approximately 140 MWh. For Västerås, the total heat production 

decreases with 635 MWh and the total electricity production increases by 123 

MWh. The amount of load hours over 95% decreases with 1471 hours for 

Uppsala, 821 for Västerås.  

 

Table 7 Total heat & electricity production in mid-load case (2019). 

Case 2 Total heat production 

[GWh] 

Total electricity production 

[GWh] 

Uppsala 910 383 

Västerås 1006 349 

 

Table 8 Resulting Pt>95% load hours, 235U consumption and average capacity factor in mid-load 

case. 

Case 2 Pt>95% Consumption [kg 235U] Cfavg Fuel cycle length [a] 

Uppsala 3820 69.54 0.726 6.65 

Västerås 4563 71.00 0.741 6.51 
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6.3 Economic results 

To somewhat gauge the economic performance of the systems, a basic eco-

nomic analysis was performed. Because of the scope of the thesis, the only 

two economic measures evaluated were: Earnings Before Interest Tax Depre-

ciation and Amortisation (EBITDA), and LCOEE. The EBITDA was calcu-

lated as pure sales of heat and electricity. The heat price in Figure 17 is based 

on figures for corporate customers in Uppsala in 2022 [70] and the electricity 

price is the system price on NordPool for 2019.  

 

 

Figure 17 Blue: heat price 586 SEK/MWh (jan-mar, dec) 382 SEK/MWh (apr, oct-nov), 247 

SEK/MWh (may-sep). Red: electricity price (system price NordPool). 

 

The resulting heat and electricity EBITDA, as well as the LCOEE for each 

system is shown in Table 9. 

 



 

34 

 

Table 9 System results of energy sales and LCOE for 2019. 

System Heat EBITDA 

[MSEK] 

Electricity EBITDA 

[MSEK] 

LCOEE 

[SEK/MWh] 

Uppsala 609 81 239 

Enköping 102 23 692 

Västerås 621 77 237 

Uppsala mid-

load 

392 137 262 

Västerås 

mid-load 

433 123 259 

6.4 Sensitivity analysis 

In order to analyse the behaviour of the system given different inputs, two 

types of sensitivity analyses were performed. The first was done by altering 

the size of the annual heat load for the reference year (2019) by increments of 

10%, from -20% to +20%. The second analysis was performed by inputting 

different temperature years, ranging from 2010 to 2019, excluding leap years. 

 

Figure 18 illustrates the relative change in >95% load hours. The smaller sys-

tem, Enköping, is affected to a higher degree than the two larger systems. A 

20% decrease in annual heat load leads to -58.9% >95% load hours, whereas 

the same decrease in annual heat load leads to -21.1% and -15.9% for the base 

load case in Uppsala and Västerås respectively. For the mid-load case the re-

sulting decreases are -23.5% and -26.0%. On the other hand, an increase by 

20% results in a 26.7% increase in >95% load hours in the Enköping system. 

The negative impact of a higher load on Västerås mid-load is due to the size 

of the base load plant relative to the HD. 
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Figure 18 Relative change in >95% load hours because of changed annual load.  

 

In Figure 19 the relative change in 235U consumption due to change in the an-

nual heat load is shown. The same pattern as in Figure 18 is discernible, i.e. 

the smaller system is affected to a higher degree than the larger ones. For the 

two mid-load systems, the effect of an increased annual load is significant. 

The reason for the negative effect is that the base load plant is not able to 

completely cover the heat load, forcing the SMR CHP to meet the heat de-

mand, even if it is infinitesimally small, causing the utilisation rate to de-

crease. 

 

-70,00%

-60,00%

-50,00%

-40,00%

-30,00%

-20,00%

-10,00%

0,00%

10,00%

20,00%

30,00%

40,00%

0,8 0,9 1 1,1 1,2

R
el

a
ti

v
e 

ch
a
n

g
e

Change in annual load

Uppsala Uppsala mid-load Enköping Västerås Västerås mid-load



 

36 

 

 

Figure 19 Relative change in 235U consumption due to changed annual load. 

 

In Figure 20 and Figure 21 the second sensitivity analysis is shown, where the 

annual load remains the same, but the yearly temperature profile is altered. 

2019 is set as reference year. The results of this sensitivity analysis show again 

that the two mid-load systems are sensitive to changes in input, for case 1 all 

three systems are relatively stable, for case 2 there are significant intra-year 

variations. 2013 and 2018 were hotter than average years, causing the mid-

load systems to produce more electricity, yielding an increase in >95% load 

hours as well as 235U consumption. Inversely, the base load systems produce 

less heat during warm years and consequently less electricity. 
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Figure 20 Relative change in >95% load hours due to change in yearly temperature profile.  

 

 

Figure 21 Relative change in 235U consumption due to change in yearly temperature profile. 
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7 DISCUSSION 

7.1 Simulation results 

The systems presented in this thesis are conceivable but do not so far represent 

actual implementations. However, taking the simulation results at face value, 

they provide some insight into how nuclear CHP systems could be controlled, 

and the load following capabilities of LWR SMRs. Thus, the main takeaway 

from the simulations should be the dynamics of the system, that is, the control 

of heat/electricity distribution by the adaptive α-value. 

 

Throughout the literature study it became apparent that common practice 

when investigating nuclear CHP, is to use a fixed α-value. For example, in the 

system studied by Värri [66], the α-value was fixed at 0.3. As a comparison, 

applying a fixed α-value to the Uppsala base-load system would yield an out-

put as shown in Figure 22.  

 

 

Figure 22 Nuclear CHP utilising a fixed α-value applied on 

Uppsala 2019. 

 

Figure 23 Adaptive α-value. 

 

Comparing this to Figure 23, the resulting >95% load hours differ little be-

tween the two systems, however the Uppsala system is able to meet more of 

the heat load, relying less on the peaking power plant. This would in practice 

lead to significant reductions in greenhouse gas emissions, especially when 

regarding systems with CO2-intensive heat production, as is the case in many 

European countries. The trade-off between the two systems is the lower elec-

tricity production in the proposed system during winter, and higher electricity 

production during summer. As for the mid-load systems, the low utilisation 

during spring/autumn is somewhat mitigated by full electricity production 

during summer. Nevertheless, the significant amount of load hours (~5000) 

where the underlying HD wasn’t enough to yield >95% Pcap, would motivate 
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alternative venues to bolster the utilisation. Such venues could be trigeneration 

of hydrogen or desalination [71], or heat storage. 

 

Overall, the base-load systems displayed high capacity factors, on par with the 

figures for thermal plants presented in Table 2. The discrepancy between the 

two larger base-load systems and the smaller one is due to the ratio of the 

thermal capacity to the peak load. The module in the two larger systems is 

approximately 50% of peak load, whereas it is close to 75% in the smaller one. 

Of course, a smaller module in a larger system would have higher utilisation, 

but the benefits of NDH -mainly decarbonisation and load following- would 

be lessened. As for the mid-load systems, the capacity factor, would probably 

be slightly higher with a more representative (see realistic) electricity only 

mode. 

 

The economic results should only be interpreted as an indication of the eco-

nomic performance of the system. Comparing the resulting LCOE in Table 9 

to the ones in Table 10, it appears that nuclear CHP could be competitive in a 

pure “energy market” perspective. These results are in line with [72]. How-

ever, NuScale states a LCOEel in the range 408-663 SEK/MWhe, which would 

roughly translate into LCOH in the range 125-204 SEK/MWhh. The discrep-

ancies between the resulting LCOEE and the manufacturer’s figures is proba-

bly a result of a lower capacity factor in the investigated systems. 

 

Table 10 Ranges of LCOEE for different plant types [73]. (GCC=Gas Combined Cycle) 

Plant type LCOEE [SEK/MWh] 

Solar PV 318-435 

Geothermal 594-986 

Wind 276-530 

Gas Peaking 166-2078 

Coal 686-1611 

GCC 476-784 

Biomass [74] 523-10481 

SMR CHP 237-692 

 

The sensitivity analysis illustrates the importance of taking the entire system 

into account, were a SMR CHP to be implemented. This can be seen in Figure 

18, where an increase in heat load size did not necessarily yield a higher 

 
1 LCOH without subsidies, 212-744 SEK/MWh with 10 %, 35.6-560 SEK/MWh with 16%. 
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number of >95% load hours. This is due, in part, to the dynamics between the 

SMR CHP and the base-load plant, where the relative size of the latter is 

smaller when compared to the total HD than in the Uppsala system. It is also 

apparent that both cases are sensitive to intra year variations, which would 

require larger fresh fuel storage capacities than usual.  

7.2 Methodology limitations 

In order to adapt the model to the envisaged system, several broad assump-

tions had to be made: 

• The neutronic dynamics of a nuclear reactor is highly complex, and 

not at all represented in the considered model, where the SMR essen-

tially is a black box. Although load following has been lauded as one 

of the benefits of the SMR concept, it introduces variances in the fis-

sion product distribution and equilibrium. One such is the production 

of xenon 135, which significantly decreases the responsiveness of the 

reactor, due to a large neutron absorption cross section.  

• The model is built for data of hourly resolution, meaning that transient 

behaviour cannot be studied. 

• In order to simulate full electric production during periods of no re-

maining HD, i.e. when another production unit provides base-load, an 

ad hoc solution was implemented. This solution was inherently ac-

companied by some limitations, namely no way to regulate the ramp-

ing speed of the reactor, at least without altering the model structure 

on a fundamental level.  

• In accordance with [16] the assumption that electricity and heat in co-

generation mode can be summed into the same measurement. 

• In the considered system model, all other heat generation are simpli-

fied and lumped together. 

• It is assumed that the extraction of steam only causes a 10% decrease 

in electricity capacity when in full co-generation mode. Further, the 

outlet temperature is assumed to be constant over the course of a year. 

In reality, the forward temperature in DH varies between 80-120 ºC; 

and the electric efficiency is directly dependent on the condensing 

temperature. 

• Any material strain accompanied with excessive load following has 

not been considered. 
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8 CONCLUSIONS 

The purpose of this thesis has been to investigate and shed light on alternative 

uses for nuclear energy, namely SMR CHP. This was achieved, to an extent, 

by a literature study of the state of current research and the simulation of 

SMR CHPs with adaptive α-values utilising an existing DH model.  

 

Based on the findings of the literature study the concept of SMR NDH seems 

to be a burgeoning subject, and the possibilities for significant CO2 reduction 

are clear to see. Coupled with the advent of SMR technologies, allowing for 

heat production closer to the heat load than previous instances of NDH, the 

path towards decarbonisation of the heat sector becomes more diversified. 

 

This thesis’ focus has been to examine the possible operation for a heat-first 

SMR co-generation plant. It is evident that an adaptive α-value allows the 

plant to cover a larger portion of the heat demand than a plant utilising a static 

one. However, it is difficult to gauge the validity of the simulation results due 

to the large number of assumptions. But taking the results as an indication of 

the attractiveness of SMR CHP; a NuScale module or a similar sized SMR 

with similar properties would be suitable as base-load CHP plant in a system 

with a ≈1700-1900 GWh heat load, and that it would have limited applicabil-

ity as mid-load. This sentiment is further strengthened by the economic anal-

ysis, though rough, indicating that SMR CHP could be competitive when com-

pared to conventional power sources. 

 

8.1 Future work 
As with the sentiment above, it would appear that the mid-load application of 

the technology would be difficult to implement and to economically justify. 

However, the base-load configuration seems to be a more attractive solution, 

further strengthened by this being conventional NPP’s standard operational 

mode. Some areas that would need further investigation are: the impact of load 

following on the core composition and the subsequent core manoeuvrability; 

material strain due to load following; more complex DHNs; to mention a few. 
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APPENDIX 1: INPUT & OUTPUT 

 

Figure 24 Temperature and HD Enköping 2019. 

 

Figure 25 Temperature and HD Västerås 2019. 
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Figure 26 Top: Enköping load duration curve. bottom: hourly production. Purple: SMR CHP heat, 

blue: SMR CHP electricity, orange: HO boiler. 

 

Figure 27 SMR CHP ramping speed for the Enköping system. The dashed line indicates the ramping 

limit specified by NuScale 
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Figure 28 Top: Västerås load duration curve. bottom: hourly production. Purple: SMR CHP heat, 

blue: SMR CHP electricity, orange: HO boiler. 

 

Figure 29 SMR CHP ramping speed for the Västerås system. The dashed line indicates the ramping 

limit specified by NuScale 
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Figure 30 Top: load duration curve for Västerås (2019), bottom: hourly production. Purple: SMR 

heat, Blue: SMR electricity, Yellow: Base-load 

 

Figure 31 SMR CHP ramping speed for the Västerås system. The dashed line indicates the ramping 

limit specified by NuScale 
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APPENDIX 2: SENSITIVITY ANALYSIS 

 

Figure 32 Absolute change in >95% load hours. 

 

 

Figure 33 Absolute change in 235U consumption. 
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