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This thesis studied the role of large-scale heat pumps can have as a part of district heating 

system. Large-scale heat pumps in heat production along with other technologies can 

decrease carbon dioxide emissions via more efficient energy usage and decreased primary 

energy usage.  

In this study, EnergyPlan modelling tool was utilized to study how large scale heat pumps 

added to a district heating system affect the energy system as the capacity of variable 

renewable electrity was increased in the energy system. The heating system included 

combined heat and power plant (CHP) in addition to heat only boilers. 

The research showed that utilizing heat pumps alongside wind power, it is possible to lower 

the use of fossil fuels as well as biomass. The results also showed that heat pumps can be 

seen as part of the system integration by consuming the excess electricity while transforming 

it into heat for carbon free district heating. 
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Tämä tutkimus tarkasteli suurten lämpöpumppujen roolia osana kaukolämpöjärjestelmää. 

Suuret lämpöpumput lämmöntuotannossa yhdessä muiden teknologioiden kanssa voivat 

vähentää hiilidioksidipäästöjä tehokkaamman energian käytön ja vähentyneen 

primäärienergian käytön kautta.  

Tässä tutkimuksessa käytettiin EnergyPlan-mallinnustyökalua selvittämään, miten 

kaukolämpöjärjestelmään lisättävät suuret lämpöpumput vaikuttavat energiajärjestelmään, 

kun ajallisesti vaihtelevan uusiutuvan sähkön kapasiteettia lisätään energiajärjestelmässä. 

Kaukolämpöjärjestelmä sisälsi yhdistetyn lämmön ja sähkön tuotantolaitoksen (CHP) lisäksi 

lämpökattiloita.  

Tutkimus osoitti, että käyttämällä lämpöpumppuja yhdessä tuulivoiman kanssa on 

mahdollista vähentää fossiilisten polttoaineiden sekä biomassan käyttöä. Tulokset osoittivat 

myös, että lämpöpumput voidaan nähdä osana järjestelmäintegraatiota käyttäen ylimääräistä 

sähköä lämmön tuottamiseen hiilivapaata kaukolämpöä varten. 
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Roman characters 

E Energy  [Wh] 

N number of inhabitants [-] 

P Power  [W] 

p pressure  [bar, Pa] 
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1  Introduction 

This master’s thesis studies the role of large-scale heat pumps in energy systems and the 

impact they have on different aspects of energy system, such as heat production, electricity 

consumption and carbon dioxide emissions resulting from the energy production within the 

system. This is executed in the thesis by modelling a reference scenario of a currently 

existing city-scale energy system, and further modelling the same system with large-scale 

heat pumps and energy storages. By using large-scale heat pumps in heat production along 

with other technologies, it is possible to decrease carbon dioxide emissions via more efficient 

energy usage and the resulting decreased primary energy usage. Furthermore, heat pumps 

can replace fossil fuel use for heat production by replacing technologies such as fuel oil 

boilers. If the electricity used to operate heat pumps originates from renewable energy 

sources, usage of heat pumps enables extensively emission-free heat production. A further 

goal in the study is to find the most optimal solution regarding the heat pump and storage 

capacities and usage for decreasing carbon dioxide emissions. One key point in electrifying 

the heating sector is to minimize the excess electricity production by utilising the excess for 

example with heat pumps and for other means. The optimal solution will be evaluated from 

the perspective of best possible use of excess electricity production, resulting from high 

amounts of intermittent renewable electricity available in the energy system. This thesis is a 

part of the Development of Next Generation Large Scale Heat Pump Systems (NEXTHEPS) 

research project of LUT University, focusing on research on heat pumps. Thus, while the 

modelling is done on the energy system level, the use and effect of large heat pumps is the 

main interest. In this thesis, additionally a few different energy system modelling tools are 

compared and their pros and cons and availability for this type of modelling is researched. 

The simulations will finally be carried out using EnergyPLAN modelling tool, and one of 

the goals of the thesis is to examine how heat pumps can be simulated in the modelling tool 

in different scenarios and simulation types. The data used in simulations is real-life 

production and demand data gathered from various sources. The aim is to simulate the 

decrease of usage of light fuel oil, as not only it is the most expensive fuel used in the system, 

but also forms significant carbon dioxide emissions, whereas if replaced with heat pumps 

the emissions can be decreased. 



10 

 

The use of fossil fuels for energy production has increased alongside the average living 

standard and world human population increase, and the more advanced technologies needing 

more energy up until the recent trends focusing more on energy efficiency. This has been 

the main contributor to the increase of carbon dioxide content in the atmosphere, 

contributing significantly to increased pace of global warming. Decreasing carbon dioxide 

emissions has become a key interest worldwide due to increasingly studied effects of global 

warming. To increase the usage and investments into renewable energy technologies to 

decrease the carbon dioxide emissions, and restrain global warming, international contracts 

and new legislations have been created. European Union has created further climate 

legislations, with the most recent being the energy and climate policy package Fit for 55, 

setting an increased carbon dioxide emission goal to decrease the European Unions’ total 

carbon dioxide emission by 55 percent by 2030, in comparison to the reference level of 

emissions of 1990. The goal in practice means that the EU member countries need to 

contribute to decreasing their carbon dioxide emissions by 8 percent more than the decrease 

pace of 47 percent was in 2022, with the further set goal of European union being carbon 

neutral by 2050. To obtain the goal, one important act in the new legislation is setting new 

taxation levels to different energy fuels. (European Commission, 2021) The new taxation 

will set the highest taxation levels to fossil fuels, and lower levels to biofuels, conventional 

fuels, and electricity. This will contribute to fossil fuel usage in electricity and heat 

production and transport to become increasingly expensive and less economically feasible 

for energy producers and consumers and it is estimated to lead to replacing fossil fuels with 

renewable energy production technologies and other solutions. Fossil fuel costs increasing 

in the near future create an increasing interest for companies, public sector, and individuals 

to decrease their fossil fuel usage as much as possible and phase out the usage completely 

when possible. The increased interest in sustainability from consumer and company side is 

also a driving factor for companies to strive for sustainability and emission reductions on 

their own part. (European Commission, 2021) 

By the common consensus, clean energy production is vital for decreasing the carbon 

dioxide emissions. It can be achieved by using renewable energy technologies with 

emission-free production such as wind and solar power, as well as sustainable use of 

biomass, while simultaneously decreasing the use of fossil fuels. The shares of wind and 

solar power have seen a significant increase in energy production around the world, and the 

trend is estimated to continue. The energy produced with these technologies is in the form 
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of electricity and thus, practically, the increase in wind and solar power production leads 

into further electrification of the energy production and the transport sector. Another 

significant aspect is that large shares of wind and solar power in the energy system via their 

intermittency create an increased need for balancing solutions to maintain the balance 

between supply and demand in the energy system. Technological solutions for electrification 

and balancing consist of using technologies that can utilise or store the renewable based 

electricity. Current proposed solutions for balancing are include for example utilising 

electricity and thermal storages or using the renewable based temporary excess electricity to 

produce for example synthetic gas and fuels which could be stored and used them for energy 

production in higher demand times or for transport sector. In transport sector, the solutions 

for electrification include electric vehicles and hybrid cars. In heating and residential sector 

solutions such as heat pumps and electric heating are highly regarded solutions for further 

electrified systems. The main reasons for heat pumps seen as a viable solution are their 

energy efficiency. Utilising heat pumps with emission-free electricity practically enables 

emission-free heat production. Furthermore, heat pump utilisation can create economic 

benefits when they are run with low-cost electricity. Thirdly they can play a part in balancing 

electricity demand and supply, by utilising electricity when there is an abundance of it 

available. 

The viability of large-scale heat pumps in district heating systems has previously been 

studied in Finland by Kontu et al. (2019). They found that the largest potential for large-

scale heat pumps in district heating systems is in small systems where they would replace 

heat-only boilers, rather than in medium and large systems utilised alongside CHP plants. 

Furthermore, they found that the potential in Finland for viably utilising large heat pumps in 

district heating systems is around 10-25 % of district heat production, while the existing 

capacity only was 3 % of production in 2019. (Kontu et al., 2019) Replacing coal with wind 

and nuclear power and the impacts on electricity and district heating markets has been 

studied by Khosravi et al. (2020) 

The studies of large heat pumps in district heating in Finland have focused more on the 

perspective of the financial viability of heat pumps, while the effects on reducing systems 

carbon dioxide emissions have not been studied as extensively. This thesis aims to find out 

the effects of large-scale heat pumps have on the district heat production of a medium-sized 

energy system with CHP plant and heat-only biomass boiler plant and light fuel oil (LFO) 
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boilers, from the perspective of reducing carbon dioxide emissions and LFO usage and on 

utilisation of the excess electricity produced by increased wind power capacity. 

Decarbonization of the whole system is of interest with the presumption of higher amounts 

of wind and solar power available in energy systems in near future, when also the supply-

demand balancing effects of heat pumps are increasingly important. The research made in 

this thesis focuses on heat pumps and thermal storage and thus the energy system models 

created do not include all technologies that could potentially be utilised in excess electricity 

storage. Thus, excluded are for example electric vehicles from transport sector, industry 

sector energy production, and various power-to-gas conversion technologies such as 

hydrogen and electrofuels. 

Firstly, in literature survey the thesis scans through the basics of energy system and 

production technologies with the focus on Finnish system. Secondly the principles of heat 

pumps and pros and cons of large-scale heat pumps are studied. Third aspect of literature 

survey includes an overview on some energy system modelling tools, their usage on similar 

modelling, and finally a more thorough description of the used modelling tool EnergyPLAN. 

The research part comprises of a detailed description of creating the energy system model in 

EnergyPLAN, the simulations in different scenarios with varying wind power capacity in 

the energy system, and finally results analyzation and conclusions.  
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2  Energy systems 

Energy systems are the basis of modern societies, where most everyday things require energy 

in some form, be it industry and manufacturing, transportation, or everyday things related to 

housing or leisure. Energy is produced using various production technologies and used in 

the form of electricity and heat. Energy system consists of power generation units such as 

power plants of various sizes and end-users, that are connected by a distribution network. 

Energy systems were described by Lund et at (2016) as networks that connect sources of 

energy with end-users and include various conversion and storage technologies. 

With the goal of increasingly decreasing the carbon dioxide emissions and in the long run 

eventually the total decarbonization, energy systems will become based more and more 

renewable energy sources. Renewables such as solar and wind power have become 

increasingly cost-competitive with the traditional power generation technologies. 

Renewable energy technologies are a key factor in helping to achieve emission reduction 

targets set by EU and the set national targets of many countries around the world. Solar and 

wind power generation are more intermittent than the traditional fossil fuel production which 

in increasing amounts is replaced by them. Thus, the integration of them in increasing 

amounts will require flexibility from the energy system, setting increasing requirements for 

the distribution network. The flexibility can be achieved by combining flexible power 

generation technologies and increasing the energy storage capacity by using various different 

technologies. Applications to provide additional flexibility are often cross-sectional and 

complemented by power-to-x technologies such as power-to-heat, power-to-gas, power-to-

transport, power-to-fuels, and power-to-industry. (Möst et al., n.d.) The variability of 

production means the energy system needs to have enough regular base power generation to 

avoid power shortages. (Ringkjob, et al., 2018) 

2.1  Finnish Energy System 

Because energy systems in general are a very wide field of study, in this thesis the focus in 

basics of the energy systems is directed into the Finnish energy system, for which a more 

precise look is taken into in this chapter. Traditional energy production, including traditional 
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and renewable electricity production, and district heat production, are briefly covered as well 

as the possible future developments of the Finnish energy system. The overview also acts as 

the introduction to following parts of the thesis, where large-scale heat pumps in district 

heating and energy system modelling are more closely discussed, and a specific case of an 

energy system is studied and simulated. 

The Finnish energy system is in transition towards higher shares of renewables, similarly to 

the whole European energy system in the process of mitigating global warming by 

decarbonizing the energy system and phasing out fossil fuels (Child, 2018). Figure 1 shows 

the shares of different energy sources of total energy consumption in Finland in 2021. 

(Statistics Finland, 2023). Wood fuels with 29.6 % share and nuclear energy with 18.2 % 

share are in large role in Finnish energy production. Additionally, as the figure shows, oil 

accounted for 18.8 % of fuels of total energy consumption. It is worth noting that fossil-

based traffic fuels contribute for large amount of the total share of oil, since fossil motor 

gasoline accounts for 3.8 % and fossil diesel fuel for 6 % of the total. The third largest 

contributor of oil fuels is light fuel oil which accounts for 4.9 % of total energy consumption. 

(Statistics Finland, 2023) Light fuel oil is used for uses such as household and industrial 

building heating, off-road vehicles such as different farm equipment, and vehicles utilised 

in mines and other industries. It is also used as reserve and emergency fuel in industrial 

plants and power stations (Neste Oyj, 2023). One of the main interests in this thesis is 

replacing the use of light fuel oil in the studied district heat network and via replacing it 

simulate the decrease in fossil fuel emissions of the energy system. 
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Figure 1. Shares of different energy sources in 2021 of total consumption in Finland 

2.2  Traditional electricity production 

Nuclear power has a large role in electricity production in Finland having possessed a share 

of 18.2 % of total consumption in 2021, when there was four large nuclear power plant units 

in regular electricity production. Since 2023, there are five large nuclear power plant units 

currently in operation as Olkiluoto 3, the largest nuclear power plant unit in Europe at 1600 

MWel started regular electricity production. Three of the units are located in Olkiluoto 

nuclear power plant site in South-Western Finland and two are located in Loviisa in South-

Eastern Finland. The total nuclear power capacity in Finland currently is approximately 4400 

MWel net power. Nuclear power is typically operated as a base load in electricity grid. 

Wood fuels are more widely used in Finland for energy production than in most other 

countries around the world and combine for the largest share of energy sources for total 

energy consumption used in Finland in 2021 at 29.6 %. The major part is used in combined 

heat and power production in CHP plants, that have high combined energy efficiencies. The 

use of wood fuels is enabled by rich forest resources, which also have led to Finland 

possessing a large share of pulp and paper industry in the country. The large role of the pulp 
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and paper industry contributes to the share of wood fuels of energy use being at the high 

level it is at. Under the term wood fuels, belong fuel types such as black liquor at 12.2 %, 

wood fuels used in industry and energy production at 12.8 %, and small-scale combustion 

of wood at 4.6 %. Black liquor is a high energy content side stream product in pulp and paper 

industry that is used for energy production, and accounts for notable share of wood fuel 

usage. Small-scale combustion of wood mainly takes place at individual wood-fuel heated 

households. The biomass usage for energy production is expected to remain at the current 

level because while wood fuels are a renewable energy source, sustainability limits set 

restrictions for the usage. European Union has governed in its legislation about the 

sustainable use of biomass both for energy and industrial product use. Furthermore, in the 

energy and climate legislation package Fit for 55, the EU has assigned the member countries 

with carbon sink obligations. The forests act the carbon sink, and retaining sufficient carbon 

sinks is an important factor in sustainable biomass and wood fuel use. (Energiateollisuus, 

2023) 

 

Figure 2. Electricity by net source in 2021. 
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2.3  Renewable electricity production 

Finland has the second largest share of renewable energy in the EU, only trailing to Sweden. 

In 2017 it was estimated by Finnish energy field authority, the National Energy, that the 

share of renewable energy in the end consumption will increase to 50 % by 2030. (Paiho et 

al., 2018) Current estimates and goals are even higher with the country aiming for carbon 

neutrality by 2035 which was discussed previously. 

Hydropower is a zero-emission renewable electricity production technology that has been 

used in for electricity generation since the late 19th century. Hydropower accounted for 4.1 

% of total energy consumption and for 16.3 % of electricity consumed in Finland in 2021. 

There are currently around 250 hydropower plants in Finland and the total hydropower 

capacity of the country is approximately 3190 MW. While the capacity is not maxed, the 

most feasible locations are already equipped with hydropower plants and environmental 

protection prohibits significant increases in new hydropower plants. Thus, most likely future 

increases in hydropower capacity result from increasing the existing hydropower plant 

capacities. The capacities of hydropower plants in Finland vary from 1 MW to 170 MW. 

Most of the plants are river hydropower or adjustment power plants, as Finland does not 

possess suitable characteristics for wave or tidal hydropower. A significant benefit of 

hydropower is that it can be utilised to even demand spikes, as the energy can be stored with 

the dams, and adjustments in electricity production can be executed rapidly. River 

hydropower plants can be utilised for short term adjustments, while adjustment power plants 

can be used as reservoir on annual time span. Hydropower can also help in preventing 

springtime flooding of rivers. (Finnish Energy 2023, Motiva 2021) 

The share of hydropower in electricity generation varies significantly according to the water 

supply situation. The share of domestic hydropower in a good hydrological year is higher 

than average, but electricity is also imported from the Nordic market, mainly from Sweden 

and Norway. Thus, the water supply situation also always reflects on the use of fossil fuels, 

mainly coal, in electricity generation. Hydropower is typically the most commonly used 

technology for regulating power as pumped hydro storages have short response times, 

contributing into electricity grid frequency regulation and varying consumption. 

Hydropower resources in Finland are expected to remain at current level as the technology 

has some environmental sustainability constraints. (Finnish Energy 2023) (Motiva 2021) 
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Solar power capacity around the world has been increasing as more and more emphasis on 

zero-emission energy production technologies. In Finland, some solar PV (photovoltaic) 

parks have been built in recent years, but especially the popularity among individual 

households and housing units as well as installing capacity on rooftops of public buildings 

has increased.  

Wind power is seen as the most important renewable energy generation technology in 

transition towards carbon neutral electricity production. The pro of wind power is that it is 

essentially a zero-emission production technology. The challenge is that the power 

generation is intermittent which creates challenges for the electricity grid and need 

increasing need for grid balancing. The wind power capacity around the world has been 

increasing rapidly in recent years, and more and more countries are investing in increasing 

their wind power capacity with Finland following the same path. 

 

2.4  Heat production and district heating 

The most common heating form in Finland is district heating, and over two thirds of new 

buildings are built with the district heating as the heating system (Energiateollisuus, 2023; 

FinDHC, 2023). Approximately 70 % of municipalities and cities district heating with 

renewables and waste heat (FinDHC, 2023). District heat is produced in combined heat and 

power (CHP) production or as heat-only production. Typically, there are multiple power 

plants in one district heating network to be able to adjust the power production better with 

the demand fluctuations, which are both seasonal, and shorter term. There is also reserve 

capacity for occasions of maintenance outages of the power plants or unintended disruptions 

in production. (Energiateollisuus, 2023) 

Multiple different fuels are used in district heat production. These include for example 

biomass, coal, natural gas, peat, waste fuels and oil. The fuel supply security is important for 

district heat production, as any industry, among financial aspects and environmental impacts. 

The share of fossil fuels used in district heating is decreasing due to the carbon-neutrality 

target of Finland by 2035. The shares of different fuels used for district heat production in 

2021 in Finland are shown in Figure 3. The share of wood fuels and renewables was 47.1 % 
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in 2021, while fossil fuels and peat combined for 39 % and other energy sources for 13.9 % 

of district heat production (Official Statistics of Finland (OSF), 2023).  

 

Figure 3. Fuels used for district heat production in Finland in 2021. (Official Statistics of 

Finland (OSF), 2023) 

 

  



20 

 

3  Large scale heat pumps 

The number of large-scale heat pumps used in industrial and commercial applications and 

district heating has been increasing in recent years. Heat pumps are a power-to-heat solution, 

which have become an of-interest solutions to balance the power markets and grids while 

the amount of renewable energy sources as part of the energy systems increases. The strength 

of heat pumps lies in the possibility to use them for heat generation during the occasions of 

low-cost electricity available in the market. The temporary low-cost electricity will usually 

result from the temporary good power generating conditions, and therefore high availability 

of either wind or solar power. On these occasions the electricity is very cheap. Through 

converting the excess electricity into heat, heat pumps increase the sustainability of the 

energy system. 

The specific investment and installation costs of heat pumps, alongside other power-to-heat 

solutions such as large electric boilers and heat storages are relatively low, and hence their 

usage in district heating systems is often cost competitive. (Averfalk et al., 2017) 

3.1  Principles of heat pumps 

Heat pumps are an effective technology for energy production in several fields of modern 

technology. Heat pumps are systems that can deliver heat by using electricity to pump heat 

to higher temperature. They are based on a refrigerant circuit and a heat source at a lower 

temperature. The electricity consumption is dependent on heat pump quality and the 

temperature difference between heat load and sources. These together define the Coefficient 

of performance (COP) value, which indicates the efficiency with which the heat pump 

converts electricity to heat. COP values of heat pumps are in the range from 2 to 6 for heating 

applications, meaning that with a COP value 3, one unit of electricity can produce 3 units of 

heat. 

Heat pumps can be used for multiple different purposes. They are commonly used for space 

heating and cooling and district heat production. They can also be used for sanitary water 

production either as stand-alone units where heat pump and water storage tank are placed in 

the same casing, or as heat pumps with separate tanks. 
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Air is the most used heat source in heat pumps currently, especially in small scale 

installations used for scape heating. However, large-scale heat pumps utilised for industrial 

and commercial uses and district heating, use various heat sources. These include air, and 

different geothermal and hydrothermal sources. There are several hydrothermal sources. 

Heat can be provided for example by waste waters, or natural water bodies. (Grassi, 2018) 

Exhaust air heat pumps with heat recovery are an emerging technology for building 

applications as they can provide energy savings. Particularly the usage has increased in 

Scandinavia. Carbon dioxide heat pumps have also seen a rise in use in both commercial and 

residential applications due to their environmentally friendly features. (Grassi, 2018) 

Heat pumps can be classified according to different characteristics such as the type of 

thermodynamic cycle and the working fluids, or according to the heat source. Based on the 

two former, categorization can be done into vapor compression and absorption heat pumps. 

Vapor compression heat pumps follow a traditional inverse thermodynamic cycle with the 

system including a compressor that is driven by either an electric motor or an engine. 

Absorption heat pumps don’t have a mechanical compressor as they are based on the use of 

a mixture of two fluids with different vapor pressures. When receiving heat, the higher 

volatility vapor evaporates and then recombines with the less volatile working fluid. In this 

type of applications, the most common fluid mixtures used are water and lithium bromide or 

water and ammonia. (Grassi, 2018) 

As mentioned, heat pumps can also be categorised according to the heat source they use. The 

most common outdoor heat source is air, but also surface waters such as rivers, lakes and 

sea water, ground water, and geothermal heat from the ground are used. (Grassi, 2018) 

3.2  Heat Pumps in District Heating 

Large-scale heat pumps are a relatively widely used application in district heating systems 

around the world. Large-scale heat pumps have been a part of Swedish district heating 

systems for a long period of time since multiple pumps were installed in 1980s, to use the 

temporarily increased surplus of electricity having originated from increased nuclear power 

production. In Finland large heat pumps, especially for heat production in heat pump plants 

have been used since 2000s. 
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3.2.1  Benefits 

Large heat pumps bring many benefits when used in district heating systems. The largest 

benefit is that they increase the flexibility of the whole district heating system. When needed, 

the heat pumps can be started in relatively short notice, commonly in less than an hour, and 

in some cases within a few minutes. (Passi et al, 2016) 

Heat pump plants usually consist of multiple engine parts, enabling a flexible usage, and 

which in turn has potential to increase the efficiency of other power plants such as CHP 

plants, as they can be run a shorter period of time and higher average power, with less need 

for production power variance, as the system flexibility is provided by the heat pumps. For 

example, the starting of CHP plants can be executed later in the autumn and can be shut 

down earlier in the spring, as the large heat pumps can be used for district heat production 

instead. This enables for the CHP plants to be operated at the maximum capacity for the 

larger percentage of time they’re in use, due to higher heat demand during that period of 

time. Thus, their average production power during this period is higher and the production 

efficiency better. When also combined with a heat storage, the combination provides a 

possibility to take advantage of the electricity price fluctuations, enabling further economic 

benefits as at occasions of low electricity prices heat pumps can be run to produce heat and 

store it into the heat storage. From the heat storage it can be used either converted back to 

power or used as heat, providing savings via for example lower fuel usage and costs in heat 

production. Heat pumps can then be run down for the duration of high electricity prices. 

(Passi et al, 2016) While this type of periodical usage of heat pumps may affect negatively 

to their lifespan and increase the maintenance costs, the effect on them is insignificant. (Passi 

et al., 2016) 

Heat pumps diversify the heat production capacity with more viable technologies in the 

system and can protect from electricity and fuel price fluctuations. In a system with CHP 

production, the production can be more fluently cost optimised to follow electricity price 

fluctuations by varying the ratio of heat and electricity production as well as the ratio of heat 

and electricity consumption. Heat pumps decrease the district heat producer’s dependence 

on fuels by providing an alternative option for heat production. By choosing between the 

CHP and heat pump production, it is possible to use the most cost-effective heat production 

form in greatly varying market situations. (Passi et al., 2016) 
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The effects of occasional device failures can the neglected by usage of heat pumps thanks to 

their rapid response time. Furthermore, large heat pumps enable the combined production of 

both district heating and district cooling simultaneously, thus providing economic benefits. 

In compactly built cities especially, heat pump plant can provide both, district heating and 

efficient district cooling via combined process. The use of combined district heating and 

cooling is estimated to become more popular in community energy systems in near future as 

the demand for district cooling is estimated to increase. (Passi et al., 2016) 

Heat pump plants provide a possibility to further employ otherwise unused excess heat from 

sources such as purified community wastewater, heat from power plant flue gases, or excess 

heat from industrial processes and datacentres. Heat can be extracted from relatively low 

heat sources with temperatures of 7 C degrees Celsius as is done in Suomenoja heat pump 

plant in Espoo, Finland which extracts heat from wastewater. (Passi et al., 2016) 

Via improving the usage of excess heat, heat pumps increase the share of renewable district 

heat production. Typically heat pumps are designed to replace the use of fossil fuels such as 

natural gas or coal in district heating system, which provides a direct decrease in systems 

carbon dioxide emissions. It is important to notify in all cases that heat pumps use significant 

amounts of electricity. However, as mentioned previously, the coefficient of performance of 

large-scale heat pumps in optimal conditions is around 3 to 5, thus them providing 3 to 5 

units of energy in form of heat or cooling per unit electric energy used. The commonly 

relatively high COP makes heat pumps an efficient means for heat production especially 

when combined with district cooling. (Passi et al., 2016) 

It is also important to evaluate the effect of heat pumps from the perspective of energy system 

total emissions. The effect of heat pumps is dependent on which part of system the usage in 

reality affects. If the decided pump operation method is to follow the electricity market 

prices, the use scheduled on the occasions of lowest electricity prices is the most feasible 

also form the perspective of total emissions because of the electricity marginal pricing. An 

evaluation of long-term sustainable use needs to account for several other factors as well, 

including researching for optional electricity production scenarios and comparing them with 

the heat pump investment scenario. From the perspective of a district heat producers 

however, possessing both CHP and heat pump production capacity can be perceived as 

environmental act when the capacity is used flexibly following the heat market fluctuations. 
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(Passi et al, 2016) Thus, the use of heat pumps is generally seen to increase the image and 

marketability of district heat. 

3.2.2  Restrictions 

There are also some limitations and risks in use of large-scale heat pumps in energy system. 

The most important prerequisite for beneficial heat pump investment is the availability of a 

sufficient heat source in the proximity of the designed plant location. The heat provided will 

also need to be very cheaply priced of preferably free of charge, depending on the total 

structure system, however. (Passi et al, 2016) 

Technical and operative risks of use of heat pumps include the need for thorough evaluation 

of adequacy of the local electricity grid. This is an important factor to highlight as when 

started the heat pumps temporal electricity consumption may be as high as 7 times the 

consumption in typical operation phase. Because of this the heat pump needs to be located 

in a relatively strong part of the electricity grid. Inadequate dimensioning of the electricity 

grid will restrict the dimensioning of heat pumps plant or possibly make the investment not 

feasible in small towns. (Passi et al., 2016) 

Another restricting factor can be the lack of space available for sufficient sized heat pump 

plants, especially in compactly built city centre areas. This issue has been solved with 

existing plants in cities of Helsinki and Tampere in Finland by building the heat pump plants 

underneath the ground, with the available land-space being both, expensive and not 

sufficiently large. While there are related costs such as quarrying costs, from the experience 

of the two heat provider companies, they were relatively low expenditure in the end as the 

extracted material could be sold to other industries for a sufficient price. (Passi et al., 2016) 

The temperature of returning district heat water is an important factor affecting the 

performance and feasibility of heat pumps. Typically heat pump plants are able to provide 

district heat water with a temperature of 85 to 90 °C, without more expensive 

multiconnection arrangements and significant decrease of COP. In the winter when the 

maximum heat demand occurs, the typical to-grid district heat water temperature is 110 to 

120 degrees Celsius. Priming the lower temperature district heat water produced by heat 

pump into the required temperature has significant costs, unless there is a boiler designated 
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for that purpose within the heat pump plant. However, using heat-only boilers is not to be 

advised if the main goal of heat pump usage is to minimize the system level fuel usage. 

(Passi et al., 2016) The to-grid temperature of heat pump plant is typically not of concern in 

late spring, summertime and early autumn as the water temperature to-grid typically is 

around 85 to 90 degrees Celsius. A presented solution in a report by Passi et al. (2016) for 

increasing the profitability of heat pumps was to decrease the wintertime to-grid district heat 

water temperature. It is pointed that the procedure would require increasing the water flow 

to a level for which the district heating grid or customer end devices are not typically 

designed for, neglecting this option in reality. If executed, the action could create bottle 

necks to the district heat network, also contributing to the customer end devices to 

malfunction. However, in new and separate district heating networks low water temperature 

and accordingly implemented customer-end device design are an option that should be 

considered if the area possesses a constant and cheap excess heat availability. (Passi etl al., 

2016) 

The preliminary production structure of the district heat production may restrict the 

feasibility of heat pump investments. The investment cost of large-scale heat pumps is quite 

significant in comparison to heat-only boilers. If district heat is partially produced by waste 

incineration plant for example, it may restrict the usage of heat pumps because of waste 

incineration plant acting as the base load, having a preliminary purpose in waste incineration 

and thus not being able to regulate the power output similarly to plants designated solely for 

district heat production. When the waste incineration plant is appropriately dimensioned for 

the waste fuel load, the large-scale heat pump won’t have an adequate amount of full load 

hours per year to cover the significant investment cost while also the system level benefits 

would remain low. The scenario would result in the heat pump investment being at risk of 

becoming non-profitable. Waste incineration plant is only an example of one type of base 

load district heat production, and there are multiple other types of base load plants in use, 

for which all these factors should be considered. (Passi et al., 2016) 

While still an option to use in some cases, industrial excess heat is a challenging heat origin 

for heat pump plant, mainly due to the uncertainty of longevity of availability as the 

industrial site may be shut down on relatively short notice or the process the heat originates 

from may be changed. Thus, relying solely to industrial heat source may be a risky decision 

to base the investment on. It is crucial for the heat provider to possess an adequate amount 
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of spare capacity in case the industrial heat source sees changes. Industrial companies may 

have an unrealistic consensus on the realistic value of the excess heat, which is why it is in 

the best interest for heat producer to have a long-term contract on heat delivery. (Passi et al., 

2016) 

The electricity price is and it’s short and especially long-term trend and fluctuations play a 

key part for heat pump plants. While heat pump investments are still not extremely sensitive 

for electricity price trend, a significant increase in long-term electricity price might still make 

heat pump investment non-profitable or change the requirements of the optimal 

dimensioning and usage planning. (Passi et al., 2016) The Europe-wide electricity prices saw 

a large increase as a result of natural gas prices increasing as a result of sanctions set for 

Russian Federation due to their military actions in Ukraine since February 2022. The world 

power politics play an important part in modern energy markets as any unrest is often to 

affect the markets and delivery chains. While Finland has become increasingly self-

sufficient in energy sector, with the latest development being the start of regular electricity 

production of Olkiluoto 3 nuclear power plant, of which effect has been estimated to lower 

the electricity prices along with the increased wind power capacity and fast growing 

individual solar PV capacities or housing units, the Finnish electricity markets are affected 

by the European wide markets because of the international nature of today’s power markets. 

3.2.3  Role in District Heating Systems 

The role of large-scale heat pumps depends on the size of district heating system. From 

observing the implemented heat pump investments, Valor Partners Oy researchers (2016) 

concluded that in small district heating systems heat pump typically replace the heat 

production of heat-only boilers, usually run by fossil fuels. In middle-sized systems with 

CHP plant acting as the base load production, heat pumps are utilised for base load 

optimisation which in turn contributes into the total system level optimisation. Furthermore, 

heat pumps and possibly combined with heat storages can contribute to minimizing the usage 

of peak load machinery, such as oil boilers. In large district heating systems with combined 

district heating and cooling, heat pumps are designated for cost-optimized simultaneous 

district heating and cooling production to increase the system level profitability. In large 

systems the annual operation hours are typically high because of district cooling production 
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for which they are the only source. In Finland, in district heating and cooling networks of 

Helsinki and Turku the full load hours of heat pump plans and around 5000 hours per year, 

thus being at the same level as of many CHP plants. (Passi et al., 2016)  

As the investment costs of heat pump plants are relatively high, for the investment to be 

profitable, the annual operation hours of the plant need to be high or optionally the pumps 

need to provide notable benefits on the system level. Thus, investing in heat pumps only to 

be operated during peak demand hours is unlikely to be economically feasible. This factor 

is further highlighted by district heat peak demand taking place typically from January to 

February in Finland, when because of the lower heat source temperature, the COP of heat 

pumps is often at the lowest level of the year. There can however be exceptions depending 

on the heat source used. For instance, the excess heat flow available from datacentres varies 

only little according to outside temperatures, making them quite steady and reliable heat 

source. On the other hand, the temperature of purified wastewaters may vary so greatly and 

decrease temporarily low enough for the water to not be a sufficient source of heat. The 

wastewater heat cannot be utilised efficiently enough when its temperature is from 5 to 7 

degrees Celsius or lower, which can be the case in springtime with melting waters decreasing 

the water temperature. (Passi et al., 2016) 

The profitability of heat pumps used as a mid- or peak demand production technology can 

be increased by completely replacing the CHP plant production during summertime, as also 

typically in summer the electricity prices are low. In these instances, it can be in the best 

interest economically for producer to run down the CHP plant if this can bring benefits in 

the longer lifetime of the CHP plant or lower maintenance costs. With the procedure, the 

annual full load hours are higher, contributing to decreasing the payback time, while also 

being profitable from the overall annual production efficiency of heat pumps due higher 

COP because of better availability and easier extraction of heat from heat source, whether it 

is purified wastewaters or outside air. (Passi et al., 2016) 

The electricity markets have and are estimated to continue to become more volatile due to 

the share of controllable production capacity decreasing in the energy system. This 

development is because of solar and wind power capacities increasing with more 

investments into renewable energy technologies. The short-term market prices of electricity 

are thus set to become more inconsistent. Heat pumps can be utilised to profit from 

increasingly variable electricity market prices as they can be utilised for grid frequency 
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regulation and through it the company possessing heat pumps can play a part in electricity 

regulation markets. The regulation market trading functions close to the electricity delivery 

time. As electricity production and demand are required to be in balance at all times to retain 

a stable grid frequency, differences between the estimated production and the actual realized 

production need to constantly be monitored and be levelled. The short-term adjusting power 

markets in general foster a higher return for producers than spot-markets for which the 

electricity prices are typically fixed in advance on previous day. Heat pump capacity is a 

feasible option to utilise as adjusting power as starting and running down of them can be 

done rapidly. Because of the rapid reacting capability especially when used in combination 

with heat storages, large-scale heat pumps can be operated flexibly, and run to produce heat 

or cooling for the heat storage during occasions of low electricity prices. Then, when there 

is a need to temporarily decrease the system production, heat pumps can be run down, and 

the stored energy can be utilised for demand. When combined in a district heating network 

with a CHP plant, the production of CHP plant can be increased in turn, while the pumps are 

run down. The most efficient strategy when taking part for adjustment electricity markets is 

to have a combination of CHP plant, possessing a slower capability of adjusting the 

production, and large heat pumps, with a rapid adjustment capability. (Passi et al., 2016) 

Practically, the system is required to consist of combination of heat pumps and heat storage 

to be able to partake the adjustment electricity markets efficiently. Partaking the adjustment 

electricity markets, as mentioned, will require increased intermittent usage of heat pumps, 

from which the existing heat pump plant operators do not possess significant experience, 

and thus the effects of this type of usage on the lifetime of the heat pumps are rather 

unknown. (Passi et al., 2016) 

3.3  Previous research and applications 

International Energy Agency (IEA) has an ongoing research program for researching district 

heating and cooling systems. The program was first established in 1983 and has been in 

operation since. The usage of large-scale heat pumps in district heating systems was studied 

rather intensively between 2011 to 2014 in a research project focusing on integration of 

renewable energy and waste heat into district heating systems. (IEA 2014a). The research 
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examined various low temperature waste heat sources for possibilities to utilise them in 

district heating and cooling systems by using heat pumps.  

In Nordic countries, even though district heating systems have been researched a lot, the 

research on large heat pumps are relatively new. However, some previous research has been 

conducted in Denmark and Finland, respectively. 

3.3.1  Denmark 

In Denmark, introducing large-scale heat pumps in district heating and its socioeconomic 

potential has been studied with EnergyPLAN tool (Lund et al., 2016). Also, district heating 

in 100% renewable energy systems, where heating is provided by combining industrial 

excess heat and heat pumps, has been studied by (Yuan et al., 2021) with EnergyPLAN. 

Additionally, the feasibility of large CHP plants in 100% renewable energy systems has been 

studied (Lund and Mathiesen, 2015) with EnergyPLAN. 

In a review of the Danish district heating sector (Johansen and Werner, 2022) the past and 

present landscape and future of the sector was studied. Many studies of large heat pumps 

have been conducted in the last 10 years. However, the investments in Denmark on them 

hadn’t been that extensive before 2020. In 2019 the Danish district heat sector consisted 

mostly of CHP plants and heat-only generation plants, with heat shares produced being 67.7 

% and 32.3 % respectively. The most common fuel used in in Danish district heating are 

natural gas, biomass, household and other waste, industrial waste heat, coal, oil, thermal 

solar, electricity and wind power via heat pumps, biogas and biomass. The share of heat 

pumps from heat production for residential buildings is approximately 3-4 %. Denmark has 

set a 100 % decarbonisation target of the district heating sector by 2030. The heat pump 

capacity in district heating systems has increased in recent years and efforts of phasing out 

still widely used natural gas and coal are expected to contribute into continuing the trend.   

(Johansen and Werner, 2022)  

The focus in Denmark’s district heating sector in phasing out fossil fuels has shifted from 

replacing fossil fuels with solar thermal district heating into increasingly investing into large-

scale heat pumps. In 2020 the annual installed utility-based heat pump capacity exceeded 

250 MW, consisting of 60 newly installed large-scale heat pump units. The change in the 
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sector was driven by low electricity prices for heat utilities provided by government 

incentive policy guaranteeing near-zero electricity taxation for them. Furthermore, the 

Danish government introduced in 2021 a support scheme for large heat pumps, which covers 

up to 15 % of the cost of installing a heat pump. (Meyer, 2021) 

The first major large-scale heat pump installation in Denmark was announced in 2021 and 

will be starting production in autumn 2023. The installation is located in Esbjerg and is the 

largest electro-thermal energy storage (ETES) in the world. The system consists of a 50 MW 

heat pump, that uses carbon dioxide as a refrigerant and seawater as a heat source, and the 

heat pumps will be powered by renewable electricity from nearby wind farms. The system 

is designed to replace the previous coal-fired district heating of the city, providing heat to 

approximately 27 000 households. The system has been estimated to produce around 235 

GWh of heat annually. The district heating water provided to network can be heated up to 

90 C temperature. The system also has a heat storage, to store heat produced during high 

supply hours of renewable electricity when heat production is most profitable. The excess 

production can be stored as heat and utilised later. The heat pump system is also designed to 

be able to vary its electricity production and can be utilised flexibly and provide electricity 

grid balancing services via that functionality. (Anner, 2023; Findlay, 2023; Santos, 2023) 

As in many other countries the Danish district heat sector is currently experiencing major 

changes with integration of more intermittent renewable energy, especially wind power, 

electrification, and sector coupling and thus the role of non-combustion heat generation is 

expected to increase. Heat pumps and solar thermal collectors are seen as the top options in 

the change along with industrial waste heat recycling. (Johansen and Werner, 2022) 

3.3.2  Finland 

In 2019 Kontu et al. studied the viability of large heat pumps in different sized district 

heating systems in Finland. They used energyPRO simulation tool for modelling of the 

energy system with CHP plants, heat-only boilers, and heat pumps. They simulated the 

addition of heat pumps in three different sizes of district heating systems. The small systems 

were systems with heat-only biomass boilers as base load and heat-only oil boilers as peak 

load. The benefits of introducing large heat pumps were found to be the largest in these 

systems where they can decrease the fossil fuel usage by replacing the fossil fuel boilers. 
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Kontu et al (2019) found that the potential of using heat pumps district heating systems is 

10-25 %, which is significantly higher than the installed capacity, that in 2019 was 3 %. This 

would apply to all sizes of district heating systems, even though the role of heat pumps varies 

depending on the system size. Based on their simulation executed with energyPRO 

modelling tool, they found that the largest potential for heat pumps is in small district heating 

systems, where they typically reduce the use of fossil fuels. In these systems heat pumps 

cover rather large share of heat production, around 20-70 %, and the defining factor of the 

size of heat pump was the availability of the heat source.  

The potential was smaller in medium and large systems in which there are economical CHP 

production. In these systems the optimal size of heat pumps was smaller because of CHP 

plants, which typically have high overall efficiency and lower variable heat production costs 

(VHPC) than heat-only boilers in small systems. The VHPC did still decrease in these 

systems as firstly the heat production from heat-only oil boilers, and secondly CHP 

production during low electricity prices were replaced. According to their results the higher 

already existing versatility of the district heating system decreased the potential for savings 

to be obtained by the addition of heat pumps. Additionally, they sate that in reality in Finnish 

district heating systems the order in which heat pumps are installed to the systems differs 

from the principle, but heat pumps are actually first installed into large district heating 

systems. In the study heat storages were not studied as part of the system. (Kontu et al., 

2019) 

In Finland, there are multiple heat pump plants in operation. Large-scale heat pumps have 

already previously been deemed as feasible technology for heat production by for example 

Sitra, Energiateollisuus, and more recently in research report of Valor Partners Oy in 2016. 

Heat pumps were a bit of study by Khosravi et al. (2020) studying the impacts of replacing 

coal with wind and nuclear power in Finland on electricity and district heating markets. They 

found that large-scale introduction of heat pumps would be profitable in large cities Helsinki, 

Espoo, Turku and Vantaa, and the decease of electricity tax would further benefit it. The 

impacts on wintertime capacity adequacy could be managed with considerable increases in 

nuclear and wind power capacities. (Khosravi et al., 2020) 

Large-scale heat pumps are used in district heating production of Helsinki area by Helen. 

Helen owns the Katri Vala combined district heating and cooling plant, located in Sörnäinen, 
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Helsinki, which started operation in 2006. The plant currently includes six large-scale heat 

pumps, and seventh, a largest one yet, to be added during 2023 according to the current 

schedule. Helen has stated that via the addition of the seventh heat pump, the district heat 

production of Helsinki can be completely carbon neutral during summer seasons. The 

seventh heat pump will be the largest in the world according to Helen representatives. The 

district heat power of the newest heat pump will be 32 MWth and district cooling power 21.5 

MWth. When in operation, the total district heat power capacity of Katri Vala plant will the 

155 MWth, and the cooling capacity 103.5 MWth. The Katri Vala district heating and cooling 

power plant is the largest heat pump plant in the world, that produces heating and cooling in 

a combined process. The current district heat power of the plant is 123 MW and cooling 

power 82 MW. The heat power plant utilizes excess heat of purified sewage water in their 

heat production. The heat capture of the plant has been enhanced in recent years, enabling 

improved efficiency in utilizing the excess heat and via that the utilisation of large-scale heat 

pumps. (Helen 2020) 

The seventh heat pump will replace a part of coal usage of Salmisaari power plant. Coal 

usage of Hanasaari coal power plant has previously been decided to be replaced by the joint 

usage of several technologies and actions: a combination of biopower plant, large-scale heat 

pumps, energy storages and heat trading with a partner Vantaan Energia. (Helen 2020) 

Additionally, Helen operates another waste heat power plant that started operation in 2018, 

located in caves under Esplanadi, Helsinki. Helen has also invested in a seawater-air heat 

pump that is located in Vuosaari, that is scheduled to start operation in 2022.The use of heat 

pumps has enabled Helen to decrease the usage of coal and via that to further decarbonise 

the heat production more rapidly. (Helen 2020)  
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4  Energy system modelling 

4.1  Features of energy modelling programs 

Modelling tools for energy system modelling can be classified in several ways. They can 

have either a bottom-up or top-down approach. Simulations of bottom-up models are based 

on detailed technological descriptions of the energy system, while top-down models follow 

economic approach and consider macroeconomic relationships and long-term changes. 

Thus, bottom-up approach is often called the engineering approach, and majority of the 75 

tools assessed on the study by Rinkjob et al (2018) are of this approach. These two types can 

also be combined into hybrid models which are able to assess long term changes as well as 

technological properties. Hybrid models can often be beneficial when long-term changes of 

the system and technological details need to be considered, for example in assessing the 

integration of variable renewable energy sources into the system. (Ringkjøb et al., 2018) 

When choosing which type of modelling program to use, one needs to consider the desired 

results of the simulation and the type of data available. 

Energy and electricity modelling programs can be based on different methodologies. They 

are generally divided into simulation, optimization and equilibrium-based models. 

Simulation-based modelling tools simulate the energy system based on specified equations 

and characteristics and are suitable for testing various system layout options and various 

scenarios and their impacts on the system. They are often bottom-up models, with a detailed 

technological description of the energy system. (Helgesen, 2013) 

Optimisation models aim to optimize the operation or investment of the system, or in case 

of some models they can do both. Linear programming is the most common approach in the 

optimisation models, and they can for example minimize the total system cost or balance the 

supply and demand of the grid. Optimisation models can also be based on mixed-integer 

programming or heuristic optimisation or be non-linear. (Ringkjøb et al., 2018) 

Equilibrium models have an economic approach in modelling and thus, model the energy 

sector or system as part of the whole economy and are therefore suitable for evaluating the 

impact of policies on the economy. There are different equilibrium models, for instance 
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partial equilibrium models which focus on balancing just one market such as energy market, 

and computable general equilibrium models which determine important economic 

parameters such as the Global Domestic Product (GDP) and consider the whole economy. 

Modelling tools use variety of different methods, for example deterministic or stochastic 

approach or Monte Carlo methods. Some models calculate based on aggregated annual 

demands and production. Some programs are focused on the aim to model individual stations 

or components. Energy system modelling tools have varying geographical coverages, the 

term meaning the area that is modelled. The coverage can vary form covering a single project 

all the way to global scale. The scales between these include for example local, regional, and 

national scale coverages. (Ringkjøb et al., 2018) 

Modelling tools have different modelling horizons depending on the purpose they’re 

designed for. Modelling horizon in concept describes the time span for which the simulation 

is carried out. The horizon can vary largely and can be for example seconds, hours, years, or 

decades depending on the purpose of simulation and on the size of the modelled system. For 

instance, it’s more common to model smaller scale, such as device level simulations with a 

time span of seconds or hours to model very specific functionality of the system.  For larger 

scale such as city or regional scale energy systems, there often is no purpose for as specific 

simulations, but rather longer time periods such as one year of multi-year operation is 

modelled. (Ringkjøb et al., 2018) 

 

4.2  Modelling programs 

There are various bottom-up type modelling tools that are commonly used for regional scale 

energy system modelling, for example BALMOREL, Calliope, PyPSA, COMPOSE, and 

EnergyPLAN. While they can be used for same scale simulations, these modelling tools 

differ from each other in modelling principles. This paragraph briefly discusses through the 

main features of the beforementioned modelling programs. 
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4.2.1  Balmorel 

Balmorel is an energy system analysis model that can be used for supporting modelling and 

analyses of the energy sector. It is a partial equilibrium model that solves the optimisation 

tasks mainly with linear programming. Balmorel has an emphasis on the electricity and 

combined heat and power sectors, and it can be applied for long term planning as well as 

shorter time operational analysis, so it is highly versatile. The model is developed and 

distributed under open-source ideals and has been continuously developed since 2000. The 

development is mainly project driven and has a users’ network andbut forum around it for 

support, as is the case for many open-source models. Being open source, the model can be 

downloaded from official Balmorel website for free. The download file includes the source 

code of the model and the working data set. (Aalborg University Department of 

Development and Planning, 2022; Lund, 2022; Ravn, 2022) Balmorel is written in GAMS 

(General Algebraic Modeling Language) modelling language and hence the user needs a 

GAMS licence to run the model. As the model is open source, any user can modify the model 

to suit the specific requirements needed to use in their application, but since the model is 

solved in standard software, writing any new optimization code isn’t required. Thus, 

approximately 10 versions of Balmorel model have been created by users. (Aalborg 

University Department of Development and Planning, 2022) 

By classification of Ringkjøb et al. (2018), Balmorel is a bottom-up type modelling tool. The 

temporal resolution in Balmorel can be set to either hourly or aggregate, modelling horizon 

can be user defined up to 50 years, and it can be used for simulations from regional up to 

international scale geographical coverage. (Ringkjøb et al., 2018) 

Balmorel has been used for projects in several countries, for example Denmark, Norway, 

Sweden, Germany, Ghana and China. In these projects it has been used for analysis of 

security of electricity supply, the role of flexible electricity demand, hydrogen technologies, 

wind power development, the role of natural gas, development of international electricity 

markets, market power, heat transmission and pricing, expansion of electricity transmission, 

international markets for green certificates and emission trading, electric vehicles in the 

energy system and environmental policy evaluation. (Ravn, 2022) 
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4.2.2  Calliope 

Calliope is a bottom-up modelling tool published by ETH Zurich and developed by Stefan 

Pfenninger. It is programmed in python and is available as an open-source modelling tool. 

It is a relatively versatile modelling tool. Calliope is classified by Ringkjob et al. (2018) to 

be a bottom-up type of modelling tool. It is designed to be used as an investment and 

operation decision support tool. Simulation characteristics such as temporal resolution, 

modelling horizon and geographical coverage can all be defined by the user according to the 

needs and objectives of the modelling, thus making Calliope versatile to be used for variety 

of simulation purposes. The calculation methodology used in Calliope is linear 

programming, but there is also mixed integer programming currently under development to 

be added to it. (Ringkjøb et al., 2018)  

All conventional generation, as well as renewable energy generation and storage 

technologies can be modelled with Calliope. In case of electricity grid, the net transfer 

capacity can be defined. The supported commodities in Calliope are electricity, hydrogen, 

heat, and different fuels. Calliope supports modelling for demand response (DR). Different 

demand sectors are modelled by aggregating the whole sector, while demand is inelastic, 

instead of having option to make it variable. Finally, the costs included in system modelling 

with Calliope are investment, operation and maintenance, fuel, and carbon dioxide emissions 

costs. The electricity market can be modelled with separate supply and demand. Calliope is 

versatile in emissions modelling, as any pollutants can be accounted for in the simulation. 

(Ringkjøb et al., 2018) 

4.2.3  PyPSA 

Python for Power System Analysis (PyPSA) is an energy system modelling tool developed 

in a PyPSA project. The aim of the project is to provide an open-source python environment 

for energy system modelling. PyPSA can be used for free and a person willing to start using 

it can join the PyPSA mailing list for information. The project is currently maintained and 

coordinate by the Department of Digital Transformation in Energy Systems at the Technical 

University of Berlin. There are multiple PyPSA projects such as PyPSA-Eur, PyPSA-Eur-

Sec, Atlite, Powerplantmatching, Linopy, and Model Energy, which all are different 
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modelling tool kit packages for different modelling needs. They can be used independently 

from each other but are built to also interact easily. With the different packages the user can 

for instance calculate renewable energy potentials, create more complex electricity networks 

or cost-optimize the pathway of an energy systems. Instructions to use the different toolsets 

can be accessed via the PyPSA website. 

The co-called original PyPSA has the main purpose of being used for simulating and 

optimising modern power systems. PyPSA-Eur is for modelling the European transmission 

system and PyPSA-Eur-Sec for the sector-coupled optimisation of European energy system. 

Additionally, Atlite is to be used for calculating renewable power potentials and time series, 

Powerplantmatching for standardising and combining multiple power plant databases and 

Linopy is a linear optimization interface. 

4.2.4  EnergyPLAN 

EnergyPLAN is an energy system analysis tool created originally in 1999, and it has been 

developed and expanded throughout the years, with the latest updated version published in 

May 2022. It aims to identify optimal energy system designs and operation strategies using 

hourly simulations over a one-year period. It is programmed in Delphi Pascal programming 

language. (Lund, 2022) The main purpose of EnergyPLAN model is to assist in design of 

national or regional strategies by analysing the energy, environmental and economic impacts 

of different energy strategies based on technical data and economic analyses. EnergyPLAN 

can be classified as the bottom-up type program according to the classifications by Ringkjøb 

et al. (2018) previously discussed. It is a simulation tool that models one solution based on 

the predefined conditions. While the model doesn’t compare different solutions to find the 

optimum core solution, as some optimization tools do, one can still rather easily simulate 

multiple different scenarios and compare the results to one another, to find the most optimal 

solution of those. This is supported by EnergyPLAN possessing quick simulation times. 

The EnergyPLAN is versatile in the size of energy system it can be used model, as the model 

can cover a whole national or regional or larger than national sized energy systems, since it 

includes various different forms of heating, electricity generation, and storages, for instance 

heat, gas and electricity supply alongside transportation and industrial sectors as well as 
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biomass conversion and power-to-gas options. A specific size, other than the amounts of 

demand, and power plant and other unit capacities, are not defined when using the model.  

EnergyPLAN works based on hour-to-hour simulation which enables the simulation to take 

the variability of production into account. The model has a modelling horizon of one year, 

meaning it simulates one year of operation of the given system. EnergyPLAN has been used 

in various simulations and analyses of energy systems by many researchers. A few studies 

carried out with EnergyPLAN are discussed in the next chapter. 
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5  EnergyPLAN model 

EnergyPLAN simulation tool was chosen as the modelling tool to be used in this thesis. The 

features of the model will be further introduced in this chapter to understand its working and 

modelling principles. Additionally, previous studies and their findings of heat pump 

utilisation in energy systems, executed by EnergyPLAN modelling are briefly reviewed. 

5.1  Previous studies on heat pumps with EnergyPLAN  

Many studies examining the utilisation and effect of heat pumps and heat storages in energy 

systems have been carried out by using EnergyPLAN in the modelling. This is one of the 

key reasons EnergyPLAN was chosen for modelling in this thesis. In Danish context 

multiple studies have been published, such as Socioeconomic potential for introducing large-

scale heat pumps in district heating in Denmark (Lund et al., 2016), District heating in 100% 

renewable energy systems: Combining industrial excess heat and heat pumps (Yuan et al., 

2021), Business and socioeconomic assessment of introducing heat pumps with heat storage 

in small-scale district heating systems (Østergaard et al., 2019). Additionally, introducing 

large heat pumps into the energy system to use wind power generated electricity, as well  as 

potential heat sources for them in Danish context has been researched in multiple occasions, 

most notably in published studies Wind power integration in Aalborg Municipality using 

compression heat pumps and geothermal absorption heat pumps (Østergaard, 2013), The 

technical and economic implications of integrating fluctuating renewable energy using 

energy storage (Connolly et al., 2012), and Mapping of potential heat sources for heat pumps 

for district heating in Denmark (Lund and Persson, 2016). 

In the study “Business and socioeconomic assessment of introducing heat pumps with heat 

storage in small-scale district heating systems” (Østergaard et al., 2019) the Danish island 

Samsø was studied as a case study for which the large-scale heat pump integration into 

district heating network was modelled. In Samsø there were several reasons to study the 

effects of introducing heat pumps into district heating. Production of renewable electricity 

is large and the four current district heating plants at the time used biomass which, if replaced 

by heat pumps, could be used in other use such as for biogas plant or other industry such as 
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wood products and chemical industry. An additional reasoning for the need for research of 

optional solutions was the age of the district heating plants, for which reason they will need 

replacement in some time.  

Two scenarios were modelled, one where all district heating boilers were replaced by heat 

pumps, and secondly, one where additionally thermal storages were added into energy 

system. Adding heat pumps in first scenario was expected to increase the electricity demand, 

but also contribute to a better balance between production and demand and decrease the 

amount of electricity exported. In second scenario adding thermal storage was expected to 

further decrease electricity export via the additional capacity to absorb fluctuating renewable 

energy supply. The size of heat storage was experimented with to learn the effects on 

electricity export and system costs. The transport and individual heating were left out of 

consideration in the study. The costs included in the research consisted of variable costs, 

fixed annual costs and annualised investment costs. (Østergaard et al., 2019) 

The heat pumps added into to the system in simulation were 6.3 MW capacity with COP of 

3.25, added alongside the district heating plants with the same 6.3 MW total capacity. In the 

carried-out simulations executed with the market economic simulation setting of 

EnergyPLAN, heat pumps were prioritized over biomass boilers most of the time, producing 

over 99 % of the district heat in the system. Electricity export was found to decrease by 7.2 

%, and also electricity import to increase by a small amount, but it being negligible in 

comparison to the decrease in export. Operation and maintenance of heat pumps is less 

expensive than with biomass boilers, so the operation and maintenance costs decrease. 

Investment into heat pumps brings investments costs.  (Østergaard et al., 2019) 

5.2  Model features 

EnergyPLAN uses a deterministic approach in its simulations. It optimises the operation of 

the system based on user-defined inputs and outputs. The approach ensures that with the 

same inputs, the model returns the same results every time. EnergyPLAN uses an hour-by-

hour simulation of the system, and simulates the production, demand, and costs for a one-

year time span. The model is based on analytical programming, which enables it to process 

the calculations directly and quickly. (Lund, 2022) 
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The general inputs given to EnergyPLAN are heat and electricity demand, renewable energy 

sources, energy station capacities, costs, and optional regulation strategies for import, export 

and excess electricity production. As outputs the simulation returns energy balances and 

based on them it calculates annual productions, fuel consumption, import and export 

amounts of electricity, as well as total costs. The costs may also include income form 

electricity trading. Electricity supply can be analysed based on different regulation strategies 

that can be given as an input to the model. (Lund, 2022) 

The hour-by-hour simulation of EnergyPLAN is the most suitable for a simulation of system 

with variable renewable energy sources. The power generation can fluctuate greatly, for 

example on an hourly or even on minute basis. For example, concentrated solar power plants 

and solar PV generation varies depending on both long term and short-term weather 

conditions, whether the weather is cloudy or not, and the longer term, for example weekly 

weather forecast. The time of the day as well as the seasons have obviously a massive effect 

on solar power production as there won’t be production between sunset and sunrise, and for 

instance the daylight time varies greatly between summer and winter time on northern and 

southern hemisphere the closer of the poles the production units are located. Wind power 

generation varies according to wind conditions which can vary within seconds and minutes, 

but also on larger scale depending on the location, altitude, short- and long-term weather 

conditions, time of the day, and seasons. To simulate the fluctuations in power generation of 

renewable energy sources, the program needs historical input data, which can be gathered 

from several sources. 

In EnergyPLAN the system description is aggregated. The parts of the system are not 

described and evaluated on individual station or component scale but as an aggregated group 

of the same technology, for example district heating systems. The model makes an 

aggregated analysis of multiple individual stations, that combine for an aggregated group of 

that technology in the energy system simulation. All boilers, CHP stations and other forms 

producing district heat, are grouped into three district heating systems. (Lund, 2022) 

EnergyPLAN includes heat, gas and electricity supplies, transportation, and industrial 

sectors. It also has built-in biomass conversion and power-to-gas options, which enables it 

to cover simulations for a whole regional or national energy system. (Lund, 2022) 
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EnergyPLAN can be used to calculate the consequences of operating a given energy system 

in a way that the set of energy demands of a given year is met. Different operation strategies 

can be analysed. The model has options to choose between technical regulation, which aims 

to identify the least fuel-consuming solution, and market-economic analysis which aims to 

identify the consequences of operating each station on the electricity market with the aim to 

optimize the business-economic profits. In both simulation strategies, most technologies can 

be actively involved in the regulation. Total costs can be calculated regardless of the 

simulation type of simulation. (Lund, 2022) 

5.2.1  Technologies and considerations included 

EnergyPLAN model includes all the most common traditional technologies such as power 

stations, CHP and boilers and renewable energy sources such as wind, photovoltaic and solar 

thermal, wave and hydropower. It also includes renewable energy conversion technologies 

such as heat pumps, electrolyzers, heat, electricity, and hydrogen storage technologies. It can 

additionally include transportation of different forms such as traditional fossil fuel based or 

alternative vehicles such as electric vehicles and synthetic fuel such as methanol and 

methane vehicles. Electric vehicles can also be modelled as a part of the electric grid as 

vehicle to grid (V2G) technology, where they offer electricity storage capacity. 

EnergyPLAN has various tab sheets which include fields for different input definitions for 

the simulation. Typically, user inputs the wanted capacity of that technology in the system, 

and for many technologies, an hour-to-hour demand distribution. A principal model 

description of EnergyPLAN is shown in Figure 4.  
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Figure 4. The illustration of EnergyPLAN system structure. (Aalborg University 

Department of Development and Planning, 2022) 

 

5.2.2  Stages of calculation 

In analysis carried out by EnergyPLAN the first calculation step is small computation based 

on inputs on the input and cost tab sheets. Second step is a series of initial calculations. Third 

step is the technical or market-economic optimization depending on which type of 

simulation is chosen by the user. The technical optimization minimizes the import and export 

of electricity and aims for the least fuel-consuming solution. The market-economic 

optimization identifies the least-cost solution for each production unit. However. in both 

simulation types the model can calculate the socioeconomic consequences to help in design 

of different public regulation measures. (Lund, 2022) 

First the reference energy demand must be defined which is done by identifying the annual 

electricity demand and choosing the hourly distribution. In EnergyPLAN model database 

there are some data distributions available. The user can also create and import their own 

distribution easily as they are simple text files. The hourly distributions of EnergyPLAN are 
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required to have exactly 8784 rows of data, which is the duration of a leap year in hours, for 

the model to be able to read them. 

Energy conservation can be considered by the model by modifying the energy demands. The 

model can be set to change the hourly distribution if needed in cases such as electric heating 

and cooling demands decreasing because of energy-saving measures. It is possible to define 

two additional demands in the model, one for electricity demand of transportation and one 

for fixed electricity import and export. The use isn’t restricted to the two categories but can 

be used for any purpose. The three input demands are added up by the model. Flexible 

electricity demand can be considered on either daily, weekly or monthly level. It is useful 

for securing the balance between supply and demand. It can be identified by setting annual 

demand and maximum capacity. 

District heating demand is also defined by annual demand (TWh/year) and a selected 

distribution data. District heating supply is divided into three groups for which the demand 

is defined separately to each. The first group is traditional district heating stations with 

boilers, second group is small CHP stations, and the third group includes large CHP stations 

based on thermal extraction stations. 

The model focuses on electricity demand and district heating demand in the energy system 

analysis. All sectors are included in the model, so industry, individual heating and 

transportation can be included in the electricity and district heating balancing of demand and 

supply. The electricity or district heating production of industrial CHP stations can be 

specified for each of the three district heating groups. The production is specified by using 

an annual production and a selected distribution dataset. 

There are many options for transportation and individual heating sectors, such as different 

electric, hydrogen, and biofuel vehicles and various solar thermal and micro-CHP systems, 

as well as conversion and storage technologies. If these technologies involve the district 

heating or electricity sectors, they are included in the hourly balancing during the 

computation. 

Second step in creating the system is to define the reference energy supply system, divided 

into renewable energy sources, capacities, and efficiencies of energy production units, and 

the division of fuel based on annual average consumption. Renewable energy sources for 

electricity production are defined by an installed capacity and the distribution data. The 
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model offers the possibility of adding a factor (between 0 and 1) to modify the distribution 

curve. The factor adjusts the distribution curve to higher annual productions if, for instance, 

new wind power capacities are being built on locations with better wind potentials. 

Renewable energy sources for district heating production can be specified for each of the 

three district heating groups by an annual production and the distribution data. Additionally, 

heat, electricity, and hydrogen storage and energy conversion technologies can be specified. 

Capacities and efficiencies of the energy production units are defined as average values for 

each type of station in each of the three district heating groups. For group one of district 

heating boilers, only the efficiency needs to be stated, since the capacity of the boiler must 

always be sufficient. For group two and three (CHP), capacities (MWe and MWth) and 

efficiencies are given for CHP units and boilers. Heat pump and a heat storage capacity 

(GWh) can be defined for each of the two groups. The heat pump is defined by the capacity 

(MWe) and the coefficient of performance (COP) factor. The maximum share of heat 

production from the heat pump can be specified to achieve the specified COP. 

Finally, the capacity (MW) and the efficiency of a condensing power station are given. The 

model distinguishes between the CHP stations in group three and the condensing power 

stations. However, in practice, these stations may be the same units (extraction stations). 

Consequently, the model makes the calculation assuming that the capacity input of the 

condensing power stations constitutes the total maximum capacity of both the condensing 

stations and the CHP stations in group three. Thus, if the CHP capacity at a certain stage of 

the analysis is not used for CHP production, the same capacity might be used for condensing 

power production. 

The fuel consumption of the stations can be calculated by the model on the basis of 

efficiencies. To track fuel use and CO2 emissions, the model needs inputs in terms of the 

share of fuel types at the different stations. The shares are given by relative numbers, and all 

types of fuels are increased or decreased accordingly. However, the model enables an 

adjustment of the amount of one or more types of fuels. 

Third step is to define the regulation strategy by choosing one of the predefined general 

strategies and then specifying some limitations and additional options. Basically, the 

technical analyses distinguish between a technical optimization and an electricity market 

optimization. In the market-economic optimization, electricity production is determined on 
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the basis of business economic marginal production costs of the different types of electricity-

producing units. Electricity-consuming units, such as heat pumps and electrolysers, are also 

included. Taxes for different fuels as well as for different types of production can be 

specified, which makes it possible to analyze the consequences of taxation changes.  

 For technical optimization, there’s two regulation strategies to choose from. 

Technical Regulation Strategy 1: Meeting heat demand. In this strategy, all units produce 

solely according to the heat demand. In district heating systems without CHP, the boiler 

supplies the difference between the district heating demand and the production from solar 

thermal and industrial CHP. For district heating with CHP, the units are prioritized according 

to the sequence (1) solar thermal, (2) industrial CHP, (3) CHP units, (4) heat pumps, and (5) 

peak load boilers. The model offers the option of operating the small CHP units according 

to a triple tariff, giving an incentive to allocate electricity production during hours of high 

and peak demand. 

Technical Regulation Strategy 2: Meeting both heat and electricity demands. When choosing 

Strategy 2, the export of electricity is minimized mainly by replacing CHP heat production 

with boilers or heat pumps. This strategy simultaneously increases electricity consumption 

and decreases electricity production, as the CHP units must lower their heat production. 

Similarly, when there is extra capacity available at the CHP stations and space in the heat 

storage, the production at the condensation stations is replaced with CHP production, thus 

increasing the overall efficiency of the energy system. 

Two additional technical regulation strategies exist that are variants of the preceding two. 

For detailed explanations, please consult the model documentation. 

The model also considers the ancillary services required to secure grid stability in the 

electricity system. Limitations in identifying optimal operation strategies can be specified in 

terms of the minimum share of electricity production required from a unit for it to supply 

ancillary services. The condensing power stations and the CHP stations in group three are 

always assumed to have these abilities. Any share of small CHP stations and renewable 

energy sources with ancillary service abilities can be specified as an input value. 

As part of the regulation strategy, one can specify system limitations on the export/import 

of electricity represented by transmission line capacities (MW). Depending on the situation 

and the chosen regulation strategy, bottlenecks may occur that require higher exports of 
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electricity than the amount allowed by the transmission lines: this is called critical excess 

electricity production. Consequently, one can specify strategies to avoid this problem. As 

shown in Chapters 5–7, the description and analysis of the reference system can be used to 

establish a common point of departure when promoting and discussing alternative strategies. 

5.3  Simulation options 

EnergyPLAN can execute two different main types of simulation: technical simulation or 

market-economic simulation. Technical simulation aims to minimize carbon dioxide 

emissions of the energy production. Additionally, there are different regulation strategies 

that can be chosen for different components. Technical simulation strategy can either be set 

to balance heat demand or to balancing both, heat and electricity demands. Individual heat 

pumps regulation can be set to either seek to utilise only critical excess production to run 

heat pumps, or set to seek to utilise all potential electricity export to run heat pumps. The 

difference between previous two heat pump regulation strategies is as follows. There is 

critical excess electricity production (CEEP) in the system only occasionally when the 

temporary electricity production in higher than the available transmission line capacity. As 

for when seeking to utilise all electricity export, not only CEEP will be used for heat pumps, 

but additionally the electricity that can and in the first case would be exported out of the 

system. 

5.4  Prioritization of components in technical simulation 

In modelling it is vital to know how the used modelling tool handles and prioritizes different 

components in the model. This includes for instance the prioritization of different 

technologies in energy production, as in when in need of power generation, which 

technologies are used primarily to answer to the power demand and which secondly and 

thirdly in case the power generation is still not increased enough to answer to the demand. 

Figure 4 shows the EnergyPLAN overall system structure. It consists of five components, 

which are demand, supply, balancing and storage, cost, simulation, and output. 
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Inputs are defined by the user by using four tab sheets: Demand, Supply, Balancing and 

Storage, and Cost. Demands of different forms and usages of energy are defined in six 

separate tab sheets under the demand tab sheet. These are Electricity. Heating, Cooling, 

Industry and Fuel, Transport, and Desalination. 

How EnergyPLAN prioritizes different components in the simulation, differs a bit depending 

on whether the simulation is run as a technical simulation or a market-economic simulation. 

In the following, the prioritization in technical simulation is explained. 

5.4.1  Renewable Energy Sources 

In electricity production renewable energy sources on- and offshore wind power, solar power 

and photovoltaics, and hydro power, including wave power, river hydro, tidal and CSP, are 

given a priority in the simulation. 

5.4.2  Power plants, CHP, Heat pumps and Boilers 

In Technical simulation 1 that aims to balance the system based on heat demand balancing, 

CHP units are given priority to cover heat demand after solar thermal and industrial waste 

heat, so in this the system created in this thesis where the two latter ones don’t exist, CHP 

plant is the prior heat source. Heat pumps are given priority after CHP units to cover the heat 

demand. Boilers are given the last priority. They are used if district heating can’t be supplied 

from any other unit. Power plants are given priority after all other electricity production units 

if the supply is not otherwise large enough. (EnergyPlan Documentation, 2022) 
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6  The original energy system 

The studied case is the energy system of city of Savonlinna, Finland. It will be called Case 

0 in later stages of the thesis. The system is simplified to consist of two main elements: a 

district heating network and the electricity grid, to focus on district heating and utilisation of 

large-scale heat pumps in heat production. Individual household heating and transport sector 

are excluded from the scope of this thesis. 

6.1  Energy system of Savonlinna 

Savonlinna is a city located in South Savo, Finland, with a population of 32 974 people. 

(Savonlinna 2022). Savonlinna has its own district heating network that is operated solely 

by one operator, as is typical in district heat production of the average-sized cities in Finland. 

Some electricity production sites are located in the area as well, the electricity production 

isn’t typically as strictly locally produced, but rather may be produced in any part of the 

country, and partially abroad.  Thus, the availability of electricity is not dependent only on 

the local production and conditions. However, while the electricity grid is connected 

nationwide making transporting and importing the electricity seamless action, maintaining 

the balance and sufficient frequency locally in the electricity grid is essential. The frequency 

is closely monitored by grid operator to prevent any overloading which can cause grid errors 

and shutdowns. (Honkapuro 2023). 

6.1.1  District heating 

The district heating network of Savonlinna consists of three types of heat production 

installations. The system includes a CHP plant, heat-only biomass boiler plant, and light fuel 

oil boilers. Production data of the heat production technologies was obtained from the district 

heating network operator Suur-Savon Sähkö Oy.  

CHP plant is the main heat source in the district heating system. The plant is in shared 

ownership, and in addition to district heating it also produces process steam for industrial 

purposes for plywood factory. The total thermal power of the CHP plant is 70 MWth. The 
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district heat capacity is 33 MWth, electric capacity is 17 MWel., and the industrial steam 

output is 20 MW. (Karjalainen 2023) For simplification, the industrial steam is not accounted 

for in the energy system models created in this thesis. 

The capacity of heat-only biomass boiler plant is 18 MWth. The biomass boiler plant is 

typically started in the autumn, anticipating the wintertime increase of district heat demand 

and shut down in the spring as the district heat demand decreases. In 2022 from when the 

obtained district heat data originates, the biomass boiler plant was also utilised in summer 

for the duration of the maintenance stoppage of the CHP plant, which is a typical practice of 

the district heat provider. (Karjalainen 2023) 

Oil boilers are used in the district heat system as peak machinery, being mainly utilised in 

peak demand hours. The total light fuel oil boiler capacity is 86.9 MWth, large enough to 

cover the whole capacity of the district heating network, as they also act as the reserve 

capacity. Typically, only a small amount of the oil boiler capacity is used in heat production 

annually. (Karjalainen 2023) The district heating system units and their capacities are listed 

in the Table 1 and the hour-by-hour usage of the units in district heat production in 2022 is 

illustrated in Figure 5. 

Table 1. District heat production units and capacities. 

CHP total capacity 70 MWth 

CHP district heat capacity 33 MWth 

CHP electric capacity 17 MWel 

Biomass boiler plant capacity 18 MWth 

Oil boilers combined capacity 86.9 MWth 
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Figure 5. District heat production of Savonlinna in 2022. 

6.1.2  Electricity production 

The total electricity production capacity of Savonlinna is not thoroughly studied in this 

thesis, and some assumptions and simplifications are made in creating the Case 0. In addition 

to heat, the CHP plant produces electricity. During typical back pressure mode production, 

the plant has a maximum electricity output of 17 MW to the grid, with an electric efficiency 

of 85 % (Karjalainen 2023). The plant, however, is typically operated by prioritising the heat 

production, so the electricity output does not remain regularly at the maximum capacity.  

Exceptions in the typical production plan can be made at occasions of high electricity prices, 

during which electricity production at maximum power is the most profitable. In these cases, 

there is typically some excess heat produced, which is condensed in condensers. This type 

of production increases the temporary fuel consumption and costs as well as energy losses 

but increases the profits enough for it to be a profitable principle of operation when executed 

only on the rare occasions of high electricity prices. (Karjalainen 2023) Due to modelling 

tool restrictions this type of irregular operation is not modelled in the following modelling 

cases. 



52 

 

Areas in south-eastern Finland possess quite moderate amounts of wind power due to the 

effects on military radar surveillance. While the landscape would be suitable for wind power 

on larger amounts than it currently exists, wind turbines have been studied to possibly disturb 

the surveillance capabilities of military radars, and thus permits to wind power for example 

in South Savo and North and South Karelia have rarely been granted and the amount of local 

wind power capacity is rather limited. The wind power potential, however, has been studied 

to be multiple times higher than what currently exists. Wind and solar power capacities used 

in the modelling are estimated from the total wind and solar power capacity of Finland.  

In the case of solar power, the total amounts are even more inaccurate to be estimated due 

to large amounts of solar panels being installed to housing units such as summer apartments 

that may not be connected to the traditional electricity grid. The amount of solar power to 

many building types, such as individual households, rooftops of multi-storey buildings for 

communal usage, different public buildings like offices and stores, as well as to farms and 

as concentrated solar park installations has been increasing rapidly in recent years due to the 

larger awareness and focus on green energy and decreased cost of solar panels.  

6.2  Case 0 in EnergyPLAN 

A base case of the energy system was created using EnergyPLAN modelling tool. Some 

simplifications and assumptions were made due to modelling limitations. Build of the Case 

0 and assumptions made are explained in detail in this chapter. Later in the thesis, further 

developed energy system models, which are built on top of the base case, are created to 

model heat pump and heat storage usage in the system. 

The model includes a district heating network and electricity grid, for which varying demand 

and supply are defined. The model was built based on the energy consumption and 

production data compiled from various sources. The district heating production and fuel 

consumption data were provided by Suur-Savon Sähkö Oy, while the electricity production 

and usage data were gathered from Fingrid and Finnish energy website databases. The input 

values of the Case 0 are shown in Table 2. The following chapters further explain how the 

values were obtained. 
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Table 2. Case 0 input values. 

Simulation type Technical simulation 

Simulation strategy Balance heat demand 

Electricity demand [GWh/year] 514,2 

District heating (DH) demand [GWh/year] 209,27 

DH network losses 0,19 

Boilers thermal capacity [MW] 104,9 

Boilers average efficiency 0,8664 

CHP electric capacity [MW] 17 

CHP thermal capacity [MW] 33 

CHP electric efficiency 0,22 

CHP thermal efficiency 0,66 

Condensing power plant (PP) capacity [MW] 30 

Condensing PP efficiency 0,85 

Nuclear power capacity [MW] 26 

Nuclear power efficiency 0,357 

Wind power capacity [MW] 33,63 

Solar power capacity [MW] 2,34 

River hydro power capacity [MW] 18,898 

CHP plant initial biomass usage [GWh/year] 210,712 

Boiler initial biomass usage [GWh/year] 21,474 

Boilers initial oil usage [GWh/year] 1,178 

Condensing PP initial biomass usage [GWh/year] 28,95 

Light fuel oil CO2 content [kg/GJ] 74 

CO2 emission price 90 
 

6.2.1  Heat demand and production 

The district heating production is defined by setting the total amount of annual production 

in GWh/year and setting a demand distribution. The demand distribution describes both, heat 

demand and heat supply, as those need to be balanced with no storage or conversion 

technologies in use. This is a simplified principle, as in real systems the water temperature 

may be increased in advance, forecasting the higher upcoming heat demand (Karjalainen 

2023). The EnergyPLAN simulation assumes that heat demand and supply are constantly in 

balance, as one cannot input separate distributions for them. The demand distribution used 

originates from the district heat production data of Savonlinna in 2022 (Karjalainen 2023). 

In EnergyPLAN, there are three groups for different types of district heating plants. Group 

1 represents district heat systems with boilers as the main heat source, and that don’t include 
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any CHP plant. Typically, this structure exists in small-scale systems. Group 2 represents 

district heating systems based on small CHP plants that can only be utilised for combined 

heat and power production. The main heat source in these systems is the back pressure CHP 

plant but they also typically include other technologies such as boilers that may be biomass 

or fossil fuel based. This is the typical medium-sized district heat system build. Group 3 

represents district heat systems based on large CHP extraction plants, representing the 

typical large-scale systems. One can include CHP plants that are capable to run in both back 

pressure mode producing both heat and power, and condensing mode producing solely 

electricity at times, depending on the whole system needs and energy balances. The systems 

typically also include boilers acting as peak power machinery and reserve capacity. 

Energy losses in the district heating network are accounted for by setting a percentage for 

district heat network losses. The network losses are set to 19%, value received from data 

provider (Karjalainen 2023). The water temperature is measured at the heat exchanger exit 

and at customer-end, and the losses are calculated from these measured values. EnergyPLAN 

calculates the total heat demand at user-end from the set production and network losses. 

The most accurate way to represent the current district heat production of Savonlinna with 

the EnergyPLAN model was found to be modelling the CHP plant, heat-only biomass boiler 

and oil boilers in the same district heating group in EnergyPLAN. District heating group 2 

was the most suitable as it represents district heating systems based on small CHP plants. 

The input values were calculated using Excel files that included hour-by-hour operation data. 

Total heat production was 210.217 GWh production per year. Heat production of the CHP 

plant was 189.649 GWh, the biomass boiler production was 18.682 GWh, and the production 

of light fuel oil boilers was 0.943 GWh. 

The electric capacity of the CHP plant in back pressure operation is 17 MW and the district 

heating capacity is 33 MW. Efficiency of CHP plant is typically calculated from separately 

allocated fuel use for heat and electricity. The values obtained for the CHP plant were 85 % 

electric efficiency and 90 % thermal efficiency. In EnergyPLAN the efficiencies are required 

to describe the electric efficiency as the amount of electric power produced per total fuel 

usage of the plant, and the thermal efficiency as the total of district heat produced per total 

fuel usage of the plant, respectively. Equation 1 was used to calculate the efficiencies. The 

obtained electric efficiency is 22 % and thermal efficiency is 62 %, combining for a total 

plant efficiency of 84 %. 
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µ =
𝑃𝑋

𝑃𝐹𝑈𝐸𝐿
   (1) 

Where Px is the electric or thermal power produced. 

The capacity of the biomass boiler is 17 MWth and the total capacity of light fuel oil (LFO) 

boilers 86.9 MWth so the boiler capacity used is their sum, 104.9 MW. Combining the 

capacities alongside the CHP plant enables EnergyPLAN to vary their power output so that 

CHP plant operation is prioritized in heat production, and the boilers are utilised only when 

heat demand exceeds the CHP plant capacity. This happens typically only in peak demand 

hours on cold periods during winter. As they are rapid to start, oil boilers may also be utilized 

in any fault cases or maintenance stoppages of the CHP plant or the biomass boiler. 

Boiler efficiency of the biomass boiler is 87% and 80 % of oil boilers. The oil boilers of the 

system are various ages and thus their efficiency may vary a bit from each other. Since the 

boilers had to be combined into one group, only one efficiency for them can be added. The 

efficiency for the boiler group is calculated as a weighted average from the biomass boiler 

and oil boiler efficiencies. It is weighed based on the amount of heat produced by biomass 

boiler plant and oil boilers in year 2022, so that an average efficiency for the heat production 

from boilers is obtained. The calculation is shown in Equation 2. The average boiler 

efficiency is 86.176 %.  

µ𝐴𝑣𝑔 =
µ𝐵𝑃𝐵+µ𝐿𝐹𝑂𝑃𝐿𝐹𝑂

𝑃𝐵+𝑃𝐿𝐹𝑂
  (2) 

For each of the traditional heat production technologies, in the base case for the CHP plant 

and for biomass and oil boilers, used fuels are defined by assigning each a share of all the 

different fuels they utilise. Fuels included are light fuel oil and biomass in this case. The 

CHP plant uses only biomass. The heat-only biomass boiler uses only wood chips for fuel 

during operation, so the fuel distribution is assigned to only include biomass. Light fuel oil 

is used for starting the boiler, but since the share of oil is negligible in comparison to biomass 

and using LFO for starting the boiler is essential, it is not considered in the model. The LFO 

boilers use light fuel oil, and reducing this amount used is an important target in simulations. 

The usage distribution is rather variable as the boilers are utilised as peak machinery. The 

annual amounts of biomass and oil used are calculated from the heat produced by using the 

boiler efficiencies. In Case 0 LFO usage is 1256 MWh, biomass usage of heat-only biomass 
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boiler is 21 336 MWh, and biomass usage of the CHP plant is 210 217 MWh. The 

condensing power plant added for electricity production is assumed to only use biomass. 

6.2.2  Electricity demand and production 

In EnergyPLAN the hour-by-hour electricity demand of the system is defined by two inputs: 

the annual electricity demand and a demand distribution. The electricity demand is estimated 

based on the population of Savonlinna. It is calculated by dividing the population of 

Savonlinna by the population of Finland and multiplying the result by the total electricity 

consumption of Finland. The population of Savonlinna is 32 974 people (Savonlinna.fi) and 

the population if Finland is 5 556 182 people (Statfi). The total electricity consumption in 

Finland in 2021 was 86.8 TWh (Motiva 2023). The value includes all the electricity usage, 

such as industry, public sector, and individual households, and thus the value is feasible to 

be used as an estimated total electricity demand. The calculation formula used to obtain the 

electricity demand is shown in Equation 3. 

𝐸𝑒𝑙,𝑆𝑎𝑣𝑜𝑛𝑙𝑖𝑛𝑛𝑎 =
𝑁𝑆𝑎𝑣𝑜𝑛𝑙𝑖𝑛𝑛𝑎

𝑁𝐹𝑖𝑛𝑙𝑎𝑛𝑑
× 𝐸𝑒𝑙,𝐹𝑖𝑛𝑙𝑎𝑛𝑑   (3) 

 The electricity demand per capita is 15.6 MWh and the electricity demand of Savonlinna is 

set to 514.394 GWh/year. Similar calculation principle will be used for calculating some 

electricity production capacities, so we can detach the population ratio from Equation 3 into 

a separate Equation 4. 

 
𝑁𝑆𝑎𝑣𝑜𝑛𝑙𝑖𝑛𝑛𝑎

𝑁𝐹𝑖𝑛𝑙𝑎𝑛𝑑
= 0.0059    (4) 

The distribution for electricity demand originates from the demand data available on the 

website database of Fingrid. The data used is from 2022, as it is preferred to use the latest 

data available. While the data doesn’t correspond with the total consumption information 

originating from 2021, it can be assumed that the hour-by-hour electricity consumption 

profiles correspond well to each other. It is assumed that the variation of the local electricity 

demand of Savonlinna is similar to national demand variation. 

Year 2021 was still affected by Covid-19 pandemic, including some shutdowns and other 

abnormal consumption behaviour, making the data not correspond precisely to the typical 

annual electricity demand curve. Year 2022 saw the Russian invasion of Ukraine which 
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affected the global trading and markets as economic sanctions were directed towards Russia. 

Europe has been rather dependent on the Russian natural gas, and the trading of it was mostly 

intervened due to sanctions. This caused the natural gas prices increase significantly which 

in turn affected the electricity prices in Europe, including Finland. The increased electricity 

prices led to many households to more closely monitor their electricity consumption and 

save electricity. These factors on their part affect the electricity demand and consumption 

data used in the models. The energy field of Finland has seen recent notable changes with 

the national production capacity increasing by 1600 MW thanks to the Olkiluoto 3 nuclear 

power plant starting regular electricity production in 2023. Additionally, the wind and solar 

power capacities are rapidly increasing with new projects continuously on the way as the 

country aims for carbon neutral energy production. 

Since nuclear power is an important part of the electricity production in Finland nuclear 

power is represented in the models. In total Finland currently possesses 4394 MW of nuclear 

power capacity. Calculating by the population ratio of 0.0059 from Equation 4, the nuclear 

power capacity in the area electricity production is defined to be 26 MW in the model. 

Case 0 energy system includes relatively small amounts of variable renewable electricity 

(VRE) production. Based on the capacity and distribution profile, EnergyPLAN calculates 

an estimated production per year for each of the technologies. A correction factor may be 

added to change the estimated capacity factor. The capacity factor will account for further 

development of the technology. It assumes that with better technology, the efficiency and 

correspondingly the generated power at low-production hours would be higher, while the 

peak production would remain the same. By this assumption, increasing the capacity factor 

would increase the annual total production. 

The renewable energy technologies assigned to the system are wind power, photo voltaic, 

and river hydropower generation. The capacities for each are estimated from the total wind, 

hydro and solar PV generation per year in Finland by using the population ratio 0.0059 from 

Equation 3, similarly to electricity demand and nuclear power capacity. We obtain an 

average value of how much of each person’s consumed electricity originates from these 

renewable sources. 

The demand distributions of the three VRE:s originate from the year 2022 data on Finnish 

Energy website database. For simplification, national wind and solar power production data 
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is used instead of using location-specific wind data to create a more specific production 

profile. Wind power potential is very location and altitude sensitive based on location but 

since any significant wind power installations are not expected to be built in the nearby 

locations of Savonlinna for now, the increase in wind power capacity will be estimated as 

national increase of which the city electricity grid receives its share. Same general idea is 

applied in defining the solar and hydro power capacities in the model. The capacities are 

best described as a share of electricity originating from these renewable energy sources, 

which makes defining the capacities much more straight forward. Because of the national 

electricity grid, the electricity production technologies can reasonably be considered as 

averages, unlike district heat production which is specific for each urban are for which many 

cities have their own distribution networks. Solar PV production is merely affected by 

seasonal variation in sunlight, while location has a much smaller effect on capacity, so 

defining the capacity in the model via national capacity and production curve is justified. 

The wind power capacity is set to 33.630 MW, solar PV capacity to 2.340 MW and, hydro 

power capacity to 18.898 MW. 

There isn’t enough electricity production capacity in the system with solely from the 17 MW 

CHP plant, 26 MW capacity of nuclear power available and from the wind, hydro, and solar 

power capacities which all were possible to define by using existing real-life data. Thus, and 

assumed 30 MW condensing power plant is added into the system. The plant is assumed to 

use only biomass and have 85 % electric efficiency. The capacity is defined to be large 

enough to cover for remaining electricity demand, but not precisely optimized as it will in 

any case be utilised in the simulation only when other technologies don’t produce enough 

electricity. The power plant capacities and the electricity demand of the system are compiled 

in Table 3. 

Table 3. Capacities of different technologies 

Characteristic Finland Savonlinna 

Population   5 566 182  32 974 

Population ratio 1 0,0059 

Electricity demand [GWh] 86,8 514,202 

Nuclear power [GW] 4394 26,030 

Wind power [GW] 5677 33,630 

Hydro power [GW] 3190 18,898 

Solar power [GW] 395 2,340 
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6.2.3  Assumptions and simplifications 

While EnergyPLAN has some limitations in modelling that make the created energy system 

model differ from the real-life Savonlinna district heat production, the model is still rather 

accurate in the larger picture that is the main interest.  

The biomass boiler of the system is typically fired up late in the autumn, often in November, 

as the temperatures are estimated to decrease, and the heat demand increase for the duration 

of winter. In the usage data used, the biomass boiler started operation in November 2022. It 

is operated throughout the winter months and then shut down in the spring when the district 

heat demand decreases. The biomass boiler is typically operated on relatively constant power 

throughout the winter, which cannot be simulated in EnergyPLAN model, due to 

EnergyPLAN not having an option to input a separate production distribution for each plant 

and boiler type. Rather, EnergyPLAN simulates the production based on the demand and 

predefined conditions.  

The options to simulate the biomass boiler operation in EnergyPLAN were to either place 

the heat-only biomass boiler in district heating group 1 or group 3 as a separate boiler that 

would run on constant power throughout the year, or to combine the biomass boiler with oil 

boilers in district heating group 2, where their operation is varied based on the heat demand, 

instead of either boiler type operating at constant power. The first option was found to 

significantly exaggerate the oil use. Additionally, it is not fitting to simulate the biomass 

boiler operating around the year. The latter option is used as it is the most accurate to describe 

oil use in Case 0. However, in this option EnergyPLAN can’t tell the difference between 

how much of the total boiler capacity is from the biomass boiler and how much from the oil 

boilers as they cannot be assigned as separate numbers. This difference created with 

assigning boiler fuel shares. 

In typical operation, the CHP plant is the primary heat source of the district heating system 

due to its high combined efficiency. However, there was one temporary exception in heat 

production in the data year 2022. In January 2022 the CHP plant was temporarily on zero 

production and only the biomass boiler was operated. This was necessary due to a sudden 

change in outside temperature. A cold period with around -20 ̊C temperatures increased the 

district heat demand prior, so there was a need for heat production from all the CHP plant, 

biomass boiler and part of the oil boiler capacity to obtain a high enough district heat network 
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temperature. A sudden change in temperatures where temperatures rapidly increased to 

+2 ̊C, created a situation where the district heat demand decreased rapidly, and the heat 

production needed to be decreased accordingly. The decrease in production was executed by 

shutting down the CHP plant for approximately 48 hours. EnergyPLAN is not able to 

account for the mentioned type of operation in the simulation, and thus for the 48-hour period 

EnergyPLAN simulated for the CHP plant being run for this period. The approach does not 

make a significant difference in biomass use however, as both the CHP plant and biomass 

boiler use biomass fuel. 

Figure 5 shown earlier, describes the operation of the district heat production resources in 

2022 and Figure 6 illustrates the production simulated by EnergyPLAN in the base case. As 

can be observed when comparing the Figures 5 and 6, the real-life operation of the CHP 

plant illustrated in Figure 5 is much more variable than the operation in simulation, shown 

in Figure 6. Another difference is in heat-only biomass boiler usage. EnergyPLAN assumes 

that the CHP plant can be operated every hour around full year, as the model can’t include 

simulation of non-operating situations such as maintenance stoppages or breakdowns (Lund 

& Thellufsen 2022). 

 

Figure 6. District heat production in Case 0. 
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6.2.4  Scenario 2023 Case 0 

The results of Case 0 are compiled in Table 4. Results are divided according to plant type, 

production and fuel to illustrate the connection between different values obtained. Figure 7 

illustrates the electricity production by source. Light fuel oil use in district heating brings 

additional costs via emission costs in addition to fuel costs. Via emission trading system, the 

company releasing CO2 emissions must pay for its emissions by buying the required amount 

of emission permits. This is accounted for in the simulation by inputting the cost of emission 

permit. As can be seen from the results, there is excess electricity production in the system, 

illustrated by the CEEP (Critical excess electricity production) value. CEEP could be 

transported via electricity grid, but to compare the effects of heat pumps and thermal storages 

on CEEP, transmission line capacity is not added in the simulations. 
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Table 4. Case 0 results. 

  Production [GWh] Fuel [GWh] 

  Heat Electricity Biomass LFO Nuclear 

CHP      198,77       102,40        320,60               -                 -    

Boilers        10,50               -            10,94           1,18               -    

Condensing PP               -           24,61          28,95               -                 -    

Nuclear               -         228,38                 -                 -         639,73  

Wind (33.6 MW)               -           88,29                 -                 -                 -    

Solar               -             2,63                 -                 -      

Hydro               -           92,74                 -                 -                 -    

Total      209,27      539,05        360,49           1,18      639,73  

CEEP               -           24,84                 -                 -                 -    

Costs [k€]               -                 -          14 171            197               -    

CO2 Emissions [t]               -                 -                   -              314               -    

Emissions cost [k€]               -                 -                   -                28               -    

DH demand      209,27               -                   -                 -    

El. demand               -         514,20                 -                 -                 -    

 

 

 

Figure 7. Electricity production per source in Case 0. 
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District heating companies have several reasons to consider large heat pumps as an option 

for diversifying the heat production. It can reduce the carbon dioxide emissions level of heat 

production, increase the share of renewables, minimize market risks related to fuel prices, 

and increase the profitability of the production with variable electricity prices. (Kontu et al., 

2019)  

 

7  Energy system with large-scale heat pumps and thermal storage 

In the following energy system models the Case 0 energy system is modified by adding 

large-scale heat pumps and thermal storage into the system. An important factor is how much 

heat pumps are utilised as they are expected to help to reduce the amount of excess electricity 

production. Several different heat pump and storage capacities are experimented with in 

scenarios with varied amounts of wind power capacity to see the effect on reducing excess 

electricity production, the effect on heat production from different sources and on system 

level carbon dioxide emissions and costs. This is executed by increasing the wind power 

capacity, which is estimated to increase greatly in coming decades in Finland. The values 

are based on the estimations found in the electrification report of Finnish energy system 

produced by Sitra for Finnish energy authorities. 

Based on the literature review an initial hypothesis can be made that addition of large-scale 

heat pumps and thermal storage will decrease the excess electricity production in the energy 

system, as electricity may now be transformed into heat and stored for later use. This will 

help in balancing the electricity grid when high amount of variable renewable energy 

production is available, and the temporary production exceeds the demand increasingly 

often. Additionally heat pumps are expected to replace light fuel oi boiler use in district heat 

production because the used simulation type aims to minimize the carbon dioxide emissions. 

This has a positive effect as the oil use in the system and via that CO2 emissions both 

decreases. When wind power capacity is further increased in simulations, the heat pump use 

can be expected to increase with more and more excess electricity available and more need 

for grid balancing. In the most extreme cases, but depending on the heat pump capacity, heat 

pumps may be utilised as the primary district heat source since a lot of renewable electricity 

is available at all times.  
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7.1  Scenario 2023 

In Case 1 the system is tested with a moderate heat pump and storage capacities to see the 

effects on system operation. Initial heat pump capacity is 2.5 MWel and thermal storage 

capacity 4000 MWh. The required size for thermal storage can be easily seen from initial 

calculation done by EnergyPLAN. The annual maximum of heat stored in the thermal 

storage is 3827 MWh, and thus 4000 MWh is a large enough heat storage size. It is important 

to be noted that as now in the modified energy system there is a connection between heat 

and electricity parts due to the addition of heat pumps, the simulation type needs to be 

changed. The new simulation type will be balancing both, heat and electricity production, 

while in Case 0 without the connection between the two balancing was not needed. 

Initially the COP value of heat pumps is not known, so it is estimated to be 2.5 at first and 

then iterated so that real average annual COP value is obtained. The average COP iteration 

will be explained in detail in the following chapter. Most input values are retained the same 

as in Case 0. The values that require recalculating after making changes to the initial input 

values are COP and the boiler fuel distribution. Additionally, the size of thermal storage may 

need to be modified if the annual temporary maximum stored changes due to heat pump 

COP modifications. All other input values remain the same as in Case 0. The input values 

that are changed from the Case 0 are listed in Table 5. 

Table 5. Modified input values. 

Heat pump electric capacity [MW] 2 500 

Heat pump average COP 2.5 

Thermal storage capacity [MWh] 4 000 

Simulation strategy Balance heat and electricity demand 

 

The fuel distribution used in Case 0 without heat pumps and storage was based on the fuel 

usage in district heating in Savonlinna in 2022. Now that the energy system is modified so 

that heat pumps and thermal storage usage replace parts of CHP plant and biomass and oil 

boiler usage, the fuel distribution needs to be changed accordingly. Since the exact principle 

of using the boilers in the operation simulated is not known, it is assumed that in the occasion 

where EnergyPLAN simulation uses boilers, as much as possible of the boiler usage is done 

by using the biomass boiler. Oil boilers are assumed to be used only when the temporary 
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district heat production from boilers exceeds 18 MW, which is the maximum capacity of 

biomass boiler plant. 

7.1.1  Heat Pump COP calculation 

Large-scale heat pumps are added to the system. The input options for heat pumps in 

EnergyPLAN are limited to adding an electric capacity and COP for compression heat 

pumps. The compression heat pumps of the simulated system are defined to be air-water 

heat pumps, as there are no available heat source options such as wastewater or datacentre 

excess heat realistically available in Savonlinna, Finland, for which the original district heat 

system is based on. Heat pumps being air-water heat pumps typically limits the heat pump 

plant size, while for example seawater or wastewater heat pump plants, can have electric 

power of tens of megawatts. 

EnergyPLAN calculates the total thermal capacity of the heat pumps using the electric 

capacity and coefficient of performance (COP), as shown in Equation 1. 

𝑃th = COP · 𝑃el   (5) 

It is important to define the COP value properly as it has a major effect on the required heat 

pump capacity. The value of COP is obtained by an iterative calculation executed in Excel. 

COP can be calculated based on the district heating water exit temperature at heat exchangers 

of the CHP plant, and the outside air temperature. These values are obtained from the hour-

by-hour district heat production data obtained. 

First guess for COP value is 2.5. The Excel iteration of COP is run based on the 

EnergyPLAN simulation results that are obtained with these values. The data needed from 

EnergyPLAN for the COP calculation is the hour-by-hour usage of heat pumps. The iterative 

calculation to obtain the average COP for heat pumps is executed as follows.  

The ideal COP of an air-water heat pump can be calculated from the district heat water exit 

temperature and the ambient air temperature with Equation 2. The temperatures are obtained 

in an hour-by-hour form with the real-life CHP plant data. 

COP𝑖𝑑𝑒𝑎𝑙 =
𝑇𝑊𝑎𝑡𝑒𝑟,𝑜𝑢𝑡

𝑇𝑊𝑎𝑡𝑒𝑟,𝑜𝑢𝑡−𝑇𝐴𝑖𝑟,𝑎𝑚𝑏𝑖𝑒𝑛𝑡
  (6) 
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COP of Carnot heat pumps is calculated by using the Carnot efficiency. The ideal COP is 

used to calculate a new COP by multiplying it with Carnot efficiency, illustrated in Equation 

3. Carnot efficiency is assumed to be 0.5. 

COP𝑛𝑒𝑤 = COP𝑖𝑑𝑒𝑎𝑙 · µ𝐶𝑎𝑟𝑛𝑜𝑡  (7) 

The new COP and the original thermal power of heat pump are used to calculate the new 

heat pump electricity use as shown in Equation 4. 

𝑃el,new =
𝑃heat

COPnew
   (8) 

The new average COP of air-water Carnot heat pumps is calculated from the new heat pump 

electricity use and original heat output of the heat pumps as shown in Equation 5. The 

calculated value is an average of COPs calculated in the previous principle from every usage 

hour of heat pumps. 

COPavg =
𝑃heat

𝑃el,new
   (9) 

Simulations are run in the described principle until the average COP obtained in calculation 

is relatively equal to the value input in EnergyPLAN. The key values of the heat pumps and 

iteration results are shown in Table 6. Additionally, the boiler average efficiency of boilers 

of the system is shown as it was iterated simultaneously. The average efficiency of boilers 

is affected by the changes in fuel distribution caused by changes in heat pump utilisation. 

Table 6. Heat pump (HP) COP iteration. 

Pel, HP [MW] µCarnot HP usage [h] COPinput COPavg µboilers µboilers, new 

2,50  0,50  5670  2,500   2,249   0,8664  0,8685 

2,50  0,50  5670  2,249   2,247   0,8685  0,8685 

2,50  0,50  5670  2,247   2,246   0,8685  0,8685 

 

The values obtained by the iterative calculation are COP 2.246 and average combined boiler 

efficiency 0.8685 for the combination of biomass boiler and LFO boilers. The initial boiler 

efficiency was 0.8664 that was calculated in Case 0. As can be seen from the table, the 

average boiler efficiency decreases from Case 0. This is due to the share of heat produced 

with lower efficiency oil boilers decreasing in comparison to heat produced with the higher 

efficiency biomass boiler, as the LFO boiler production is replaced by heat pumps. 
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7.1.2  Scenario 2023 results 

Results can now be obtained for scenario 2023 simulated with heat pumps and storage after 

the new boiler fuel usage, average COP for heat pumps and heat storage capacity is defined. 

The initial results are important for the comparison at the later stage when the energy system 

includes larger amounts of wind power and heat pump and thermal storage capacity. The 

key values of annual heat and electricity production and fuel usage by source are shown in 

Table 7. Additionally, key values for heat pumps such as the average COP and usage hours, 

and for storage the annual average capacity stored, and temporary maximum capacity are 

shown. Furthermore, fuel costs of the system per fuel, carbon dioxide emissions and 

emission costs are listed as well as district heat and electricity demand. 

Table 7. Scenario 2023 energy production and fuel consumption. 

  Production [GWh] Fuel [GWh] 

  Heat Electricity Biomass LFO Nuclear 

Total production      209,27      526,36        326,09           0,17      639,73  

CHP      180,57         93,02        291,25      

Boilers           2,86              3,12           0,17    

Condensing PP          26,97          31,72      

Nuclear        228,38           639,73  

Wind          88,29        

Solar            2,63        

Hydro          87,07        

Heat pump prod. [GWh]        25,84          

HP electric capacity [MW]             2,5          

HP usage [h]        5 670          

HP avg el. cons. [MWh]           1,31          

HP avg heat prod. [MWh]           2,94          

Heat pump COP           2,25          

Storage average           0,38          

Storage max           1,74          

Boilers combined µ      0,8685          

CHP electric efficiency           0,22          

CHP thermal efficiency           0,66          

CEEP [GWh]            0,64        

CEEP average [MW]            0,07        

CEEP max [MW]          13,21        

Costs [k€]           12 818              29    

CO2 Emissions [t]                   46    

Emissions cost [k€]                      4    
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When comparing the new obtained results to the simulation results of Case 0, many notable 

changes can be observed. Since the energy system was modified to balance electricity and 

heat production, the addition of heat pumps and heat storage contributed into the system 

being able to utilise most of its excess electricity production with the CEEP decreasing from 

24.84 GWh to 1.7 GWh. The district heat production originating from boilers decreased from 

10.5 GWh to 4.36 GWh and along with this the fuel usage of biomass boiler decreased from 

10.98 GWh to 4.78 GWh and of LFO boilers from 1.18 GWh to 0.26 GWh. The decrease in 

oil consumption contributed to the decrease of CO2 emissions from 314 tonnes to 70 tonnes 

and to a decrease in emission costs accordingly, from 28 000 € to 6000 €. Heat pumps also 

replaced a part of the CHP plants’ district heat production as it decreased from 198.77 GWh 

to 186.85 GWh. The hour-by-hour district heat production by each source and stored 

capacity level of thermal storage are illustrated in Figure 8. 

 

Figure 8. Hour-by-hour district heat production by source in Scenario 2023 with 2.5 MW 

HP capacity. 

Another change can be observed in the electricity production of the system. This was most 

likely due to changing the strategy from balancing heat production, where heat and 

electricity production functioned separately from each other, into strategy that balances heat 

and electricity production. When balancing only heat production, CHP plants are always 

operated according to heat demand, even when there is an oversupply of electricity. When 
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electricity demand is also taken into account, CHP production is reduced if there is an excess 

of electricity available, and heat production is replaced by heat pumps. Addition of heat 

pumps and thermal storage was the factor that enabled a connection between the two. This 

change contributed into the total electricity production decreasing from 539.05 GWh to 

523.75 GWh from the Case 0 results shown in Table 4 previously. The decrease consisted 

of decreases in both, CHP heat production and condensing power plant electricity 

production, while nuclear electricity production naturally remained constant. The changes 

contributed into the total fuel costs of the system decreasing by 11%. 

7.2  Scenario 2025 

Scenario 2025 is based on the wind power capacity estimation for year 2025 which for the 

whole Finland is 9.3 GW and corresponds a 55.1 MW capacity for a city with a population 

size of Savonlinna. The wind power capacity estimations of different scenarios are shown in 

Table 8. 

7.2.1  Wind power capacity increase 

The use of large-scale heat pumps is most beneficial on system level when they are utilised 

with renewable electricity. This is the case from both, cost perspective and sustainability 

perspective. Renewable electricity produced by wind, solar and hydro power is essentially 

emission-free from the fuel perspective. Wind and solar electricity are also zero-cost 

electricity, when investment and maintenance costs are excluded from the price whereas the 

operation costs of for example biomass or coal power plants additionally have the fuel costs 

to account for. Utilisation of heat pumps is most beneficial during the low-cost electricity 

market prices. 

To obtain a scenario with an abundance of renewable electricity available in the system, the 

wind power and solar power capacities were increased from the Case 0 reference scenario. 

At the end of 2022, the total wind power capacity in Finland was 5 677 MWel, as it had 

increased by 2430 MWel within a year. Finnish Wind Power Association, that closely 

monitors the new investment decisions made on new wind power installations, estimates for 

the wind power capacity in Finland to increase by 3200 MW by the end of 2025. However, 
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the current estimations of 1200 MW capacity increase in 2024 and 1000 MW in 2025 are 

likely to be exceeded, with more wind power projects for the two years predicted to be 

accepted. (Tuulivoimayhdistys 2023) 

Simulations are carried out with four different wind power capacities to study the effect of 

the capacity on the heat pump usage. The capacities used are based on the report Enabling 

Cost-efficient Electrification in Finland by Sitra (2021), in which electrification scenarios 

are studied, and thus the report includes estimated future wind power capacities from year 

2020 to 2050 with 5-year time steps. According to the report, onshore wind power capacity 

in Finland could grow from 3.5 GW in 2020 up to 47.2 GW in 2050. For the purpose of this 

thesis work, the capacities are converted to a corresponding scale for the modelled energy 

system by using the multiplication factor based on population size, similarly to as was 

previously done with other production capacities. The capacities used in simulations are 

listed in Table 8. As the table shows, the simulations will be carried out for the year 2022 

and for four other scenarios from 2025 to 2040. The solar PV capacity is also expected to 

increase at rapid pace in near future and but for simplification and less available data, the 

solar PV production of the following simulations is retained as constant. The starting 

scenario 2022 was simulated using the 5677 GW total wind power capacity for Finland and 

the according 33.630 MW capacity for the city of Savonlinna. With increase in wind power 

capacity, it is expected that further heat pump and thermal storage capacity will need to be 

added to balance the system and take a full benefit from the increased zero-emission 

electricity available. Since the larger amounts of electricity available are expected to enable 

more heat pump usage hours, this also affects the average COP of heat pumps. The COP will 

need to be iterated for every case separately. It also affects the usage of biomass and oil 

boilers for which a new fuel distribution needs to be calculated. 

Table 8. Wind power capacities used in simulated scenarios. 

Year Capacity in Finland [GW] Capacity in Savonlinna [MW] 

2022 5,7 33 

2025 9,3 55 

2030 14,0 83 

2035 24,0 142 

2040 34,0 201 
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7.2.2  Scenario 2025 simulations 

Energy system simulations for different wind power capacity scenarios are executed with 

varied heat pump and thermal storage capacities to study the effects of the two factors on 

key values such as fuel consumption, emissions, excess electricity production, as well as to 

the share of different technologies utilised in district heat production. 

Scenario 2025 was simulated with four different heat pump capacities: 2.5 MW, 5 MW, 10 

MW and 13 MW. Wind power capacity was increased to correspond to the estimated level 

9.3 GW for Finland for year 2025 and set to corresponding 55 MW for the simulated 

Savonlinna energy system. The hour-by-hour district heat production by each source and 

capacity of thermal storage are shown in Figures 9 to 11 for every examined heat pump 

capacity separately. The key values of production for every heat pump capacity are shown 

in Table 9. The key values are compiled separately for every heat pump capacity in Tables 

1 to 4 in Appendix 1. 

 

 

Figure 9. District heat production by source in Scenario 2025 with 2.5 MW HP capacity. 
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Figure 10. District heat production by source in Scenario 2025 with 5 MW HP capacity. 

 

 

Figure 11. District heat production by source in Scenario 2025 with 10 MW HP capacity 
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Table 9. Scenario 2025 results with different HP capacities. 

Heat pump case 2.5 MW 5 MW 10 MW 13 MW 

Wind Power capacity 55 55 55 55 

CHP heat [GWh] 137,9 142,42 138,92 135,31 

Boiler heat [GWh] 28,48 9,46 2,33 2,22 

Heat pump heat [GWh] 42,9 57,39 68,02 71,74 

Heat pump usage [h] 7298 5858 5858 4350 

Heat pump avg COP 2,42 2,32 2,32 2,31 

Storage avg 4,17 1,26 0,51 1,23 

Storage max 12,12 6,45 3,74 5,29 

Biomass usage [GWh] 265,6 251,91 238,46 232,53 

LFO usage [MWh] 1720 570 140 130 

CO2 emissions [tCO2] 458 151 37 36 

CEEP 17,34 12,58 6,19 2,69 
 

From Figures 9, 10 and 11 and Table 9, following observations can be made. The larger the 

installed heat pump capacity was, the further total heat production from boilers decreased 

and heat production from heat pumps increased. However, the usage hours of heat pumps 

actually decreased, so the increase in heat production from the m was merely the result of 

the larger heat pump capacity. The main reason to the decrease in heat pump usage hours 

was likely the limited availability of wind power, as the installed capacity in this scenario 

rather limited. As the EnergyPlan simulation type utilised in these simulations aims to 

minimize emissions and fuel consumption, expectedly the biomass and LFO usage of the 

system decreased as more heat pump capacity was available to replace their production. It is 

notable that larger heat pump capacity also enabled the energy system to use more excess 

electricity to heat production which in turn decreased the excess electricity production. On 

system level, there are possible cost savings to be made in investing to storage capacity and 

technologies like heat pumps that can utilise the excess electricity. The savings would come 

from smaller capacities needed to be transferred via electricity grid over long distances. 

Investments and maintenance costs required by high-capacity electricity grids are notable, 

and the more excess electricity the system is able to utilise of store itself, less of it needs to 

be transported. 

The hour-by-hour figure of production is not shown for the carried-out simulation for 13 

MWel heat pump capacity. This large of capacity was experimented with to see whether the 
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available wind power capacity would be enough to phase out light fuel oil usage if there 

were no limits for heat pump and thermal storage capacities. 13 MWel HP capacity 

exaggeratedly large for an energy system of this size so that the investment would not be 

feasible. As can be seen from results in the Table 9, the regional wind power capacity of 55 

MW in scenario 2025 was not enough to phase out LFO usage.  

From Table 9 and Figure 9 can be observed that the additional wind electricity available 

contributes to the heat pump usage increasing from 2435 hours to 7298 hours at the rather 

low capacity of 2.5 MW. Also, the average COP value increases from 2.30 to 2.423 due to 

operation taking place more often during summer instead of being utilised mainly in winter 

as in Case 1. On warmer days the COP of heat pumps is significantly higher, while utilisation 

during winter decreases the average COP because the temperature difference affects the 

Carnot efficiency. This contributes to the utilisation becoming more beneficial on average. 
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7.3  Scenario 2030 

Scenario 2030 is based on the wind power capacity estimation of 14 GW for year 2030 in 

Finland. The regional production and share of total energy usage in Savonlinna is thus 

estimated to be 83 MW. The scenario was simulated with four different heat pump 

capacities: 2.5 MW, 5 MW, 10 MW and 13 MW. Below in Figures 12, 13 and 14 are shown 

the hour-by-hour heat production of the system. The fourth capacity 13 MW was 

experimented with similarly as in the previous 2025 scenario. 

 

Figure 12. District heat production by source in Scenario 2030 with 2.5 MW HP capacity. 
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Figure 13. District heat production by source in Scenario 2030 with 5 MW HP capacity. 

 

 

Figure 14. District heat production by source in Scenario 2030 with 10 MW HP capacity. 
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As could be expected according to the results of earlier Case 2.1, using the small 2.5 MWel 

heat pump capacity with large amounts of excess electricity which it cannot take full 

advantage of, the simulation ends up increasing the biomass and LFO boiler utilisation to 

still decrease the total fuel usage. Using EnergyPlan strategy  of balancing heat and 

electricity demand, CHP production is reduced if renewable electricity is available. In this 

case, more heat is produced with boilers. This increases the oil usage and emissions. Larger 

available wind power capacities seem to require large heat pump capacities in the system for 

the system to be able to take advantage of the excess electricity. 

The annual district heat and electricity produced by the CHP plant are higher than in Case 

3.1. Total biomass usage is however lower, due to less heat production from the biomass 

boiler. The light fuel oil usage for DH production also decreased from 4.31 GWh 1.59 GWh. 

Heat pump utilisation hours are 7318 hours, which is a decrease from 7725 hours of the Case 

3.1. Both, the annual average heat stored in thermal storage increased significantly from 

0.379 GWh to 2.945 GWh and the annual maximum stored increased to 9.788 GWh. CEEP 

decreased from 63.37 GWh to 53.71 GWh but there is still much room for improvement. 

The heat pump capacity is increased first to 10 MWel to see the effects on system operation. 

It is also experimented with higher values along with the thermal storage to find out if with 

this wind power capacity, the system can be modified to phase out oil boiler utilisation in 

district heat production. The results of Case 3.3 are shown in Table 10 and in Figure 13. 

As can be seen from results in Table 13 and Figure 13, it was possible to phase out the LFO 

usage in district heating already with the 14 GW national and 83 MW regional wind power 

capacity. This had to be enabled by large capacities of large-scale heat pumps with 13 MWel, 

converting to nearly 30 MWth capacity, which is almost as large as the district heat capacity 

of the CHP plant at 33 MWth. Figure 13 shows that with the large enough heat pump capacity, 

enough heat energy could be loaded in the thermal storage during the windy period of 

autumn and then utilised in wintertime. The obtained phasing out of boiler usage 

significantly decreased the fuel consumption and costs. Moreover, excess electricity could 

be utilised into noticeably larger extent than with smaller capacities, with the CEEP 

decreasing from 63.37 GWh annually to under a half at 29.56 GWh. 
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Table 10. Scenario 2030 results with different HP capacities. 

Heat pump case 2.5 MW 5 MW 10 MW 13 MW 

Wind Power capacity 83 83 83 83 

CHP heat [GWh] 93,12 103,24 97,5 90,8 

Boiler heat [GWh] 70,95 26,37 4,39 0 

Heat pump heat [GWh] 45,21 79,67 107,38 118,47 

Heat pump usage [h] 7725 7318 5936 5354 

Heat pump avg COP 2,39 2,36 2,28 2,30 

Storage avg 0,38 2,95 1,29 3,35 

Storage max 2,80 9,79 4,61 10,30 

Biomass usage [GWh] 236,8 203,65 170,12 154,51 

LFO usage [MWh] 4310 1600 260 0 

CO2 emissions [tCO2] 1148 425 70 0 

CEEP 63,37 53,71 37,53 29,56 
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7.4  Scenario 2035 

Scenario 2035 is based on the wind power capacity estimation of 24 GW for year 2035 in 

Finland. The local energy system of Savonlinna is assumed in these cases to possess 142 

MW of wind power generation capacity. 

 

Figure 15. District heat production by source in Scenario 2035 with 2.5 MW HP capacity. 

From Figure 15 and the results for 2.5 MW heat pump capacity simulation at the increased 

142 MW wind power capacity, shown in Table 11, a few observations can be made.  The  

initial 2.5 MW large-scale heat pump capacity is very small in comparison to the amount of 

excess electricity available in the system, and thus the access to notably larger amounts of 

wind electricity can’t be fully taken advantage of. Thermal storage is utilised very sparsely 

since most of the heat produced by heat pumps goes straight into usage in DH network.  

The increase in wind power capacity seems to create a problem also on electricity production 

side of the energy system. Likely due to renewable electricity being available rather 

excessively, the CHP plant is not utilised in the simulation for electricity production. Heat 

and electricity production being connected in the medium-sized CHP plant in the 

EnergyPLAN simulations, also heat production of the CHP decrease significantly. The 
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change leads to 105 GWh of district heat being produced with the combination of biomass 

boiler and LFO boilers, which increases the oil usage and emissions significantly. It is 

important to note that his scenario is not realistic in how the plants are operated in real-life 

scenarios because the LFO boilers are purely utilised as peak machinery and backup heat 

production sources. The annual hour-by-hour district heat production of Case 4.1 simulation 

is shown in Figure 8, along with the hour-by-hour district heat demand. 

 

Figure 16. District heat production by source in Scenario 2035 with 5 MW HP capacity. 

Doubling the heat pump capacity to 5 MW contributes to decreasing the oil usage by over a 

half, from 6.38 GWh to 2.96 GWh via the decrease in boiler use in heat production. Heat 

pump usage hours remain exactly same, 8126 hours as with 2.5 MW heat pump capacity but 

the heat production from heat pumps increased less likely due to some utilisation hours 

taking place at different times. Critical excess electricity production decreased by 15 GWh 

to 180 GWh. The annual hour-by-hour district heat production of different technologies and 

heat demand are shown in Figure 9. Thermal storage capacity is also illustrated, and from it 

can be seen that with a 5 MW capacity the storage is filled up in summer months but starts 

emptying in autumn when district heat demand increases, and the stored heat reaches zero 

at around the start of December. This development would indicate that the 5 MW heat pump 
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capacity is not large enough to take full advantage of the excess electricity produced in the 

system. This is strongly indicated also by the 181 GWh annual excess electricity production. 

 

 

Figure 17. District heat production by source in Scenario 2035 with 10 MW HP capacity. 
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Figure 18. District heat production by source in Scenario 2035 with 11.5 MW HP 

capacity. 

Table 11. Scenario 2035 results with different HP capacities. 

Heat pump case 2.5 MW 5 MW 10 MW 11.5 MW 

Wind Power capacity [MW] 142 142 142 142 

CHP heat [GWh] 56,65 66,39 55,63 52,84 

Boiler heat [GWh] 105,07 48,81 11,61 0 

Heat pump heat [GWh] 47,55 94,07 142,03 156,44 

Heat pump usage [h] 8126 8126 6799 6639 

Heat pump avg COP 2,36 2,37 2,33 2,34 

Storage avg 0,05 2,95 5,20 9,46 

Storage max 1,17 9,30 15,01 23,10 

Biomass usage [GWh] 212,3 165,61 107,04 89,82 

LFO usage [MWh] 6380 2960 700 0 

CO2 emissions [tCO2] 1700 788 186 0 

CEEP 195,32 180,71 153,89 146,5 
 

 

From Figure 17 and the simulation results in Table 11, can be seen that doubling the system 

heat pump capacity from 5 MW to 10 MW again decreased significantly boiler usage in 

district heat production. This affected positively on decreasing LFO usage and emissions. 



83 

 

As could be expected, CEEP production decreased from 181 GWh to 154 GWh, but is still 

very high. The district heat production by different sources and district heat demand are 

illustrated in Figure 10. 

By further increasing the capacity of large-scale heat pumps, it was possible to obtain a 

system model where all the biomass and light oil boiler district heat are replaced with other 

solutions. This was enabled by the increased wind power capacity and the excess electricity 

produced by it. A significant amount of CEEP, approximately 147 GWh, still remain after 

applying the heat pump capacity, but for economic reasons larger capacity would not be 

feasible. 

Multiple benefits can be observed. Total biomass consumption has decreased to 92.81 GWh 

annually, which decreases the biomass costs to 3 648 000 euros. Light fuel oil usage has 

been phased out and thus the carbon dioxide emissions are zero when no emissions are 

calculated form biomass usage as the carbon can be assumed to circulate back from 

atmosphere via carbon sinks such as forests. 

The average heat pump COP obtained with the annual usage of 6 714 hours is at moderate 

level, and thus utilisation is feasible. In simulations it was observed that with more thermal 

storage than the utilised 17 GWh could have been useful in the sense of decreasing biomass 

usage even further. However, when considering the cost of storage, it is more feasible to 

keep the storage size moderate. The heat and electricity production from CHP plant were 

decreased, and the CHP in this type of system operates merely as the secondary district heat 

source, while the large-scale heat pumps are now the main technology in district heat 

production of the system. This is highlighted by the 6 714 utilisation hours as well as by the 

annual heat production totals. The production from heat pumps is approximately triple to the 

one from CHP plant. The difference in heat pump and CHP utilisation can be well observed 

form Figure 11, where heat pumps are clearly the most utilised production technology. From 

the figure can be also seen that combining with large enough thermal storage that can act as 

seasonal storage and store the heat produced during all summer until autumn, district heat 

production is seemingly more stable throughout the annual operation, than if the demand 

curve was to be followed. 
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7.5  Scenario 2040 

Scenario 2040 is simulated based on the wind power capacity estimation of 24 GW for year 

2035 in Finland. The local energy system of Savonlinna is estimated to have a wind power 

generation capacity of 142 MW in this scenario. 

Similarly to the scenario 2035, the simulations are started with the heat pump capacity of 5 

MWel and scaled up from there. The district heat production and shares are shown in Figure 

19. As shown in Table 12, the average COP of the heat pumps is 2.35 and thus the heat 

production is 11.75 MWth. As can be observed from Figure 19 and Table 12, The heat pump 

is run for the majority of the year, the usage hours being 8339. The hours increase from the 

first Scenario 2035 simulation by 223. This is due to the energy system having a very high 

wind power capacity so that even during the less optimal generation conditions, the 

production is large enough to run the heat pumps. Negative effect similarly to the previous 

scenarios is the increased boiler usage, and in turn decreased CHP usage which contribute 

to increase in LFO utilisation and CO2 emissions. 

 

Figure 19. District heat production by source in Scenario 2040 with 5 MW HP capacity. 
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Second simulation is run with 10 MWel heat pump capacity. The obtained average COP is 

2.34 and thus the average heat production capacity is 23.4 MWth. The hour-by-hour heat 

production is shown in Figure 20. From the figure and Table 12, can be seen that the running 

hours of the heat pump were 7376 hours, which is a 936 hour decrease from previous 

simulation. At the doubled heat pump capacity, we obtained significant decrease in boiler 

usage for heat production, now being 9.25 GWh. CHP heat production decreased from 47 

GWh to 40 GWh due to the large heat pump capacity taking the major role in systems’ 

district heat production with 160 GWh annual production. With these changes the LFO use 

decreased to 550 MWh and CO2 emissions to 148 tCO2. The heat storage plays a large role 

in the system with the large 10 MWel heat pump capacity in acting as a seasonal thermal 

storage, as shown from Figure 20. The maximum heat energy stored in the storage reaches 

21.85 MWh. 

 

Figure 20. District heat production by source in Scenario 2040 with 10 MW HP capacity. 

Third simulation is run using a heat pump capacity of 11 MWel that corresponds a 25.63 

MWth thermal capacity with the obtained average COP 2.33, shown in Table 12. In the third 

simulation the heat pump capacity was experimented with to find the capacity value that 

results in the simulation phasing out the LFO boiler usage, and via that enabling fully 

emission-free district heat production. The annual running hours of the heat pumps were 

7355, which is a small decrease from the two previous simulations with lower capacities. 
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The thermal storage capacity was set to 25 MWh, which was reached in the simulation for a 

longer period of time. The storage acted in the simulation as a long term seasonal thermal 

storage as can be seen from Figure 21. CHP usage hours were rather limited due to the heat 

pumps being the major heat production source. 

 

Figure 21. District heat production by source in Scenario 2040 with 10 MW HP capacity. 

 

Table 12. Scenario 2040 results with different HP capacities. 

Heat pump case 5 MW 10 MW 11 MW 

Wind Power capacity [MW] 201 201 201 

CHP heat [GWh] 47,34 39,59 39,01 

Boiler heat [GWh] 65,33 9,25 0 

Heat pump heat [GWh] 96,6 160,43 170,27 

Heat pump usage [h] 8339 7376 7355 

Heat pump avg COP 2,35 2,34 2,33 

Storage avg 1,21 8,20 11,17 

Storage max 5,72 21,85 25,00 

Biomass usage [GWh] 151,62 77,04 66,14 

LFO usage [MWh] 3960 550 0 

CO2 emissions [tCO2] 1055 148 0 

CEEP 323,2 291,62 287,11 
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The key values from all the three simulations carried out for scenario 2040 are shown in 

Table 12. While increasing the heat pump capacity in the simulations, some trends in the 

values can be noticed, similarly to simulations of previous scenarios. CHP district heat 

production decreases as heat pumps take the major role in the heat production. Since the 

EnergyPLAN simulations seek to minimize the fuel consumption, expectedly it decreases 

with larger heat pump capacities as more heat can be produced via heat pumps converting 

the available wind electricity into district heat. Due to former trend, the biomass and LFO 

use decrease and both, and alongside them CO2 emissions, reach zero in the last simulation.  
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7.6  Further discussion 

Initially the addition of large-scale heat pumps and heat storage capacity were expected to 

decrease the usage of boilers, and possibly also replace some of the CHP usage. The base 

case simulation was carried out so that it focused solely on balancing heat production as 

there was no nexus between electricity and district heat production and demand. Balancing 

only heat production in this stage meant that the CHP was operated on terms of heat demand, 

and electricity was only produced as a side product. This was the only factor in the base case 

system, where heat demand and production affected on the amount of electricity produced. 

In this case electricity demand or availability didn’t have any effect on district heat 

production. 

The addition of large-scale heat pumps creates a stronger dependency between the electricity 

and district heat production and utilisation. The goal of the addition was to balance the 

electricity supply and demand, when more wind power generated renewable electricity is 

available. The heat would also be stored in thermal storages, so that the heat pumps could 

be run with the excess electricity also outside of high district heat demand hours. To obtain 

the described nexus in the simulations, the simulation style was changed to balance both 

electricity and district heat demands. The challenge that came imminent with carrying out 

the simulations with different characteristics, was that with relatively large heat pump 

capacity, which is needed to utilise the excess electricity on large enough scale, also very 

large capacity of heat storages is needed. This could be an issue cost-wise. With smaller heat 

storages, heat pumps would still be utilised to balance the electricity demand, but there 

wouldn’t be enough storage capacity to store the heat as effectively. In simulations this led 

to the excess electricity production being balanced by decreasing the electricity production 

of CHP plant. Along with the decreased electricity production of CHP plant, also the heat 

production of it would be decreased. In turn, the decrease in heat production would lead into 

more heat production needed from other sources, which in this case are the boilers, which 

originally were aimed to be replaced and phased out. 

Figure 22 shows the annual total excess electricity production in all the simulated wind 

power capacity scenarios. As mentioned previously, the wind turbine production cannot be 

varied and the generation at the given time depends on the wind conditions. This creates 

temporary excess electricity production, from which the values of annual CEEP in the figure 
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are summed up. The more there was wind power generation capacity, the more 

overproduction there was, as can be seen from the data compiled in the figure. The figure 

illustrates clearly that adding larger heat pump capacity contributed to decreasing the amount 

of excess electricity in every scenario. The electricity was transformed into heat via heat 

pumps and could be used for district heating as well as stored into thermal storage. In reality 

the local energy system would be unlikely to have such high amount of excess production, 

and in case of excess production the electricity can be transferred to other areas and uses via 

grid lines. 

 

Figure 22. Decrease in annual CEEP obtained with varied heat pump capacities in 

different wind power availability scenarios. 

Figure 23 shows the annual CO2 emissions caused by the use of light fuel oil in the district 

heat production. As previously mentioned, the simulation was not able to balance the 

electricity and heat production without decreasing the CHP heat production and in turn 

increasing the boiler heat production, which caused in many simulations an unwanted 

increase in emissions. The increase was largest when the heat pump capacities were the 

lowest. Significant decreases in CO2 emissions were obtained as a result of increasing the 

heat pump capacities in all the simulation scenarios as heat pumps replaced the use of 

biomass and LFO boilers. In scenarios 2030, 2035 and 2040 we experimented what would 
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the heat pump capacity need to be to fully phase out the use of boilers and bring the CO2 

emissions to zero. In scenario 2030 it was possible with capacity of 13 MWth, in scenario 

2035 with 11.5 MWth, and in scenario 2040 with 11 MWth capacity. The required capacity 

for phasing out was lower, the higher wind power generation capacity of the system was. 

The outcome is logical as with the higher capacities the pumps can run without availability 

of electricity restricting the production potential. More heat could also be stored in the 

thermal storages and utilised for demand later. 

The original carbon dioxide emissions in the Case 0 created from 2023 data were 46 tCO2. 

Because of the model restrictions in the used simulation strategy, the modelled emissions 

were significantly higher and don’t represent accurately a realistic scenario. However, the 

trend of reducing CO2 emissions as heat pumps are added to the system can be seen from 

the figure.   Realistically, CHP production would not be replaced by LFO boilers in the case  

of the excess electricity production. While larger shares of wind power capacity in an energy 

system require adequate amounts of adjustment capacity, adjustment power is feasible to not 

be fossil fuel boilers, but rather biomass or electric boiler based. 
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Figure 23. Decrease in CO2 emissions obtained with varied heat pump capacities in 

different wind power availability scenarios. 
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8  Conclusions 

In this thesis the main objective was to examine the role large-scale heat pumps can 

potentially have in producing zero-emission district heat as well as decreasing the excess of 

electricity on occasions when wind power production is temporarily at a high level. This 

could be achieved by utilising heat pumps and thermal storages alongside them, to transform 

the excess electricity into heat that could be stored and used for district heating when needed. 

Because of the used type of simulation in EnergyPlan in which both heat and electricity 

production were aimed to be balanced, in simulated scenarios where wind power capacities 

were high and heat pump capacities low, the results were partially distorted. When there is 

an oversupply of electricity, CHP production is reduced first. In this model, part of the heat 

was produced with an oil boiler when the combined capacity of the biomass boiler and the 

heat pump was not sufficient to meet the heat demand. 

According to the simulations, heat pumps can play a major role in utilising excess electricity 

by converting it heat to be used in district heating. Utilising heat storages alongside the heat 

pumps enables storing the heat both short term and seasonally, which helps in balancing heat 

demand and production. Using wind power generated district heat contributes to lowering 

the use of fossil fuels which is the main target, as well as potentially biomass. The two main 

objectives were proven. Introducing large-scale heat pumps into the energy system can lower 

CO2 emissions and help in balancing the electricity grid by consuming the excess electricity 

while transforming it into heat for carbon free district heating. 

 

 

 

 

   



93 

 

References 

Aalborg University Department of Development and Planning, 2022. EnergyPLAN 

[WWW Document]. URL https://www.energyplan.eu/ (accessed 6.6.2023). 

Anner, N., 2023. One Giant Heat Pump for a Whole City [WWW Document]. MAN 

Energy Solutions. URL https://www.man-es.com/discover/esbjerg-heat-pump 

(accessed 6.9.2023). 

Averfalk, H., Ingvarsson, P., Persson, U., Gong, M., Werner, S., 2017. Large heat pumps 

in Swedish district heating systems. Renewable and Sustainable Energy Reviews. 

https://doi.org/10.1016/j.rser.2017.05.135 

Child, M., 2018. Transition towards long-term sustainability of the Finnish energy system 

(Dr. of Science Dissertation). Lappeenranta University of Technology. 

Connolly, D., Lund, H., Mathiesen, B. V., Pican, E., Leahy, M., 2012. The technical and 

economic implications of integrating fluctuating renewable energy using energy 

storage. Renew Energy 43, 47–60. https://doi.org/10.1016/J.RENENE.2011.11.003 

Energiateollisuus, 2023. Energy Production [WWW Document]. URL 

https://energia.fi/en/energy_sector_in_finland/energy_production (accessed 

19.6.2023). 

European Commission, 2021. Proposal for a COUNCIL DIRECTIVE restructuring the 

Union framework for the taxation of energy products and electricity (recast). 

FinDHC, 2023. Why District Heat? [WWW Document]. URL 

https://findhc.fi/en/findhc/why-district-heat/ (accessed 19.6.2023). 

Findlay, C., 2023. Straight to Zero Emissions Heating [WWW Document]. MAN Energy 

Solutions. URL https://www.man-es.com/discover/etes-heat-pump (accessed 

6.9.2023). 

Grassi, W., 2018. Green Energy and Technology Heat Pumps Fundamentals and 

Applications. 

Helgesen, P.I., 2013. Top-down and Bottom-up: Combining energy system models and 

macroeconomic general equilibrium models. 

Johansen, K., Werner, S., 2022. Something is sustainable in the state of Denmark: A 

review of the Danish district heating sector. Renewable and Sustainable Energy 

Reviews 158, 112117. https://doi.org/10.1016/J.RSER.2022.112117 

Karjalainen, Juhani. 2023. Project engineer. Suur-Savon Sähkö Oyj. [In-person interview]. 

Khosravi, A., Olkkonen, V., Farsaei, A., Syri, S., 2020. Replacing hard coal with wind and 

nuclear power in Finland- impacts on electricity and district heating markets. Energy 

203, 117884. https://doi.org/10.1016/J.ENERGY.2020.117884 

https://doi.org/10.1016/j.rser.2017.05.135
https://doi.org/10.1016/J.RSER.2022.112117


94 

 

Kontu, K., Rinne, S., Junnila, S., 2019. Introducing modern heat pumps to existing district 

heating systems – Global lessons from viable decarbonizing of district heating in 

Finland. Energy 166, 862–870. https://doi.org/10.1016/J.ENERGY.2018.10.077 

Lund, H. & Mathiesen, B.V. 2009. Energy system analysis of 100% renewable energy 

systems—The case of Denmark in years 2030 and 2050. [Research article]. Available 

online: https://www-sciencedirect-

com.ezproxy.cc.lut.fi/science/article/pii/S0360544208000959 

Lund, H., 2022. Renewable Energy Systems: A Smart Energy Systems Approach to the 

Choice and Modeling of 100% Renewable Solutions. 

Lund, R., Ilic, D.D., Trygg, L., 2016. Socioeconomic potential for introducing large-scale 

heat pumps in district heating in Denmark. J Clean Prod 139, 219–229. 

https://doi.org/10.1016/J.JCLEPRO.2016.07.135 

Lund, R., Mathiesen, B.V., 2015. Large combined heat and power plants in sustainable 

energy systems. Appl Energy 142, 389–395. 

https://doi.org/10.1016/J.APENERGY.2015.01.013 

Lund, R., Persson, U., 2016. Mapping of potential heat sources for heat pumps for district 

heating in Denmark. Energy 110, 129–138. 

https://doi.org/10.1016/J.ENERGY.2015.12.127 

Meyer, J.P., 2021. In Denmark, large heat pumps take DH market by storm. 

Solarthermalworld.org. 

Möst, D., Schreiber, S., Herbst, A., Jakob, M., Martino, A., Poganietz, W.-R., 2021. The 

Future European Energy System Renewable Energy, Flexibility Options and 

Technological Progress. 

Neste Oyj, 2023. Fuel Oils [WWW Document]. URL https://www.neste.com/products/all-

products/fossil-products/fuel-oils (accessed 18.6.2023). 

Official Statistics of Finland (OSF), 2023. Production of electricity and heat [WWW 

Document]. URL https://www.stat.fi/en/statistics/salatuo (accessed 21.6.2023). 

Østergaard, P.A., 2013. Wind power integration in Aalborg Municipality using 

compression heat pumps and geothermal absorption heat pumps. Energy 49, 502–508. 

https://doi.org/10.1016/J.ENERGY.2012.11.030 

Østergaard, P.A., Jantzen, J., Marczinkowski, H.M., Kristensen, M., 2019. Business and 

socioeconomic assessment of introducing heat pumps with heat storage in small-scale 

district heating systems. Renew Energy 139, 904–914. 

https://doi.org/10.1016/J.RENENE.2019.02.140 

Paiho, S., Saastamoinen, H., Hakkarainen, E., Similä, L., Pasonen, R., Ikäheimo, J., Rämä, 

M., Tuovinen, M., Horsmanheimo, S., 2018. Increasing flexibility of Finnish energy 

systems—A review of potential technologies and means. Sustain Cities Soc 43, 509–

523. https://doi.org/10.1016/J.SCS.2018.09.015 

https://doi.org/10.1016/J.ENERGY.2018.10.077


95 

 

Passi, P., Ruohonen, S., Kontu, K., Rinne, S., 2016. Valor Partners Oy. Suuret 

lämpöpumput kaukolämpöjärjestelmässä. Available online: 

https://energia.fi/files/993/Suuret_lampopumput_kaukolampojarjestelmassa_Loppura

portti_290816_paivitetty.pdf 

Ravn, H., 2022. Balmorel [WWW Document]. URL http://www.balmorel.com/ (accessed 

6.6.2023). 

Ringkjøb, H.K., Haugan, P.M., Solbrekke, I.M., 2018. A review of modelling tools for 

energy and electricity systems with large shares of variable renewables. Renewable 

and Sustainable Energy Reviews. https://doi.org/10.1016/j.rser.2018.08.002 

Santos, B., 2023. MAN Energy installs world’s largest seawater CO2 heat pump in 

Denmark [WWW Document]. PV Magazine. URL https://www.pv-

magazine.com/2023/06/06/man-energy-installs-worlds-largest-seawater-co2-heat-

pump-in-denmark/ (accessed 6.9.2023). 

Sitra. 2021. Enabling cost-efficient electrification in Finland. [research paper] Available: 

https://www.sitra.fi/en/publications/enabling-cost-efficient-electrification-in-finland/ 

Statistics Finland, 2023. Energy supply and consumption [WWW Document]. StatFin. 

URL 

https://pxdata.stat.fi/PxWeb/pxweb/en/StatFin/StatFin__ehk/statfin_ehk_pxt_12vq.px

/table/tableViewLayout1/ (accessed 18.6.2023). 

Tuulivoimayhdistys. 2023. Tuulivoimavuosi 2022: Tuulivoimakapasiteetti kasvoi 75 % ja 

toi Suomeen yli 2,9 miljardin investoinnit. [Online article]. Available online: 

https://tuulivoimayhdistys.fi/ajankohtaista/tiedotteet/tuulivoimakapasiteetti-kasvoi-

75-ja-toi-suomeen-yli-29-miljardin-investoinnit 

Yuan, M., Thellufsen, J.Z., Sorknæs, P., Lund, H., Liang, Y., 2021. District heating in 

100% renewable energy systems: Combining industrial excess heat and heat pumps. 

Energy Convers Manag 244, 114527. 

https://doi.org/10.1016/J.ENCONMAN.2021.114527 

 



1 

 

Appendix 1. Tables of modelling results  

Table 13. Scenario 2025 Case 2.5 MW 

  Production [GWh] Fuel [GWh] 

  Heat Electricity Biomass LFO Nuclear 

CHP      137,90         71,04        222,42               -                 -    

Boilers        28,48               -            31,34           1,72               -    

Condensing PP               -           10,07          11,84               -                 -    

Nuclear               -         228,38                -                 -         639,73  

Wind (55 MW)               -         144,39                -                 -                 -    

Solar               -             2,63                -                 -      

Hydro               -           92,74                -                 -                 -    

Heat pumps        42,90               -                  -                 -                 -    

Total      209,28      549,25       265,60           1,72      639,73  

Heat pump usage [h]        7 298               -                  -                 -                 -    

Heat pump COP        2,423               -                  -                 -                 -    

Storage annual average           4,17               -                  -                 -                 -    

Storage annual max        12,12               -                  -                 -                 -    

CEEP               -           17,34                -                 -                 -    

Costs [k€]               -                 -          10 441            287               -    

CO2 Emissions [t]               -                 -                  -              458               -    

Emissions cost [k€]               -                 -                  -                41               -    

DH demand      209,27               -                   -                 -    

El. demand               -         514,20                -                 -                 -    

 

Table 14. Scenario 2025 Case 5 MW. 

  Production [GWh] Fuel [GWh] 

  Heat Electricity Biomass LFO Nuclear 

CHP      142,42         73,37        229,71               -                 -    

Boilers           9,46               -            10,36           0,57               -    

Condensing PP               -           10,07          11,84               -                 -    

Nuclear               -         228,38                 -                 -         639,73  

Wind (55 MW)               -         144,39                 -                 -                 -    

Solar               -             2,63                 -                 -      

Hydro               -           92,74                 -                 -                 -    

Heat pumps        57,39               -                   -                 -                 -    

Total      209,27      551,58        251,91           0,57      639,73  

Heat pump usage [h]        5 858               -                   -                 -                 -    

Heat pump COP        2,315               -                   -                 -                 -    

Storage annual average           1,26               -                   -                 -                 -    

Storage annual max           6,45               -                   -                 -                 -    

CEEP               -           12,58                 -                 -                 -    

Costs [k€]               -                 -            9 903              95               -    
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CO2 Emissions [t]               -                 -                   -              151               -    

Emissions cost [k€]               -                 -                   -                14               -    

DH demand      209,27               -                   -                 -    

El. demand               -         514,20                 -                 -                 -    

 

Table 15. Scenario 2025 Case 10 MW. 

  Production [GWh] Fuel [GWh] 

  Heat Electricity Biomass LFO Nuclear 

CHP      185,63          95,63        299,41                 -                   -    

Boilers           3,25                 -               3,57            0,20                 -    

Condensing PP                -            15,46          18,19                 -                   -    

Nuclear                -         228,38                 -                   -         639,73  

Wind (142 MW)                -            88,29                 -                   -                   -    

Solar                -              2,63                 -                   -      

Hydro                -            92,74                 -                   -                   -    

Heat pumps         20,39                 -                   -                   -                   -    

Total      209,27       523,13        321,17            0,20       639,73  

Heat pump usage [h]         2 397                 -                   -                   -                   -    

Heat pump COP         2,298                 -                   -                   -                   -    

Storage annual average           1,09                 -                   -                   -                   -    

Storage annual max           3,64                 -                   -                   -                   -    

CEEP                -              0,05                 -                   -                   -    

Costs [k€]                -                   -          12 625                33                 -    

CO2 Emissions [t]                -                   -                   -                  52                 -    

Emissions cost [k€]                -                   -                   -                    5                 -    

DH demand      209,27                 -                     -                   -    

El. demand                -         514,20                 -                   -                   -    

 

Table 16. Scenario 2030 Case 2.5 MW. 

  Production [GWh] Fuel [GWh] 

  Heat Electricity Biomass LFO Nuclear 

CHP        93,12         47,97        150,19               -                 -    

Boilers        70,99               -            78,60           4,31               -    

Condensing PP               -             6,85            8,06               -                 -    

Nuclear               -         228,38                 -                 -         639,73  

Wind (83 MW)               -         217,89                 -                 -                 -    

Solar               -             2,63                 -                 -      

Hydro               -           92,74                 -                 -                 -    

Heat pumps        45,17               -                   -                 -                 -    

Total      209,28      596,46        236,85           4,31      639,73  

Heat pump usage [h]        7 725               -                   -                 -                 -    

Heat pump COP        2,392          

Storage annual average           0,38               -                   -                 -                 -    
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Storage annual max           2,79               -                   -                 -                 -    

CEEP               -           63,37                 -                 -                 -    

Costs [k€]               -                 -            9 311            719               -    

CO2 Emissions [t]               -                 -                   -           1 149               -    

Emissions cost [k€]               -                 -                   -              103               -    

DH demand      209,27               -                   -                 -    

El. demand               -         514,20                 -                 -                 -    

 

Table 17. Scenario 2030 Case 5 MW. 

 Production [GWh] Fuel [GWh]  

 Heat Electricity Biomass LFO Nuclear 

CHP      103,24          53,18        166,51                 -                   -    

Boilers         26,37                 -            29,08            1,60                 -    

Condensing PP                -              6,85             8,06                 -                   -    

Nuclear                -         228,38                 -                   -         639,73  

Wind (142 MW)                -         217,89                 -                   -                   -    

Solar                -              2,63                 -                   -     

Hydro                -            92,74                 -                   -                   -    

Heat pumps         79,67                 -                   -                   -                   -    

Total      209,28       601,67        203,65            1,60       639,73  

Heat pump usage [h]         7 318                 -                   -                   -                   -    

Heat pump COP         2,358                 -                   -                   -                   -    

Storage annual average           2,95                 -                   -                   -                   -    

Storage annual max           9,79                 -                   -                   -                   -    

CEEP                -            53,71                 -                   -                   -    

Costs [k€]                -                   -             8 006             266                 -    

CO2 Emissions [t]                -                   -                   -               425                 -    

Emissions cost [k€]                -                   -                   -         -               

38  

               -    

DH demand      209,27                 -                    -                   -    

El. demand                -         514,20                 -                   -                   -    

 

Table 18. Scenario 2030 Case 10 MW. 

  Production [GWh] Fuel [GWh] 

  Heat Electricity Biomass LFO Nuclear 

CHP         97,50          50,23        157,25                 -                   -    

Boilers           4,39                 -               4,81            0,26                 -    

Condensing PP                -              6,85             8,06                 -                   -    

Nuclear                -         228,38                 -                   -         639,73  

Wind (142 MW)                -         217,89                 -                   -                   -    

Solar                -              2,63                 -                   -      

Hydro                -            92,74                 -                   -                   -    

Heat pumps (10 MWel)      107,38                 -                   -                   -                   -    
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Total      209,27       598,72        170,12            0,26       639,73  

Heat pump usage [h]         5 936                 -                   -                   -                   -    

Heat pump COP         2,285                 -                   -                   -                   -    

Storage annual average           1,29                 -                   -                   -                   -    

Storage annual max           4,61                 -                   -                   -                   -    

CEEP                -            37,53                 -                   -                   -    

Costs [k€]                -                   -             6 688                44                 -    

CO2 Emissions [t]                -                   -                   -                  70                 -    

Emissions cost [k€]                -                   -                   -                    6                 -    

DH demand      209,27                 -                     -                   -    

El. demand                -         514,20                 -                   -                   -    

 

Table 19. Scenario 2035 Case 2.5 MW. 

  Production [GWh] Fuel [GWh] 

  Heat Electricity Biomass LFO Nuclear 

CHP        56,65         29,18          91,38               -                 -    

Boilers      105,07               -          116,32           6,38               -    

Condensing PP               -             3,91            4,60               -                 -    

Nuclear               -         228,38                 -                 -         639,73  

Wind (142 MW)               -         372,78                 -                 -                 -    

Solar               -             2,63                 -                 -      

Hydro               -           92,74                 -                 -                 -    

Heat pumps        47,55               -                   -                 -                 -    

Total      209,27      729,62        212,30           6,38      639,73  

Heat pump usage [h]        8 126               -                   -                 -                 -    

Heat pump COP        2,364               -                   -                 -                 -    

Storage annual average           0,05               -                   -                 -                 -    

Storage annual max           1,17               -                   -                 -                 -    

CEEP               -         195,32                 -                 -                 -    

Costs [k€]               -                 -            8 346         1 064               -    

CO2 Emissions [t]               -                 -                   -           1 700               -    

Emissions cost [k€]               -                 -                   -              153               -    

DH demand      209,27               -                   -                 -    

El. demand               -         514,20                 -                 -                 -    

 

Table 20. Scenario 2035 Case 5 MW. 

  Production [GWh] Fuel [GWh] 

  Heat Electricity Biomass LFO Nuclear 

CHP        66,39         34,20        107,09               -                 -    

Boilers        48,81               -            53,92           2,96               -    

Condensing PP               -             3,91            4,60               -                 -    

Nuclear               -         228,38                 -                 -         639,73  

Wind (142 MW)               -         372,78                 -                 -                 -    
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Solar               -             2,63                 -                 -      

Hydro               -           92,74                 -                 -                 -    

Heat pumps        94,07               -                   -                 -                 -    

Total      209,27      734,64        165,61           2,96      639,73  

Heat pump usage [h]        8 126          

Heat pump COP        2,367          

Storage annual average           2,95               -                   -                 -                 -    

Storage annual max           9,30          

CEEP               -         180,71                 -                 -                 -    

Costs [k€]               -                 -            6 510            493               -    

CO2 Emissions [t]               -                 -                   -              788               -    

Emissions cost [k€]               -                 -                   -                71               -    

DH demand      209,27               -                   -                 -    

El. demand               -         514,20                 -                 -                 -    

 

Table 21. Scenario 2035 Case 10 MW. 

  Production [GWh] Fuel [GWh] 

  Heat Electricity Biomass LFO Nuclear 

CHP         55,63          28,66          89,72                 -                   -    

Boilers         11,61                 -            12,72            0,70                 -    

Condensing PP                -              3,91             4,60                 -                   -    

Nuclear                -         228,38                 -                   -         639,73  

Wind (142 MW)                -         372,78                 -                   -                   -    

Solar                -              2,63                 -                   -      

Hydro                -            92,74                 -                   -                   -    

Heat pumps      142,03                 -                   -                   -                   -    

Total      209,27       729,10        107,04            0,70       639,73  

Heat pump usage [h]         6 799                 -                   -                   -                   -    

Heat pump COP         2,328                 -                   -                   -                   -    

Storage annual average           5,20                 -                   -                   -                   -    

Storage annual max         15,01                 -                   -                   -                   -    

CEEP                -         153,89                 -                   -                   -    

Costs [k€]                -                   -             4 208             116                 -    

CO2 Emissions [t]                -                   -                   -               186                 -    

Emissions cost [k€]                -                   -                   -                   -                   -    

DH demand      209,27                 -                     -                   -    

El. demand                -         514,20                 -                   -                   -    

 

Table 22. Scenario 2035 Case 10 MW. 

  Production [GWh] Fuel [GWh] 

  Heat Electricity Biomass LFO Nuclear 

CHP         52,84          27,22          85,22                 -                   -    

Boilers                -                   -                   -                   -                   -    
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Condensing PP                -              3,91             4,60                 -                   -    

Nuclear                -         228,38                 -                   -         639,73  

Wind (142 MW)                -         372,78                 -                   -                   -    

Solar                -              2,63                 -                   -      

Hydro                -            92,74                 -                   -                   -    

Heat pumps      156,44                 -                   -                   -                   -    

Total      209,28       727,66          89,82                 -         639,73  

Heat pump usage [h]         6 639                 -                   -                   -                   -    

Heat pump COP         2,336                 -                   -                   -                   -    

Storage annual average           9,46                 -                   -                   -                   -    

Storage annual max         23,10                 -                   -                   -                   -    

CEEP                -         146,50                 -                   -                   -    

Costs [k€]                -                   -             3 531                 -                   -    

CO2 Emissions [t]                -                   -                   -                   -                   -    

Emissions cost [k€]                -                   -                   -                   -                   -    

DH demand      209,27                 -                     -                   -    

El. demand                -         514,20                 -                   -                   -    

 


