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Space heating and cooling account for approximately 50% of the final energy consumption in 

Europe and 75% of it is produced with fossil fuels. Due to the depletion of the fossil fuels, 

increasing fossil fuel price trend and relatively high price volatility combined with high 

amount of wasted heat energy, the current heating and cooling system is currently at 

unsustainable basis from both economic and environmental perspectives. 

 

Due to their ability to reduce costs and emissions, improve the energy efficiency and include 

various local resources to the energy mix, district heating and cooling have been proposed as 

a potential energy supplying method to create a more sustainable and cost-efficient heating 

and cooling system. Even though the district energy systems are considered beneficial from 

many perspectives, their market share is currently relatively low and may increase as the 

heating and cooling systems are renewed throughout Europe. 

 

In this study, a simulation-based optimization model in implementation of district heating 

and cooling to an existing region is proposed by using a community located in Southern United 

Kingdom as an example. The aim of the simulation-based optimization process is to determine 

the proper production technologies and their capacities to minimize the life-cycle costs in the 

implementation. The software used for simulations is EnergyPro 4.4. by EMD International 

A/S.  

 

The technological performance and cost data concerning the production units is based on the 

actual realized costs in recent, similar projects in the same region. The fuel, electricity and 

emission cost data is based on the predictions by the United Kingdom Department of Energy 

and Climate Change with the effect of various energy price scenarios considered in the study. 

The demand data is based on the information received from the local authorities with the 

supply losses considered in the estimates. 

 

The results show that from cooling perspective, in the examined community the cost-optimal 

solution is to utilize electric chillers and free cooling with sea water as its cool source for 

cooling production. From heating perspective, the results show that the cost-efficiency of 

renewable alternatives is based on subsidies and emission taxation.  

 

If only the explicit costs are acknowledged, the cost-optimal system utilizing fossil fuels yields 

75% lower total life-cycle costs than the cost-optimized low-carbon alternatives. However, if 

the additional costs and subsidies caused by governmental policies are included, renewable 

alternatives become more cost-effective.  

 

The results also show that both cold and hot thermal storages are included in the cost-optimal 

configuration in all scenarios. Due to subsidies for renewable heat, also maximizing the area 

of the solar thermal plant is cost-optimal solution in all scenarios. 

Key words district heating and cooling, life-cycle cost optimization, energy simulation 



 

Aalto-yliopisto, PL 11000, 00076 AALTO 

www.aalto.fi 

Diplomityön tiivistelmä 

 

  

 

 

Tekijä Samuel Makkonen 

Työn nimi Kustannustehokkaat kaukolämpö ja -jäähdytysratkaisut olemassa olevalla 

asuinaluella 

Koulutusohjelma Energia- ja LVI-tekniikka 

Pääaine Energiatekniikka Koodi K3007 

Työn valvoja Professori Risto Lahdelma 

Työn ohjaaja DI Jussi-Pekka Kuivala 

Päivämäärä 12.04.2017 Sivumäärä 97 + 11 Kieli Englanti 

Asuntojen lämmitys ja jäähdytys vastaavat noin 50 % Euroopan kokonaisenergiankulutuksesta, ja 75 % tästä energiasta on 

tuotettu käyttäen fossiilisia polttoaineita. Fossiilisten polttoaineiden loppumisen, nousevan hintatrendin ja verrattain 

korkean hintojen epävakaisuuden sekä lämpöhäviöiden suuren määrän vuoksi, nykyisiä lämmitys- ja jäähdytysjärjestelmiä 

voidaan pitää kestämättöminä sekä taloudellissa mielessä että ympäristönäkökulmasta. 

 

Koska kaukolämmön ja -jäähdytyksen avulla kustannus- ja energiatehokkuutta voidaan parantaa, päästöjä vähentää ja 

paikallisten energialähteiden käyttöä lisätä, sitä on pidetty mahdollisena keinona kestävämmän ja 

kustannustehokkaamman lämmitysjärjestelmän luomisessa. Vaikka kaukolämpöä ja -jäähdytystä voidaan pitää monessa 

suhteessa suositeltavana vaihtoehtona, sen markkinaosuus on varsin matala ja se saattaa kasvaa, kun lämmitys- ja 

jäähdytysjärjestelmiä uusitaan Euroopassa. 

 

Tässä tutkimuksessa esitetään simulaatioon perustuva optimointimenetelmä kaukolämmityksen ja  

-jäähdytyksen käyttöönoton kustannusoptimointiin olemassaolevalla asuinalueella. Optimointimenetelmä esitellään 

Yhdistyneen kuningaskunnan eteläisessä osassa sijaitsevan alueen avulla. Esiteltävän optimointiprosessin tavoitteena on 

löytää ne energiantuotantoteknologiat sekä näiden teknologioiden tuotantokapasiteetit, jotka minimoivat järjestelmän 

elinkaarikustannukset.  

 

Simulaatioihin käytetään EMD International A/S:n EnergyPro 4.4. -ohjelmaa. Tuotantolaitosten energiantuotantoon ja 

kustannuksiin liittyvä data perustuu samalla alueella tehtyjen viimeaikaisten projektien toteutuneisiin kustannuksiin. 

Sähkön, polttoaineiden ja päästöjen kustannusdata perustuu Yhdistyneen kuningaskunnan energia- ja 

ilmastonmuutosministeriön kustannusennusteisiin, joiden eri hintaskenaarioiden vaikutuksia työn lopputuloksiin 

verrataan. Energian kysyntädata perustuu paikallisilta viranomaisilta saatuun tietoon, ja kysynnässä on otettu huomioon 

lämpö- ja jäähdytysverkon lämpöhäviöt. 

 

Tutkimuksen lopputulokset näyttävät, että tutkitulla alueella kustannustehokkain jäähdytysjärjestelmä perustuu 

jäähdytyksen tuotantoon sähkölämpöpumpuilla ja vapaajäähdytyksellä, joka käyttää merivettä kylmänlähteenään. 

Lämmitysjärjestelmään liittyvät tulokset puolestaan osoittavat, että uusiutuvien energiamuotojen kustannustehokkuus 

perustuu erittäin pitkälti uusiutuvan energian tukiin ja päästöverotukseen.  

 

Mikäli tuet ja verot jätettäisiin tarkastelun ulkopuolelle, täysin fossiilisiin polttoaineisiin perustuva järjestelmä olisi 

elinkaarikustannuksiltaa 75 % edullisempi kuin kustannusoptimoitu matalapäästöisempi järjestelmä. Toisaalta, mikäli 

uusiutuvan energian tuet ja päästöverotus huomioidaan, uusiutuvat järjestelmät ovat fossiilisia polttoaineita käyttäviä 

järjestelmiä kustannustehokkaampia.  

 

Lämpö- ja kylmäakut ovat kustannustehokkaita kaikissa tutkituissa tapauksissa. Uusiutuvan energian tukien myötä myös 

aurinkolämpö on kustannustehokas ratkaisu kaikissa tapauksissa. 

Avainsanat kaukolämpö- ja jäähdytys, elinkaarikustannusten optimointi, 

energiasimulointi 
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1 Introduction 
The production of heating and cooling for buildings accounts for more than 50% of the 

world total energy consumption and more than one-third of the global CO2 emissions 

(IEA 2014). As both the amount of energy utilized for heating and the share of emissions 

caused by it are very high, heating has a significant effect on both cost of living and 

climate change worldwide. Therefore, it is important to study both the economic and 

environmental sustainability of the heating systems. 

 

Approximately 75% of the global energy demand for heating and cooling purposes is met 

with fossil fuels (IEA 2014) and much of the energy is wasted due to inefficient heating 

systems and buildings (European Commission 2016). The prices of fossil fuels have 

increased significantly over the last few decades and are expected to continue increasing 

in the future and they are more volatile than the prices for renewable energy (Shafiee & 

Topal 2010). Furthermore, the long-term availability of fossil fuels raises concerns as 

fossil fuel are expected to deplete in the future – for example it was predicted by Shafiee 

& Topal (2009) that gas and oil are no longer available after year 2042. Due to these 

instabilities regarding the fossil fuels and the inefficiencies in the existing heating and 

cooling systems, it can be stated that heating and cooling production is at unsustainable 

basis both economically and ecologically and renewals are required to it. 

 

The renewals in the heating system consist mainly of three major technological changes: 

reducing the energy demand, improving the efficiency in the production side and 

replacing the fossil fuels with renewables (Lund 2007). Even though the importance of 

the energy savings on the demand side cannot be underestimated, district heating and 

cooling have been viewed to have a significant role in creating economically and 

environmentally more sustainable future heating systems in various articles (Lund et al. 

2010, Persson & Werner 2011) and case studies at the European Union level (Connolly 

et al. 2014), national level (Nielsen & Möller 2013, Connolly et al. 2016) and regional 

level (Kiss 2016, Zivkovic et. al 2016) even with the heat savings acknowledged in the 

studies.   

 

The outcome in these studies has been that district heating will be competitive to other 

alternatives due to its ability to reduce costs and emissions, increase energy efficiency 

and increase the amount of renewable energy sources utilized in densely inhabited urban 

areas. However, these studies do not optimize the energy production in the district heating 

and cooling networks but are focused on proposing its economic, technological and 

environmental feasibility and advantages through individual scenario analyses.  

 

The operational optimization of the district heat and cooling network and the life-cycle 

costs for the production side has been studied with dynamic programming models without 

the use of simulation software in various studies. For example, Lozano et al. (2010) 

studied the cost-optimal design of combined heating, cooling and power cogeneration, 

Gładysz & Ziębik (2013) studied the cost-optimal coefficient of the share of cogeneration 

in district heating systems, Henning (1997) proposed an optimization that could be 

applied in both national and local utilities, and Wang et al. (2015) studied the optimization 

of a district heating system using renewables and energy storages.  

 

On the other hand, a simulation-based optimization model to optimize the production unit 

capacities and thermal storage volumes was proposed by Fragaki et al. (2008). However, 



 

2 

 

a simulation-based optimization model to optimize the production side configuration 

including various (cogenerating) heating and cooling production units and thermal 

storages has not been proposed which is the goal of this study. 

 

In this study, a simulation-based optimization model to minimize the life-cycle costs in 

implementation of district heating and cooling to an existing community is represented 

and studied. The optimization process is represented using a relatively small community 

located in Southern United Kingdom with no existing centralized heating and cooling 

system as an example. The example community consists of 250 000 m2 of total floor area 

including various residential, commercial and service spaces, all of which have different 

heating, cooling and electricity demand profile. The considered technologies in the study 

include various heat- or cool-only and cogeneration technologies producing either heat 

and power or heat and cooling simultaneously. 

 

The primary goal of the optimization model is to minimize the costs of the 

implementation. However, the results of the optimization process may also be utilized for 

more thorough analysis by studying the environmental sustainability of the proposed 

system and the effect the governmental policies and subsidies have on its cost-efficiency. 

Also, the change in the most important input variables is analyzed through sensitivity 

analysis. 

 

As the result of the optimization, the process proposes a cost-optimal configuration for 

the production units in the community including the technologies used for heat and 

cooling production and cogeneration, the capacities for the technologies and the volumes 

for hot and cold thermal storages. The results are then compared to the results in the 

considered case studies and the suitability to use the same process in other similar 

communities and possible process development topics are discussed. 

1.1 Research Objective 

The aim of this thesis is to develop a simulation-based optimization model and to create 

a cost-optimal production side configuration for the examined community with the model. 

The aim is to study the effect each of the considered production technologies has on the 

life-cycle costs and why a specific production unit is included in the mix but another is 

not. Also, it is studied which input values have the most significant effect on the life-cycle 

costs. Thus, the penultimate research question in the study is: 

 

”What is the proposed cost-optimal production side configuration in the study and 

why?” 

 

Furthermore, the aim of the thesis is to study and make conclusions of the future potential 

of the low-carbon alternatives with the literature review in the study and the results of the 

case study. The perspective in the thesis is to study the techno-economic suitability of the 

renewable heating and cooling production technologies in the future community-scale 

heating systems and the effect that the governmental policies have on it. Consequently, 

the second research question may be formulated as: 

 

”Is a district heating and cooling system based on renewable energy sources 

technologically and economically feasible and which variables affect the cost-efficiency 

of the low-carbon alternatives the most in the studied scenario?” 
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The third aim of the thesis is to create a scalable optimization process that could be used 

to optimize the production side configurations in other communities. Obviously, as the 

process is developed in this thesis, there are some defects and targets for development. 

Thus, the third research question is formulated as: 

 

”Which are the most important targets for development so that the optimization process 

described in the study could be more conveniently utilized for other communities?” 

 

The process will be critically analyzed in terms of the reliability of the results and required 

calculation time and compared to other similar optimization studies. 

1.2 Research Scope 

The goal of the study is to minimize the leveled cost of energy for the consumers by 

inspecting the total life-cycle costs of the proposed implemented system. Thus, more 

sophisticated financial analyses, such as net present value calculations, return on 

investment calculations and cash flow analyses are excluded from the study.  

 

The case study is based on three main individual and independent data sources: the 

demand side data for heating, cooling and electricity from the local authorities of the 

examined community, the technological performance and cost data of the considered 

production technologies based on project experience of Greenfield Consulting (2017) and 

fuel, electricity and carbon cost data by the United Kingdom Department of Climate 

Change (DECC 2015a, 2015b).  

 

Even though the heat savings may be considered very important in creating sustainable 

and cost-efficient energy system, in the examined community no large-scale energy 

renovations have been designed by the local authorities or property owners. On the other 

hand, no significant new building projects or extensions to the designed district heating 

and cooling network have been designed. Thus, the electricity, heating and cooling 

demands are considered unchanged during the length of the optimization period. 

 

The data by Greenfield Consulting has been collected in similar recent projects in the 

same geographic area and is considered up-to-date. Also, the data is compared to the 

values used in the literature in the thesis and considered characteristically similar to it. 

The DECC data used in the scenarios of the thesis are the ’reference scenarios’ but also 

the ’low price’ and ’high price’ scenarios are considered in the sensitivity analysis. During 

the time the thesis was started, the United Kingdom was still part of the European Union 

which may affect some of the renewable supporting schemes and taxation of fossil fuels. 

The possible effects of the Brexit have not been taken into account in the study. Also, the 

literature review has mostly been limited to Europe. 

 

The examined community has been conducted a feasibility study to propose that closed 

district heating and cooling are the most suitable heating and cooling alternatives in the 

community with the investment, fixed operation and maintenance and variable costs 

related to the energy supply grids acknowledged. The scheme considered in the feasibility 

study is indirect and closed. Thus, in this study the suitability of district energy systems 

for the community is taken for granted and proving its advantages over other heating and 

cooling methods is not focused on.  

 

Also, the expenses related to the piping system are considered relatively independent on 

the energy production technologies used in the production side. Thus, the piping system 



 

4 

 

is excluded from the study (apart from the individual connection pipings required by the 

production units whose costs are considered in the costs of each production unit) and only 

the costs considering the production and storage units are considered. 

 

If a cogeneration unit providing heat and power is implemented, the unit has been 

considered to be responsible for all the costs related to the unit but also entitled to all the 

profits made with the electricity sales. If a cogeneration unit producing heat and cooling 

is implemented, the costs are divided between the heat and cooling sections by calculating 

the share of energy produced by the specific section divided by the total energy produced 

by the unit. 

1.3 Structure of the Thesis 

The thesis is divided into three main parts: the literature review (Sections 2 & 3), 

empirical study (Sections 4, 5 & 7) and analysis and conclusions (Sections 7, 8 & 9). In 

the literature review, the basis of creating a sustainable, cost-efficient heating and cooling 

system is studied from techno-economic and policy perspectives. In the empirical study, 

the findings from the literature review are utilized to propose a simulation-based 

optimization to study the cost-effectiveness of various heating and cooling production 

technologies in the studied community. In analysis and conclusions sections, the results 

from the literature review and the empirical study are represented and analyzed.  

 

In Section 2, the current European building heating and cooling system and its proposed 

enhancements are represented using the European Commission Energy Strategy and case 

studies at the European Union, national and regional levels. Also, a critical analysis is 

conducted to determine whether a heating system based on renewable energy 

technologies is feasible from technological and economic perspectives. Also, the main 

barriers and policy failures that have prevented the full-scale market penetration of the 

renewable energy sources are studied.  

 

In Section 3, the findings from the case studies in Section 2 are studied further in 

technology-specific review. The goal of the Section 3 is to represent the proposed 

sustainable energy technologies and to study their techno-economic feasibility and 

potential for community-scale utilization. The literature review creates academic basis 

for the empirical study and determines which technologies are studied further in it. 

 

In Section 4, an analytical optimization model using findings from the literature review 

is represented. In Section 5, the proposed analytical model is utilized to create preliminary 

finding considering the cost-effectiveness of the technologies studied in Sections 2&3 

and to create indicative cost-optimal production side configurations. As it is very difficult 

to take into account some operational variables in the analytical model, the findings from 

the Section 5 are studied further in a simulation-based process using an energy simulation 

software EnergyPro in Section 6.  

 

In Section 6, the cost-optimal production side configurations are created by first 

determining boundary values for the capacities of the considered production technologies 

and then using repetitive simulations to find the combination that minimizes the life-cycle 

costs in each scenarios. The findings from the empirical study are studied further in the 

analysis and conclusion part. 

 

In Section 7, the results of the study are represented and analyzed to determine the 

proposed cost-optimal production side configuration for the studied community. Section 
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7 also includes sensitivity analysis where the effect that the change in the most important 

input values has on the life-cycle costs in each created scenario. Also, in Sction 7, the 

results of the empirical study are compared to the results in the considered case studies.  

In Section 8, the limitations and potential enhancements to the optimization model are 

discussed followed by conclusions of the study in Section 9. 
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2 Creating Cost-effective, Sustainable Future Heating 
System 

In this section, insights of creating a sustainable, cost-efficient heating system in Europe 

are represented. The section begins with a brief study on the current state of heating and 

cooling at the European Union (EU) level and the EU strategy on how to make the system 

more sustainable. The study is followed by critical analysis on whether a sustainable, low-

carbon energy system is possible to be achieved from cost, technology and policy 

perspectives. The section ends with case studies based on literature review at the EU, 

national and regional levels on how sustainable heating and cooling systems are modelled 

and which characteristics and technologies they include. The technologies that are 

considered the most promising and are included in most of the case studies are then 

studied further in the Section 3. 

2.1 Background: the European Commission Energy Strategy 

The European Commission energy strategy will work as a framework for the considered 

sustainable European energy system as it affects the national legislations, energy 

standards and energy investments through directives and guidelines. The goal of the 

energy strategy is to develop a more sustainable and efficient heating and cooling system 

to cut down costs for households and businesses and to deliver the EU greenhouse gas 

targets. The long-term vision is to decarbonize building sector and to reduce fossil fuel 

usage in the industrial sector significantly, apart from the very high temperature 

processes. (European Commission 2016). 

 

The energy strategy consists of three main themes: improving the energy efficiency in 

both supply and demand sides, increasing the amount of renewable energy and promoting 

innovations and smart systems. The European Structural and Investment Funds will 

allocate EUR 19 billion for energy efficiency, EUR 6 billion for renewables and EUR 1 

billion for smart systems between 2014-2020 (European Commission 2016). Thus, 

energy efficiency measures receive clearly the most funds with the share of 73%, as the 

renewables account for 23% and smart systems and innovations 4% of the total 

investments. Even though more investments will occur (European Commission 2016), 

some conclusions of the total costs required for each element of the strategy may be drawn 

from the distribution of the funds. 

 

In their energy strategy, The European Commission states synergies in the energy system, 

recycling waste energy and improving the state of the current building stock as the 

concrete means in improving the energy efficiency. The synergies in the energy system 

include linking all three forms of energy – heating, cooling and electricity – into same 

energy system through district heating and cooling (DHC), combined heat and power 

(CHP), energy storages and making electricity grid more flexible for integrating 

renewable energy sources, such as wind and solar power into the system. An important 

goal in the strategy is to create a process to promote CHP and DHC systems based on 

renewable energy and waste heat streams. (European Commission 2016). 

 

The strategy aims to remove legislative and financial barriers from DHC and CHP 

implementation as they are viewed potential means of improving the energy efficiency 

and utilizing waste heat. Also with district heating (DH) and CHP, the amount of 

renewables, such as renewable electricity through heat pumps and solar and geothermal 

energy, can be increased in the system. Utilizing the synergies in the energy system is 

also estimated to both increase the cost-efficiency of the system and decreasing the 
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amount of waste energy as for example off-peak electricity can be utilized to heat the 

water in the thermal tanks. (European Commission 2016). 

 

The strategy also aims to reduce demand side energy consumption through building stock 

renovations, more strict energy regulations, implementation of smart systems and 

improving the efficiency of the boilers as a large quantity of them is expected to be 

renewed in the near future due to exceeding their technical lifetime (European 

Commission 2016). To enhance improving the efficiency of the boilers, the European 

Parliament set the Energy Labelling Directive (2010/30/EU) which states that in case the 

Member States provide incentives for products such as space heaters, the incentives 

should aim for the highest class of energy efficiency. Figure 1 represents the efficiency 

ratings for different kinds of space heating appliances used in the EU. 

 

 
Figure 1: Energy efficiency ratings of new space heating appliances sold in the EU (European 

Commission 2016) 

 

The directive (2010/30/EU) and Figure 1 indicate the EU targets of increasing the amount 

of renewables used in space heating and cooling as renewable-using technologies are 

given the best efficiency ratings. Also the use of other more modern technologies, heat 

pumps, gas cogeneration and condensing gas boilers, is promoted with very high ratings. 

On the other hand, the shares of more traditional and widely-used technologies, non-

condensing gas boilers and electric resistance, are expected to decrease due to lower 

efficiency ratings resulting in low or no incentives. 

2.2 The Current State of Heating and Cooling in Europe 

The current heating and cooling system is considered inefficient with high percentage of 

waste energy and unsustainable with high percentage of non-renewable energy sources 

used for energy production. To meet the decarbonization goals and visions, heating and 

cooling energy production will see major changes in legislation, efficiency, energy 

production technologies and sources of energy used (European Commission 2016). 

 

In the EU, space heating and cooling demand account for 50% of the final energy 

consumption being the largest individual energy consuming sector. Even though the 

demand for especially heating energy is expected to decrease in the future through energy 

efficiency measures on the demand side, it is still expected to remain as the biggest sector 

in energy consumption.  The demand for space heating and cooling energy is mostly met 

with non-renewable energy sources, which is described in Figure 2. (European 

Commission 2016). 
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Figure 2: The shares for fuels used in space heating and cooling energy production in the EU 2012 

(European Commission 2016) 

 

According to Figure 2, the most important single fuel in space heating and cooling is 

natural gas accounting for almost half of the total energy usage. 75% of the total energy 

is produced with high-carbon fuels, 7% with nuclear energy and only 18% with 

renewables with biomass being the most important one of them.  

 

The heating and cooling energy production is mostly based on on-site boilers, which 

produce heat for individual buildings or a set of buildings. Two-thirds of the total supply 

is produced with on-site boilers using fossil fuels and 10% with combustible renewables 

(Connolly et al. 2014). Not only do the boilers use mainly fossil fuel as their primary 

energy source but their current state is considered relatively weak in terms of efficiency 

and emissions. (European Commission 2016). 

 

Around half of the boilers used have been installed before 1992 and operate with 

efficiency of 60% or less. Also, a notable percentage of the boilers has exceeded their 

technical lifetime. It has been estimated that up to 22% of the individual gas boilers, 34% 

of direct electric heaters, 47% of oil boilers and 58% of coal boilers have already 

exceeded their technical lifetime and should be replaced soon. The individual boilers are 

also inefficient in absorbing fine particulates attributing to up to 75% of fine particulate 

pollution in some parts of Europe. (European Commission 2016). 

 

Even though DHC is considered in many areas economically and environmentally viable 

alternative in densely inhabited urban areas, its market share is only 13%. However, less 

sustainable alternative, electric heating has almost the same market share with 12% 

(Connolly et al. 2014). As the heating and cooling is strongly based on fossil fuels, 

changes are required in order to increase the amount of renewables. 

 

Increasing the share of renewables in space heating and cooling is – and has been – one 

of the key elements in reaching the EU 2020 emission targets and each of the EU countries 

have adopted a renewable energy target in their National Renewable Energy Action Plan. 

With the Action Plans, the share of renewables has grown and is expected to grow even 

further in the near future. The adaptation of renewables in space heating and cooling 

energy has been rather country-specific which is described in Figure 3 (European 

Commission 2016). 
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Figure 3: The country-specific energy sources used for space heating and cooling in the EU (European 

Commission 2016) 

 

According to Figure 3, the usage of renewable energy sources, mostly biomass, is the 

highest in the Scandinavian and Baltic countries with high percentage of DH used, such 

as Finland, Denmark, Lithuania and Latvia.  Second, it can be seen from Figure 3 that 

Central European countries, such as Germany, France, Netherlands and the United 

Kingdom (UK) are the most fossil-fuel-dependent with the highest percentages of fossil 

fuels used. Lastly, Figure 3 shows that electricity is more used for space heating in the 

Southern European countries, for example Malta, Cyprus, Portugal, Greece and Spain. 

 

As DHC allows more flexible use of other fuels than other heating methods (Finnish 

Energy 2006), the countries with higher percentage of DH already implemented, have a 

better position in transitioning from the fossil fuels to renewables than the countries with 

low DH percentage. Thus in overall, the Central and South European countries with 

relatively low share of DH and high percentage of electricity heating and cooling will 

need more changes in their infrastructure or fuels used than the Northern European 

countries in order to reduce the amount of fossil fuels consumed. 

2.3 Community-scale Energy System with Renewable Energy 
Sources and Modern Energy Technologies – Will It Work? 

2.3.1 Barriers 

Some modern renewable energy technologies have proven their technological maturity 

and are regarded as economically viable alternatives in space heating (Seyboth et al. 

2008). Also especially in some rural, off-grid areas, renewable energy technologies have 

been argued ideal solutions to produce energy for regional use. Even though renewable 

technologies are considered in many ways recommendable alternatives, there have been 

barriers to prevent their large-scale penetration. The barriers have been identified as cost-

effectiveness, technological factors and market barriers which may be specific to certain 

technology or region (Painuly 2001).  

 

Because of the barriers and failures in policies and innovation systems, many 

technologies have not been able to penetrate the markets and reach their full market 

potential even though a specific technology might be considered technologically mature 

and economically viable alternative (Foxon et al. 2005). Figure 4 represents the results of 
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a case study where the slow market diffusion of new energy technologies in the UK was 

studied by Foxon et al. (2005). 

 

 
Figure 4: S Curve representing the results of failures in energy policies and innovation system in the UK 

(Foxon et al. 2005) 

 

The green line represented in Figure 4 is called the S curve, which is in the literature the 

typical market penetration curve yielded by a new energy technology when entering the 

markets. The name S curve comes from the common shape of the performance or 

penetration curve showing slow increase in the beginning followed by accelerated 

increase in the middle and ending up with diminishing increase at the maturity phase. In 

other words, the green line describes the indicative market penetration potential which 

would be possible to be accomplished by a specific energy technology as its technological 

maturity, cost-efficiency and other characteristics are considered. (Schilling & Esmundo 

2009).  

 

On the other hand, the technologies marked with text in Figure 4 show the actual market 

penetration achieved by the renewable technologies in the UK. The figure shows that the 

achieved market penetration follows the indicative potential very accurately through the 

early stages of maturity and the policies are able to support their early growth. However, 

once the technology reaches its technological maturity, the political instruments and 

innovation system are not able to support its full market penetration. As a result, the 

market shares of the renewable technologies decrease according to Figure 4 once they 

reach the technological maturity. Thus, the renewable technologies do not reach the full 

market potential their technological maturity would propose at the fully commercial even 

though they might be viable alternatives to the conventional production technologies 

used. 

 

As the market penetration barriers are considered from cost perspective, the development 

of a new technology requires research and development (R&D) in the beginning of 

implementation. Due to the high initial investment and high level of risk, there might not 

be willing investors, companies or financial institutions to invest into the technology. The 

R&D investments also increase energy prices which may result in resistance from the 

consumers (Painuly, 2001). Furthermore, the new technology may compete against the 

conventional technologies produced by the companies and to which the companies have 
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already invested in. As the companies try to recuperate on the investments to the 

conventional technologies, the implementation of new technologies may increase 

competition within the company and reduce the profitability of the conventional 

technology investment (Chen et al. 2012). 

 

To overcome the cost-effectiveness-related difficulties, governmental incentives and 

funds are required to make the new technologies more economically viable even at the 

early phases. One possible alternative is to grant incentives for low-carbon technologies 

to decrease the energy production costs, such as the Renewable Heat Incentive (RHI) 

(DECC 2013) by the government of UK where the low-carbon heating technologies are 

paid grants for each unit of heat produced with renewable means.  

 

Another political instrument is to include the cost of externalities in the taxation. Fossil 

energy production causes more pollution than the renewable energy sources creating 

implicit, external costs for society. If the cost of this kind of externalities are excluded 

from the cost consideration, the renewable energy may be uncompetitive especially in the 

beginning of its life-cycle. (Painuly 2001). 

 

From the market failures perspective, the barriers have been recognized as an inefficient 

macro-economic environment that does not support the implementation of renewables 

and insufficient level of private sector investments, professional institutes or 

infrastructure in energy markets. The energy sector is often a highly-regulated market 

with lack of information and competition and restricted access to information (Painuly 

2001). In many countries, energy sales are based on governmental or local natural 

monopoly markets. As a result, the energy companies have significant power and they 

may be able to prevent new technologies from penetrating the markets, which makes it 

difficult for them to get investments – especially as the existing businesses and markets 

are dependent on the conventional energy technologies (Heiskanen et al. 2011). 

 

From technological perspective, as a new technology is developed there is less 

technological experience and know-how on the product. The result of the lacking know-

how is that there might not be sufficient operations and maintenance personnel available 

or that product might be less reliable than the conventional ones. Also, certain region 

might lack standards or codes and the current infrastructure might not fully support the 

implementation of the new technology or energy source. Furthermore, some of the 

renewable technologies are intermittent and their availability and costs depend on the 

geographic location. These factors affect the commercial risks and consumer acceptance 

of the product reducing both sales and investments on the technology. (Painuly 2001).  

2.3.2 Technological review 

From heating and cooling perspective, renewable energy technologies represent a wide 

range of alternatives from different scales and different stages of maturity. The 

technologies can be used for example to produce on-site heating and cooling energy with 

solar passive measures, support regional DHC production with large-scale geothermal 

heat pumps or work as a primary fuel in biomass combustion in CHP plants (Seyboth et 

al. 2008). The technological maturity of available renewable heating and cooling 

alternatives is studied in Figure 5. 
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Figure 5: The indicative S curve representing the available renewable energy technologies for space 

heating and cooling and their stages of maturity (Seyboth et al. 2008). 

 

Figure 5 indicates that even though many of the renewable heating and cooling 

technologies are still under development or at the early market phases, some of the 

technologies have already reached or are about to reach the full technological maturity. 

Thus, the technological development of renewable heating and cooling technologies 

already supports or is about to support their large-scale mass market penetration or at least 

in the very near future. 

 

The projections show that as the full technological maturity has been reached or is about 

to be reached by many renewable heating and cooling technologies, their market shares 

will grow significantly within the next 20 years (Seyboth et al. 2008). The most optimistic 

predictions are that up to half of the European heating and cooling energy is produced 

with renewables in the residential sector by 2040 (IHS Energy 2016). From technological 

perspective, the main focus is on improving energy conversion and collection efficiencies 

and improving the reliability of new technologies. Governmental support to aid the 

technological development in different parts of the maturity with specific means is 

considered vital with sharp focus on technology and information transfer and standards 

development (Midilli 2000). 

 

The availability of the renewable energy resources is considered abundant but highly 

spatial. Not only does the availability of specific renewable resource, such as geothermal 

heat, differ between countries but also between different regions within a country (Liu et 

al. 2011). The spatial nature makes some energy technologies more profitable in some 

countries and specific regions enhancing their implementation area-specifically, for 

example geothermal heat in Iceland (IEA 2007) or solar thermal in Southwest China (Liu 

et al 2011). Also, some of these technologies are based on intermittent resources, such as 

solar thermal in heat or wind power in electricity production making production in some 

locations unpredictable and thus impracticable affecting the commercialization of 

renewable energy technologies (Rourke et al. 2009). 

 

Apart from problems related to the spatial and intermittent resources of renewable energy, 

also large-scale use of biomass raises concerns. Biomass is currently the most utilized 

source of renewable energy in space heating and cooling in the world accounting for 

3000-4000 PJ/y annually whereas for example solar thermal accounts for around 200-220 

PJ and geothermal 270-280 PJ/y (IEA 2007). Vast use of biomass for energy production 
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means is considered at least to some extent problematic as it may compete with food 

production in agricultural land and raw materials which raises food prices. If food 

production is to be remained unaffected, the energy that can be produced with biomass 

on renewable basis can be limited in certain areas, as studied by for example Mathiesen 

et al. 2012 with a case study in Denmark. 

2.3.3 Economic review 

Even though the new energy technologies exceeded the technological barriers of for 

example improving their efficiency and reliability, they also need to be economically 

viable in comparison to conventional alternatives to penetrate the markets and replace the 

fossil fuels. In countries where the market conditions and resources have been favorable, 

various mature technologies such as solar thermal, biomass and geothermal heating have 

entered the market many years ago, as they have been able to provide a cost-efficient 

alternative to conventional heating technologies (IEA 2007). The costs for various 

renewable heating and cooling technologies are compared to the fossil fuel alternatives 

in Figure 6. 

 

 
Figure 6: The ranges and averages for leveled costs of energy for various renewable heating and cooling 

technologies (IEA 2007) 

 

The measurement unit in Figure 6 is leveled cost of energy (LCOE) which stands for all 

expected lifetime costs for a certain energy system divided by its cumulative lifetime 

energy output. LCOE can be utilized to compare the cost-efficiency of different energy 

technologies (Lazard 2015) and it is given by Equation 1 (Lazard 2015, Office of Indian 

Energy). 

 

𝐿𝐶𝑂𝐸 =
∑

𝐼𝑡+𝑀𝑡+𝐹𝑡
(1+𝑟)𝑡

𝑛
𝑡=1

∑
𝑃𝑡

(1+𝑟)𝑡
𝑛
𝑡=1

           (1) 

 

where 

𝐼𝑡 investment costs (including financing costs) in year t 
𝑀𝑡 operations and management (O&M) costs in year t 
𝐹𝑡 fuel expenditures in year t 
𝑃𝑡 energy produced in year t 
𝑟 discount rate 
𝑛 lifetime of the system 
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In Figure 6, the shaded bar in the bottom stands for the range for leveled costs of heating 

and cooling energy produced with electricity and fossil fuels. The bottom of the range (or 

the shaded bar) indicates the industrial sector and the top of the range indicates the 

domestic sector.  

 

Figure 6 indicates that with the average prices, only deep geothermal applications are 

fully cost-competitive with the fossil alternatives as they may cost-efficiently replace 

production from the fossil alternatives in both domestic and industrial sectors. However, 

also some biomass and shallow geothermal applications become cost-competitive with 

the average prices in the domestic sector. On the other hand, solar applications seem very 

ineffective from cost perspective. 

 

Figure 6 also indicates the spatial availability and its effects on the LCOE of some of the 

renewable technologies. For example, in solar thermal and geothermal applications, the 

LCOE depends notably on the regional characteristics resulting in significant LCOE 

range for the technologies. Due to the spatial nature of costs for some renewable energy 

technologies, their cost-efficiency is not constant but depends significantly on the location 

where implemented which may make the market implementation more difficult. 

 

Even though the current price levels show that the renewable alternatives may not be fully 

cost-competitive with the fossil alternatives, also price projections for the future and price 

volatility may be inspected. The price development for fossil fuels between 1950–2008 

is represented in Figure 7. 

 
Figure 7: The nominal annual fossil fuel prices from 1950–2008 (Shafiee & Topal 2010) 

 

Figure 7 shows that since the 1970s, there has been an increasing trend in the fossil fuel 

prices with significantly rapid growth in the 2000s. The historical prices of the fuels were 

rather similar until 2000 since when the prices for natural gas and oil rose over four times 

faster than coal prices which doubled between 2000–2008. Even though the prices have 

dropped back to the level of early 2000s after the peak of 2008 (DECC 2015a), Shafiee 

& Topal (2010) and DECC (2015a) predict the increasing trend will remain in the future. 

DECC (2015a) estimate the oil prices to almost double and natural gas prices to grow by 

around 50% from the current price levels by 2030. As the prices for fossil fuels increase, 

there is demand for sources of cheaper energy, which the renewables might be able to 

provide. 
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On the other hand, many of the individual spikes in Figure 7 are due to political 

circumstances and were not anticipated by the economists (Shafiee & Topal 2010). The 

spikes are an indication of the unpredictable and volatile nature of the fossil fuel prices 

and their dependency on the international political and macro-economic issues. As the 

operation of the renewables does not require bought fuel and thus, their price levels are 

less fluctuating, they may be more recommendable from price stability perspective 

(Regnier 2007).   

 

Whereas the prices for energy produced with fossil fuels have an increasing trend, the 

prices for energy produced with renewables are expected to decrease due to learning curve 

effect as the requirement for R&D capital will decrease with the market implementation 

(Kobos et al. 2006). Seyboth et al. (2008) predict that the average costs of heating and 

cooling production with renewable energy production will decrease between 10-40% by 

2030 depending on the technology. The percentage in cost reduction is estimated higher 

with the less mature technologies and lower with the more mature technologies. In the 

study, the best projected cost reductions are achieved in solar thermal heating and solar 

assisted cooling whereas the average price for deep conventional geothermal heating is 

projected to rise as the most suitable geothermal areas are estimated to be already in use. 

 

The prediction is supported by IEA (2007) who estimate that more and more renewable 

technologies in heating and cooling will become competitive in comparison to 

conventional alternatives by 2030 especially in the domestic sector. The late development 

shows that the costs for some renewable technologies have decreased significantly during 

the latest years. For example, the LCOE of some solar applications has decreased by 82% 

and wind by 61% between 2009–2015 (Lazard 2015).  

 

If also implicit costs are considered in the economic review, the renewable fuels have 

various advantages over the conventional alternatives. First, the implementation of 

renewable energy technologies reduces the socio-economic effects of energy production 

in terms of decreased greenhouse gas emissions and micropollutants. Second, in Europe 

the fossil fuels are mostly imported from other continents whereas the renewable energy 

sources are more local. Being less dependent on imported fossil fuels improves the energy 

security and reduces the price volatility. Increasing the amount of local energy sources to 

the energy mix is also considered to have to have a significant employment potential in 

various branches and may have commercial potential in energy exports in certain areas. 

(Mathiesen et al. 2011). 

 

Even though the price predictions and the study by Mathiesen et al. (2011) give a rather 

optimistic view of the future and the cost-efficiency of the renewables, Frondel et al. 

(2010) share a much more pessimistic perspective on the topic in a study discussing the 

market penetration of renewables in Germany. The study argues that even though the 

German energy policies have been efficient in promoting the amount of renewables used 

in the energy mix, the renewables have failed to achieve any of the proposed positive 

tangible or intangible benefits. According to the study, promoting renewables ”imposes 

high costs without any of the alleged positive impacts on emission reductions, 

employment, energy security or technological innovation.” 

 

Frondel et al. (2010) argue from emission perspective that in Germany, the national 

Renewable Energy Sources Act does not imply any additional emission reductions that 

would not be achieved with the EU Emission Trading Scheme alone. As employment is 

considered, the study states the net employment balance to be zero or negative in the long 
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run as the jobs are created with governmental support and are likely to vanish as soon as 

the support is terminated.  

 

From energy security perspective, the study argues that the energy security has not 

increased – vice versa. Due to the intermittent nature of renewable energy technologies, 

there is still need for the backup energy system creating additional maintenance costs and 

increasing the dependence on gas imports. Even though the increasing use of renewables 

in Germany is viewed positive internationally, the study views Germany as a cautionary 

example to other countries of creating an expensive environmental policy of promoting 

energy technologies that cannot compete against conventional technologies in open 

markets without governmental support. (Frondel et al. 2010). 

2.3.4 Policy review 

As the markets and market structures are reviewed, the conventional energy technologies 

have dominated the markets for a long benefitting from for example economies of scale, 

learning effect, mass production and socio-cultural embedding. Thus, the conventional 

technologies are cheaper, more efficient and optimized for existing infrastructure and 

customer preferences (Negro et al. 2012). The role of efficient energy policies is to 

stimulate the technological progress and learning processes so that the renewable 

technologies become competitive with conventional alternatives and penetrate the 

markets more efficiently. (Menanteau et al. 2003). 

 

Even though an increasing number of countries have implemented policies for renewable 

heating and cooling technologies, the energy policies have not been efficient enough to 

significantly reduce the barriers of large-scale implementation of renewables resulting in 

slow market diffusion (IEA 2014). The failures in policies resulting in slow diffusion of 

renewable energy technologies are related to hard institutions and market structures 

(Negro et al. 2012).  

 

The hard institution problems are related to governmental policies, legislation and 

renewable support schemes that change constantly. The constantly changing renewable 

policies and subsidies make renewable energy technologies too volatile for investors to 

invest. On the other hand, there may also be misalignments between regional and national 

governments as some regional authorities want to support specific technology but the 

national legislation hinders its development and diffusion. (Negro et al. 2012). For 

example, the EU level renewable heating and cooling schemes may differ from the 

technologies driven by the national governments causing misalignments between them. 

 

Also, the valley of death may be considered a hard institution problem. The valley of 

death refers to the phase just before market introduction where notable investments are 

required – but usually not received – for large-scale market penetration. In the case of 

energy technologies, the problem seems to be that the R&D schemes support the early 

development but the nearly-commercial products are either lacking instruments or the 

instruments are not sufficient to overcome the valley of death. (Negro et al. 2012). 

 

Market structure problems refer to the current energy markets dominated by powerful and 

well-organized existing utility companies. The companies might have a natural monopoly 

at certain areas and the may be hesitant in adopting new technologies. On the other hand, 

the existing companies may even block their implementation deliberately as they fit 

poorly to their strategies or existing infrastructures. The opposition may be logically 

expected but the problem becomes even more significant as the existing companies are 
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granted notable influence when the renewable energy policies are designed. Thus, the 

existing companies may not only be able to dominate the markets through their natural 

monopoly state but also through governmental policies which they may influence. (Negro 

et al. 2012). 

 

Foxon et al. (2005) performed a case study in the UK where governmental policies are in 

place but the implementation of renewables has proved to be difficult resulting in many 

mature technologies, such as CHP and biomass not to reach their full market potential as 

proposed in Figure 5. As a result of the case study, an inter-related, long-term framework 

between technological development, economic support and supporting policies to 

optimize the diffusion of new energy technologies was developed. The framework is 

represented in Figure 8 where ROC stands for Renewables Obligation Certification, 

which is a certificate issued for renewable energy produced within the UK. 

  

 
Figure 8: S curve of technological development and long-term policies to support the penetration of new 

energy technologies (Foxon et al. 2005) 

 

Figure 8 shows that specific governmental policies are required at every phase of 

technological maturity – even at the phase where the technology is considered fully 

commercial – to keep the technology competitive and overcome the barriers. At the 

beginning of the S curve, the proposed policies consist of concrete costs supporting the 

new technologies with grants, R&D and demo programs and incentives. However, as the 

technology becomes more mature, the amount of grants is decreased and the aim is to 

reduce the costs of penetration through incentives and fuel duty reliefs and increase the 

market share of the technology through public procurements.  The goal is that the product 

is self-sufficient and does not require any external funds once it reaches full technological 

maturity.  

 

However, even at the fully commercial phase, the new technology might be less cost-

effective than the conventional technologies due to market imperfection caused by the 

greenhouse gas and micropollutants of the fossil-based energy production. If the market 

imperfection is not corrected, the fossil alternatives may be more cost-efficient than the 

low-carbon technologies. Thus, the policies need to ensure the costs of these externalities 

are considered in the taxation so that new technologies become competitive with them 

cost-wise. (Menanteau et al. 2003). In other words, the more commercialized the 
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technology is, the more the focus turns from the technology itself into its fossil substitutes.  

The findings in Figure 8 are supported by rather similar recommendations by Seyboth et 

al. (2008) who recommend incentives in the early stages to sharply reduce the costs, 

regulatory policies for technologies close to commercialization and guidance policies, 

training potential installers and educating users for mature technologies. 

 

Even though Figure 8, proposes an efficient framework of policies to stimulate the market 

penetration of new technologies, Negro et al. (2012) propose that creating a set of optimal 

policies is not possible due to endogenous technological changes and uncertain 

conditions. However, to in order to make the policies efficient, the countries, available 

resources, business environment, internationalization possibilities and the technologies 

themselves and their specific requirements need to be assessed more individually instead 

of applying one policy fits all type of paradigm. Also, the policies need to be long-term 

with constant evaluation on their effectiveness and changed if necessary (Negro et al. 

2012).  

 

The spatial feasibility of different support schemes is also supported the case study by 

Butler & Neuhoff (2008) proposing that the proper supporting scheme varies technology- 

and country-specifically. Case studies with different renewable energy supporting 

schemes in Sweden (Bergek & Johansson 2010) and Germany (Frondel et al. 2010) 

propose that the schemes are efficient in increasing short-term social costs and increase 

the amount of renewables used. However, the supporting mechanisms raise severe 

concerns over long-term cost efficiency due to increasing energy prices and significant 

accumulated costs. 

2.4 Modelling Sustainable Energy System – Case Studies 

Even though the European Commission (2016) energy strategy states for example DHC 

and thermal storage tanks as important technologies in creating more sustainable, flexible 

and cost-efficient heating and cooling system, the strategy itself does not quantify or 

prove the true advantages behind them. The advantages of implementing DHC or 

expanding existing DHC networks are reviewed through the case studies presented in 

Table 1. The case studies are from different parts of Europe and different levels (EU, 

national and regional levels) and their common characteristics are studied to create a 

baseline for sustainable energy system. 

 
Table 1: The case studies considered in the thesis 

 
Case study 
considered 

Aim of the study 
Outcome of the study from 
heat production perspective 

EU level 
Heat Roadmap 
Europe 20501  

To study the economic 
and environmental 
feasibility of large-scale 
implementation of DHC 
in Europe through 
scenario analysis 

With the large-scale 
implementation of DHC 
systems throughout Europe, 
the same greenhouse gas 
emission targets can be 
reached but with 15% lower 
annual costs than with other 
alternatives, accounting for 
EUR100 billion per year 

                                                 
1Connolly et al. (2014) 
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National 
level 

STRATEGO – 
Enhanced 
Heating and 
Cooling Action 
Plan in 5 EU 
Member 
States 2 

To implement a cost-
efficient energy 
strategy to meet the EU 
emission targets in 5 
separate EU countries 
(Czech Republic, 
Croatia, Italy, Romania, 
and the UK) 

The cost-efficient strategy in 
each project country 
consisted of 30-70% heat 
savings on the demand side 
and expanding the existing 
DHC network to cover 40-60% 
of the total demand3 from the 
current level of 5-25% 

The role of 
district heating 
in future 
renewable 
energy 
systems4 

To study the role of 
district heating in the 
future renewable 
energy systems 
through scenario 
analyses in the case of 
Denmark 

The cost-optimal solution will 
be to expand the existing DH 
network from the current 
level of 46% to somewhere 
between 63-70% 

Regional 
level 

Exploring 
scenarios for 
more 
sustainable 
heating: The 
case of Niš, 
Serbia5 

To explore how the 
future scenarios could 
transform the heating 
system of the region by 
2030 

The proposed system 
consisted of increased 
building energy efficiency in 
new and existing buildings 
and maximal expansion of the 
DH system in the zones with 
high heat load densities 

Cost 
optimization 
of the design 
of CHCP 
(combined 
heat, cooling 
and power) 
systems under 
legal 
constraints6 

Optimizing the 
production side costs 
under different legal 
scenarios with an 
optimization model 
based on dynamic 
programming 

The advantages of thermal 
energy storages (TES) were 
proven advantageous in the 
combined heat, cooling and 
power production systems 
due to their ability to cover 
the same energy demands 
with significantly lower costs. 
 

Modelling the 
energy system 
of Pécs – The 
first step 
towards a 
sustainable 
city7 

Modelling the energy 
system of the city of 
Pécs with EnergyPro 
and comparing the 
proposed Energy 
Strategy against the 
Business-as-Usual 
scenario 

In the Energy Strategy, the 
annual amount of DH energy 
produced would increase by 
20% and it is considered 
advantageous in terms of 
sustainability and energy 
security. However,  
the economic feasibility of the 
Energy Strategy will require 
further studies 

                                                 
2 Connolly et al. (2016) 
3 The total demand with the heat savings on the demand side acknowledged 
4 Lund & Mathiesen (2009) 
5 Zivkovic et al. (2016) 
6 Lozano et al. (2010) 
7 Kiss (2015) 
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According to Table 1, DHC seems a suitable solution for various different regions with 

different spatial characteristics – such as current energy supply system, building stock, 

climate, population and local resources. For example in Denmark, DH has one of the 

highest market shares in all of Europe with 46% (Lund & Mathiesen 2009) and in the 

UK, it only has a share of 5% (Connolly et al. 2016). Despite the notable difference in the 

existing heating system, the proper strategy in both of the countries was to combine DHC 

network expansion with heat savings on the demand side according to the case studies. 

Thus, the findings in Table 1 propose that DHC has an integral part in creating a 

sustainable and cost-efficient energy system in various different regions. 

 

The strategies represented in the case studies in Table 1 follow the three key elements of 

designing a sustainable energy system represented by Lund & Mathiesen (2009): (1) 

energy savings on the demand side and improving the efficiency in the energy production, 

(2) replacing fossil fuels with renewables and (3) – consequently – strategies for large-

scale integration of renewable energy sources into the energy system affected by the 

energy savings and efficiency improvements. These three elements are characteristically 

the same as the main themes in the European Commission (2016) Energy Strategy and 

their role in creating more sustainable and cost-efficient energy systems in the case studies 

is studied more thoroughly through subsections 2.4.1-2.4.3. 

2.4.1 Energy savings on the demand side 

The energy savings on the demand side are considered very high in all of the case studies 

as for example Connolly et al. (2016) estimated the requirement for savings in space 

heating demand – in comparison to business-as-usual scenario – between 30-50% in the 

STRATEGO countries and Connolly et al. (2009) at 47% at the European level. Thus, 

according to these studies, the heat demand must be decreased by approximately half 

from the current level in order to create more sustainable heating and cooling systems and 

therefore it has a vital role in the transition. 

 

DHC is considered especially advantageous in the urban areas where the energy intensity 

is high (Rezaie & Rosen 2012) and as energy savings in the demand side reduce the 

intensity, the profitability of DHC decreases due to the savings. However, DHC is 

considered to have a significant role in all of the case studies in Table 1, even though the 

savings in the heat demand are acknowledged in the strategies. 

 

Although the role of heat savings is considered very important in creating a sustainable 

heating system, their allocation and cost-efficiency must be studied. For example, in 

national case study of Denmark, the required savings in space heating demand were 

estimated at 75% (Lund et al. 2010). However, as the cost-efficiency of energy 

renovations is studied, Lund et al. (2014a) suggest that additional energy renovations for 

buildings that would not otherwise be renovated, would hardly be recommendable from 

cost-perspective.  

 

The finding is supported by Zvingilait & Balyk (2014) suggesting that in case of 

Denmark, it is cost-efficient to consider 12-17% heat demand savings in existing 

buildings while the percentage is higher in buildings not connected in DH network. It is 

also to be noted that already 8% of the savings can be achieved only through replacing 

the current windows with standard ones which will mainly be conducted in the building 

stock before 2050 in Denmark (Zvingilait & Balyk 2014). Thus, most of the heat demand 

savings are allocated to the new buildings and additional energy efficiency renovations 

in buildings which are scheduled to be renovated any way (Lund et al. 2014a). 
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The district cooling demand is notably lower than the demand for district heat and is 

therefore not studied as thoroughly as district heat in the case studies. For example, in the 

EU level case study by Connolly et al. (2014), the DH demand accounts for 85% of the 

total DHC demand. In the study, half of the DC is estimated to be produced with 

absorption chillers and the rest with free cooling. The role of DC is to decrease the 

electricity demand by replacing building-specific cooling systems. For example, in the 

case of Denmark fully renewable energy system, the large-scale implementation of DC 

accounts for half of the total electricity savings by 2030 (Mathiesen et al. 2011). 

2.4.2 Replacing fossil fuels with renewables 

The case studies considered in Table 1 share relatively similar set of renewable fuels to 

replace fossil fuel. The common renewable fuels and energy sources in the case studies 

are biomass, sun and heat pumps using renewable energy sources – ambient air, 

geothermal or electricity produced with renewables – as their energy source. Also, 

municipal solid waste and industrial excess heat in studies by Connolly et al. (2014) and 

Zivkovic et al. (2016) may be considered renewable heat sources. The utilization of these 

renewable energy sources in the proposed renewable energy systems is studied in Table 

2.  

 
Table 2: The ranges for the shares of different energy sources in DH production in the case studies 

considered in Table 1 

Energy Source 
Range for the share of DH production in 

the proposed sustainable energy systems 

Biomass 14-66% 

Solar thermal 0-8% 

Heat pumps 8-38% 

Municipal solid waste and industrial 
excess heat 

0-20% 

Fossil fuels 0-37% 
 

Table 2 shows the minimum and maximum value for each energy source in the considered 

case studies with the study by Lozano et al. (2010) excluded as these values are not 

available in it. The values for the Danish fully renewable energy system are adapted from 

Mathiesen et al. (2011). Even though the perspectives in the case studies are different – 

for example Lund et al. (2010) define an energy system fully based on renewables 

whereas the aim in other studies is to define a more sustainable heating system – the 

findings from Table 2 can be to some extent used to study the basis of creating a 

sustainable heating system. 

 

Table 2 indicates that even though the considered regions are different and the availability 

of the local resources differs spatially, the proposed energy systems in the case studies 

are somewhat similar. The sustainable energy systems are based on high utilization of 

biomass and heat pumps with relatively high utilization rates. Also, municipal solid waste 

(MSW) and industrial excess heat show potential with maximum shares of 20% even 

though they are not available or considered in all the case studies. The output share of 

solar thermal is considered relatively low in all the studies. Also, interestingly, even 

though the aim the case studies was to create a sustainable energy system, the share of 

fossil fuels is relatively high with shares of over 25% in some of the studies (Connolly et 

al. (2014), Zivkovic et al. (2016), Connolly et al. (2016)). 
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2.4.3 Strategies for large-scale integration of renewables into the 
energy system 

The sustainable energy systems proposed in the case studies in Table 1 have been noticed 

very similar from heat savings and renewable energy sources perspectives but also the 

strategies to integrate the renewables into the system seem significantly alike. The 

strategies include implementation of DHC, various production technologies and thermal 

storages. Most important of the technologies is combined heat and power (CHP) which 

enables various sustainable energy sources to be integrated in the heating system (Chen 

et al. 2012). For example, the solar thermal systems and heat pumps already mentioned 

above can be integrated into the DHC network and biogas, biomass or MSW can be used 

as primary fuels. 

 

The importance of the thermal storages is emphasized throughout the case studies and 

included in all of the proposed sustainable energy models. The implementation of thermal 

storage may increase for example the flexibility and the fuel efficiency of the system 

(Blarke & Lund 2008), replace energy production from fossil fuel sources and increase 

the share of renewables used in the energy mix (IRENA 2013). The advantage of thermal 

energy storages is particularly shown in the study by Lozano et al. (2010) where the 

structure of the study allows to compare the systems with thermal storages implemented 

and not. The study shows significant savings with TES implemented in all scenarios and 

under all legal constraints. 

 

Not only the implemented technologies need to support the implementation of the 

renewables in the energy system but also the legislation needs to support the 

implementation strategy. The effects of some of the legal constraints considering energy 

production were studied by Lozano et al. (2010) representing the notable effect the 

legislation has on the total costs and the configuration of the proposed cost-optimal 

system. Thus, the policies considered in the subsection 2.3.4 affect significantly to the 

proposed energy systems at regional levels. 
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3 Sustainable Technology Review 
In Section 2, the feasibility and insights of sustainable future heating systems were 

inspected with literature review and case studies at EU, national and regional level. 

According to the case studies, implementation of DHC combined with heat savings and 

implementation of new technologies is the proper strategy in creating a cost-efficient, 

sustainable future heating system. In the case studies, the most important individual 

technologies were CHP, heat pumps, solar thermal and thermal storages. In this section, 

these technologies and their feasibility from economic, environmental and technological 

perspective is inspected more thoroughly. 

3.1 CHP and DHC 

3.1.1 Technology Description 

When electricity is produced in an individual process, the efficiencies are typically as low 

as 30-40% and rest of the energy is waste heat. In CHP production, electricity and heat 

are produced in the same process by utilizing waste heat from electricity production for 

space heating and domestic hot water purposes. As the amount of waste energy is 

decreased, the total efficiency of the energy conversion process increases significantly, 

up to 90%. (Chen et al. 2012). 

 

Thus, the same amount of energy can be produced with around 50% less primary fuel 

consumption (Chen et al. 2012) corresponding to decrease of 350 kg/MWh in CO2 

(Finnish Energy 2006) emissions. Because of the improved efficiency, CHP combined 

with DHC has been in many places the most significant individual practice of improving 

local energy efficiency and is seen as an important factor in resolving global 

environmental problems related to energy production (Chen et al. 2012). The operation 

of DHC plant combined with DH network is represented in Figure 9.  

 
Figure 9: The operating procedure of CHP plant combined with DH network (Chen et al. 2012) 

 

In Figure 9, the CHP plant produces both electricity and heat for the local community 

through mutual process. The waste heat from electricity production is used to heat DH 

water which is delivered to every building of the area through well-insulated piping. The 

temperature of hot water, in the red pipes is 70-90 oC. The thermal energy is utilized for 

space heating and it can be utilized as domestic hot water in open DH scheme or to heat 
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up the domestic hot water in closed DH scheme. Once the DH water is utilized, it cools 

down to around 30-50 oC and returns to the CHP plant in the blue pipes. There the water 

can be reheated and used again for heating purposes (Chen et al. 2012). Figure 9 includes 

only DH system and DC is excluded from it.  

 

The fundamentals behind DC are the same – centrally produced water containing thermal 

energy is delivered to customers through piping system and used for space cooling 

purposes instead of cooling energy being produced on-site at each facility. The cooling 

energy can be produced centrally with absorption chiller utilizing available heat source 

such as industrial waste heat, district heat or solar energy, electric-driven, gas turbine or 

engine-driven equipment or as a combination of mechanically driven and absorption 

systems. (ASHRAE 2013).  

 

Also, applying free cooling from a heat sink, such as seawater or river is possible. The 

choice of the proper technology utilized depends on the available sources of energy and 

the required cooling temperature. Heating and cooling system based on district heating, 

absorption chillers and heat storages is seen especially competitive compared to other 

solutions during summer when heat is usually required only for domestic hot water 

heating (JRC 2012). 

 

CHP plants often consist of one or more CHP units for base load production and peak 

load boilers. CHP units can be engines, gas turbines, steam turbines or combined cycles. 

Also heat storage systems, such as large hot water tanks, can be implemented in CHP 

plant to store excess heat for some days of hot water supply. As mentioned above, the 

main advantage of CHP is the improved energy efficiency and the reduced amount of 

primary energy used for electricity and heating production. Other advantages of CHP 

include cost-effectiveness, reliability, utilizing various energy sources and scalability. 

(Chen et al. 2012). 

 

From reliability perspective, CHP plants typically utilize conventional, highly reliable 

technologies such as gas engines, gas turbines or steam turbines. As the technologies are 

mature compared to new energy technologies, their operating is considered highly 

reliable. (Chen et al. 2012). Even though the technologies mostly used in CHP are mature, 

it enables more modern technologies and various sustainable energy sources to be 

integrated in the heating system, such as solar thermal systems and heat pumps can be 

integrated into the DHC network and biogas, biomass or MSW can be used as primary 

fuels (Chen et al. 2012). For example, the use of geothermal district heating resources has 

increased by 10% over the last 30 years accounting for 49% of installed DH capacity in 

Europe, 29% in Asia and 17% in the Americas (Rezaie & Rosen 2012).  

 

As the renewable energy can be available locally, CHP combined with fluctuating forms 

of energy, can be used to create an autonomous, cost-effective, renewable-based energy 

system. Also, CHP is highly scalable and flexible to operate making it easy to match the 

future capacity according to future incorporation of wind and solar energy. As the share 

of intermittent and fluctuating energy is estimated to grow significantly, structural aspects 

such as the role of CHP connected to DHC can be viewed indispensable. (Chen et al. 

2012). 



 

 

25 

 

3.1.2 Economic Performance 

3.1.2.1 DHC 

As the fundamentals of DH and DC are similar, they share many advantages and 

disadvantages. As DHC system is implemented, significant investments are required for 

transmission and distribution network which might account for 50% or more of the total 

costs (ASHRAE 2013). Other disadvantages include operating costs and heat and 

pressure losses in the distribution network (JRC 2012, Rezaie & Rosen 2012). In order to 

be economically viable alternative, the allocated total costs from construction, losses and 

operation of DHC need to be lower than for other, more local means of heating or cooling 

energy production (Rezaie & Rosen 2012).  

 

Due to high initial investment costs and network losses, DHC systems are considered 

especially suitable in urban, densely inhabited areas whereas the benefits for more rural 

areas are not so evident (Rezaie & Rosen 2012). The characteristics of an area suitable 

for DHC system consist of high energy intensity, high-density building clusters and high 

thermal load density and operating hours (ASHRAE 2013, Rezaie & Rosen 2012). In 

suitable market areas, DHC systems have significant environmental and economic 

benefits over other heating and cooling methods (ASHRAE 2013, Rezaie & Rosen 2012).   

 

In 2010, 73% (Connolly et al. 2014) of EU27 inhabitants lived in urban areas which itself 

indicates that DHC is highly suitable heating and cooling method in the EU. As mentioned 

before, by the large-scale implementation of DHC systems, the EU could achieve their 

emission targets by 2050 with 15% less costs than with other energy efficiency measures. 

The 15% savings account altogether for EUR 100 billion annually in the EU area. 

(Connolly et al. 2014).  

3.1.2.2 CHP 

As the cost-effectiveness of CHP is concerned, the electricity and heat are produced in 

the same process using the same primary fuel with high efficiency resulting in lower 

variable costs than in separate heat and electricity production. Countries with high share 

of CHP, such as Denmark, Sweden and Finland, rank among the cheapest as the power 

prices are compared. (Chen et al. 2012) 

 

Details of different costs and lifetimes of different CHP technologies is represented in 

Table 3. The investments costs include equipment, infrastructure and connection costs 

whereas for example costs of land are excluded. The variable O&M costs do not include 

fuel expenses but consist of for example auxiliary materials and treatment of residual 

materials. The fixed O&M costs are independent on how the plant is operated. (Nielsen 

& Möller 2013). 
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Table 3:Investment and O&M costs and lifetimes for various CHP technologies. Adapted from Nielsen & 

Möller (2013) 

Category name Specific 
investment 
MEUR/MW 

Total O&M 
EUR/MWh 

Fixed O&M 
EUR/MW/a 

Variable 
O&M 

EUR/MWh 

Lifetime 
a 

Gas turbine single 
cycle (40–
125 MW) 

0.57 
 

8 550 3 25 

Gas turbine single 
cycle (5–40 MW) 

0.84 
 

9 300 3.8 25 

Gas turbine single 
cycle (0.1–5 MW) 

1.65 8 
  

10 

Gas turbine 
combined cycle 
(100–400 MW) 

0.575 
 

14 000 1.8 25 

Gas turbine 
combined cycle 
(10–100 MW) 

0.835 
 

12 000 3.2 25 

Gas engines (1–
10 MW) 

1.15 9 
  

25 

Waste-to-energy 
CHP plant 

8.5 
 

155 000 22 20 

CHP Wood chips 
(10–100 MW) 

1.5 
 

29 000 3.2 30 

CHP Straw (10–
100 MW) 

2.7 
 

38 000 6.1 25 

CHP Wood chips 
(8–10 MW) 

4.85 
  

8.3 20 

CHP Straw (0.6–
4.3 MW) 

4.8 
   

20 

Gasifiers, 
biomass, staged 
gasification 

3.4 
 

78 000 18 20 

Biomass gasifier, 
updraft 

3.6 
 

180 000 18 20 

Stirling engines, 
gasified biomass 

5.8 
 

30 000 30 15 

Biogas plant 
(1.5 MW) 

5.9 33 
  

20 

Biogas plant 
(2.4 MW) 

4.2 30 
  

20 

Biogas plant 
(3 MW) 

3.4 30 
  

20 

 

Table 3 indicates that CHP technologies based on renewable energy sources are at the 

moment more expensive in terms of both investment and O&M costs and their projected 

lifetime is on average less than for the conventional technologies. As the renewable 

alternatives are compared, the most recommendable alternative is woods chips CHP 
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plants followed by straw plants whereas biogas and biomass gasifying technologies are 

relatively expensive alternatives. Especially waste-to-energy technologies seem irrational 

from investment and O&M cost and lifetime perspective. The cost differences are 

noteworthy as for example the relative investment costs for a wood chips CHP plant, the 

best of renewable alternatives, are from 70-440% greater than for natural gas plants.  

 

Also, Table 3 indicates that the relative investment costs decrease rapidly as the capacity 

of the plant in increased. For example, when inspecting the single cycle gas turbines, it 

can be seen that the relative investment costs of the smallest-scale turbine are double that 

of the medium one which in correspond is 1.5 times more expensive than the largest-scale 

alternative. As the relative costs increase at faster ratio as the plant size is decreased, 

Table 3 indicates that CHP is more recommendable alternative in big and medium 

communities from cost perspective. 

3.1.2.3 Heat- or cool-only technologies 

The DHC energy may be produced with CHP technologies represented in Table 3 or by 

technologies producing only heat or cooling energy. Details of different costs and 

lifetimes for various heating- or cooling-only technologies are represented in Table 4 

where the same cost assumptions are applied as in Table 3 (Nielsen & Möller 2013). 

 
Table 4: Investment and O&M costs and lifetimes for various heat- or cooling-only technologies Adapted 

from Nielsen et Möller (2013). 

Category name Specific 
investment 
MEUR/MW 

Total 
O&M 

EUR/MWh 

Fixed O&M 
EUR/MW/a 

Variable 
O&M 

EUR/MWh 

Lifetime 
a 

Heat pumps 
(compression) 

0.65 
 

5 250 
 

20 

Heat pumps 
(absorption) 

0.45 
 

15 000 
 

20 

Electric boilers (1–
3 MW) 

0.135 
 

1 000 0.5 20 

Electric boilers (3–
10 MW) 

0.075 
 

1 000 0.5 20 

Electric boilers (10–
20 MW) 

0.06 
 

1 000 0.5 20 

Waste-to-energy 1.1 
 

51 000 5.3 20 

Wood Chip boiler 0.21 
 

23 500 
 

20 

Straw boiler 0.26 2.8 
  

20 

Wood pellet boiler 0.17 3.1 
  

20 

Gas boiler 0.09 0.54 
  

20 

Geothermal 1.8 
 

46 000 
 

25 

Solar DH 
  

440 
 

20 

 

In Table 4, the electric boilers are clearly the cheapest technology from both investment 

and O&M perspective followed by gas boilers. The sustainability of electric boilers 
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depends on the source of primary energy utilized for electricity production but they were 

nevertheless, given the worst energy efficiency rating in Figure 1. Similarly to Table 3, 

the technologies using renewable energy sources are substantially more expensive from 

both investment and O&M costs than the more conventional alternatives. The most 

expensive alternatives are waste-to-energy boilers and geothermal heating whereas also 

the O&M costs of the wood chip boilers are also substantially high. 

 

As the costs in Tables 3 and 4 are compared, it can be seen that the relative investment 

and O&M costs of heating- or cooling-only technologies are substantially lower than for 

CHP plants. The investment costs for CHP plants vary between 0.45-8.5 and between 

0.06-1.8 MEUR/MW for the heat-only plants and also, the O&M costs in the CHP plants 

are notably higher. This indicates that the heat demand, operating hours and efficiency 

benefits of CHP need to be high enough for CHP to be more recommendable alternative 

than heat-only solutions. 

3.1.2.4 Cost Allocation in Cogeneration Units 

In cogeneration units, allocating the capital and operating costs is an important factor 

affecting the implementation of the cogeneration units and the profitability of the different 

sectors of the unit. There are several alternative approaches to the cost allocation with 

each methodology applying certain technical and commercial considerations. However, 

each of the methodologies include specific pros and cons and no individual ‘correct’ 

method for the cost allocation has been proposed. (Finnish Energy 2006). 

 

First method is to allocate the costs evenly between the different production sectors. This 

method may however, yield a relatively high allocated cost for heat production resulting 

in that the cogeneration may not be cost-competitive in comparison to separate heat 

production. (Finnish Energy 2006). Thus, this allocation may reduce the amount of heat 

produced by the CHP plant, leading to increased amount of heat and electricity produced 

separately which is less efficient overall. 

 

Second allocation method is allocating the costs according to the exergy content of the 

energy output. Electricity is 100% exergy whereas the low temperature heat in DH has a 

relatively low exergy content (Finnish Energy 2006). Even though this method may be 

justified from the thermodynamic view, the allocation may result in a situation where the 

power producer may lack the commercial interest for heat extraction. 

 

Third allocation method is the benefit allocation method where rather than allocating the 

costs, the focus is on allocating the benefits achieved by the cogeneration. The goal is to 

find a fair benefit allocation so that each of the sectors benefit reasonably from the 

cogeneration in comparison to separate production so that the cogeneration is supported. 

This methodology has been most commonly utilized in Finland since 1990s when the 

energy utilities unbundled their power and heat businesses. (Finnish Energy 2006). 

 

Last allocation method is the marginal cost method which is used in cases if one of the 

cogenerated energy forms are the dominating purpose of the operation and the other is 

clearly a secondary product. In these scenarios, the best approach is to estimate the 

additional cost or lost revenue caused by the secondary product and making sure that the 

secondary product covers the costs and bring sufficient amount of additional profit for 

the unit (Finnish Energy 2006). 
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3.1.3 Community Energy Technology Perspective 

The cost-efficiency and sustainability of DHC is based on the improved efficiency and 

the ability to utilize waste heat and renewable, local sources of energy (Finnish Energy 

2006). According to ASHRAE (2013), on average central district cooling plants can 

operate with approximately 40% better efficiency than building-specific cooling systems 

even though not operating at optimized levels. Also, according to ASHRAE (2013), an 

electric-driven DC system with thermal storage can operate 140% more efficiently than 

air-cooled in-building system. Also, absorbing combustion gases is more efficient in 

centralized production plants than individual heating systems (Finnish Energy 2006, 

Rezaie & Rosen 2012) and utilizing DC reduces the amount of CFCs used in buildings 

(Rezaie & Rosen 2012).  

 

CHP-based DHC networks have the potential to be an integral part of future sustainable, 

cost-efficient energy system with heating and cooling significantly based on it especially 

in urban areas. To fulfill its potential, DHC network should meet its future challenges. 

The challenges include reducing the grid losses and improving the introduction of low-

temperature DH solutions, renewable sources of energy and new energy technologies 

such as storages, heat pumps and waste incineration. Also, DHC network should be able 

to be integrated in future smart energy system consisting of integrated smart electricity, 

gas, fluid and thermal grids and cooling system. (Lund et al. 2014b). 

3.2 Heat Pumps 

3.2.1 Technology Description 

Heat pump is a mature technology which can be used for heating and cooling in both 

small-scale and large-scale applications. The operation of heat pumps in heating is that 

they draw input heat at a low temperature and convert it to output heat at higher 

temperature using external energy source in the process. The energy source can be either 

electricity in compressor heat pumps or high-temperature heat, such as steam, hot water 

or flue gas in absorption heat pumps. When a heat pump is used for cooling, the operation 

is reverse. Heat pumps can be named after the ambient heat source, for example ground 

source (GSHP), air source or water source heat pump (WSHP) (JRC 2012). 

 

The heat pump plants usually consist of multiple heat pump units. The structure of the 

plant enables relatively flexible operation for the plants as the plant is able to operate even 

during relatively small heat or cooling demands and the units may be started or shut down 

according to the demands. The heat pumps can be started very fast, with start-up times of 

less than an hour. Also, the start-up and operational costs are relatively low. (Finnish 

Energy & Valor 2016). 

 

However, constant start-ups may put strain on the heat pump system reducing the 

expected life-cycle of the heat pumps and increasing the amount of maintenances. In 

addition, the operational hours of the system are reduced decreasing the profitability of 

the investment. Furthermore, the efficiency of the heat pump may be relatively low during 

startups. Thus, heat pumps are most optimally utilized as base load production units. 

(Finnish Energy & Valor 2016). 

 

Heat pumps operate with high efficiency and can provide heat economically with low 

emissions. The energy efficiency of the heat pumps is expressed with coefficient of 

performance (COP) which describes the ratio between the useful heating or cooling 
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energy produced and the energy consumed in the process. The high efficiency of heat 

pumps is based on their ability to produce significantly more heat than the input energy 

consumed by the heat pump with COP ratios between 3-6 (Self et al. 2013). COP depends 

on for example the intake and output temperatures, the fluid used within the heat pump, 

system size and climatic conditions.  Typically, the electrically driven heat pumps operate 

at better COP ratios than the absorption heat pumps (JRC 2012).  

 

3.2.2 Community Energy Technology Perspective 

Large-scale heat pumps – especially used with heat storages – are considered highly 

suitable to be used with CHP plants and DH networks due to their ability to add flexibility 

to the energy production and optimize the structure and profitability of the production 

side. The flexibility of the heat pumps is based on optimizing its operation according to 

the energy demand and market conditions. For example, if the electricity prices are low, 

the heat pumps may be utilized with fast start-up times to produce heat to the thermal 

storage. (Finnish Energy & Valor 2016). 

 

On the other hand, the heat pumps may be utilized to optimize the operation of the CHP 

plants by adjusting the start-up moments so that the maximum load hours of the CHP 

plant are maximized. Furthermore, with heat pumps the usage of peak-load boilers may 

be decreased. Thus, heat pumps increase the profitability of the whole production system. 

The more large-scale the DH networks are, the greater the advantages of implementation 

of heat pumps are considered (Finnish Energy & Valor 2016). 

 

Heat pumps may utilize various renewable heat sources efficiently for heat or cooling 

production. The renewable heat and cool sources for the operation of heat pumps include 

geothermal or solar energy, external heat sinks such as water from river or sea. Also, other 

sustainable heat sources, such as various waste heat streams, MSW or industrial waste 

heat can be utilized as the energy source for heat pumps. (JRC 2012). These local heat 

sources also decrease the risks related to price volatilities (Finnish Energy & Valor 2016). 

Due to improved energy efficiency and the ability to utilize renewable and sustainable 

energy sources and waste heat streams for heating and cooling, heat pumps have major 

environmental advantages over conventional heating methods. (Self et al. 2013).  

 

The best benefits are achieved in big DH systems where heat pumps can be used to 

connect electricity, heating and cooling into the same system especially with combined 

heating and cooling heat pumps (CHCHP) that may produce both heating and cooling 

simultaneously. (Finnish Energy & Valor 2016) These advantages were also 

acknowledged in the case studies as both large- and small-scale heat pumps were given 

rather significant role in creating sustainable energy systems. The heat pump share of 

total DH production was estimated between 8-38% in the case studies considered in 

Section 2 whereas for example the Finnish Energy & Valor (2016) study estimates the 

potential in Finnish DH production at 9-13%. 

 

From cooling perspective, a study by Fahlén et al. (2012) represents multiple different 

future energy market and policy scenarios and compares absorption and compression 

cooling technologies. The study shows that even though compression cooling has 

technological advantages over absorption cooling, absorption cooling performs robustly 

better through different circumstances in reducing the CO2 emission cost-efficiently. The 

main potentials of absorption cooling are utilizing excess heat and increasing CHP 

generation during low heat demand periods stabilizing the production. Even though 
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absorption cooling increases DH demand significantly during summer times, the annual 

total demand remains relatively similar. Implementation of absorption cooling might 

affect heating and cooling system’s ability to respond to fast changes in demand which 

can be corrected with thermal storages (Fahlén et al. 2012). 

 

However, as a large-scale heat pump is implemented as a part of the DHC system, its 

suitability and profitability needs to be inspected with a separate feasibility study. The 

study should assess the spatial conditions, such as structures of local energy networks and 

the suitability and contribution of heat pumps to the system and the availability of heat 

sources.  In order the heat pump to be profitable, the heat source needs to be constant and 

suitable from its temperature, constantly available and located near the DH demand 

(Finnish Energy & Valor 2016). 

3.2.3 Economic Performance 

Even though beneficial in many ways, the main disadvantage is notably higher investment 

cost compared to conventional heating methods. According to Chen et al. (2012), a heat 

pump might cost 5-8 times more than an electric boiler indicating that the annual 

operating hours for the heat pump must be 3000-5000 h whereas more conventional 

methods are profitable with significantly smaller usage.  

 

On the other hand, Table 4 showed even more significant price difference in cost per 

energy between heat pumps and other technologies and also acknowledges high fixed 

O&M in the operation of heat pumps. Costs for some of the available large-scale 

technologies used for DH water supply are represented in Table 5 where the intake 

temperature stands for the temperature of the external heat source utilized by the heat 

pump. 
 

Table 5: Technological specifications and investment costs for available large-scale heat pumps. Adapted 

from JRC (2012). 

 

Table 5 indicates that both mechanical compression and absorption heat pumps are 

available in relatively large-scale applications and can be utilized to heat up DH water 

from relatively low temperatures. From COP perspective, the electrically driven 

mechanical compression pumps are significantly more efficient and more 

recommendable alternative. On the other hand, their investment costs are also moderately 

Type Heat source 
Intake-supply 
temperatures 

(oC) 

Capacity of 
heat 

generation 
(MW) 

COP 

Specific 
investment 

cost per heat 
output 

M€/MW 

Mechanical 
compression 

Ambient 
temperature 

Ambient - 80 1-10 2.8-3.5 0.5-0.8 

Mechanical 
compression 

Industrial 
waste heat 

35-80 1-10 3.6-4.5 0.45-0.85 

Absorption Flue gas from 
MSW or 
biomass 

plant 

40-80 2-15 1.7 0.15-0.2 

Absorption Geothermal 40-80 2-15 1.7 0.4-0.5 
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higher than in absorption heat pumps and they require electricity in order to operate. 

Therefore, the absorption pumps might be more viable alternatives if there are free or 

cheap heat streams available even though their efficiencies are around half of that in 

mechanical compression heat pumps (JRC 2012). Thus, the choice of proper heat pump 

depends on the availability and price levels of heat sources and electricity. 

 

As the costs of large-scale heat pumps represented in Table 5 are compared with other 

large-scale heating alternatives represented in Table 3, it is noticed that heat pumps are 

considered cost-effective from investment perspective to other large-scale heating 

alternatives. On the other hand, heat pumps only produce heating and cooling energy 

compared to CHP plants which can produce both heat and electricity. The electricity sales 

increase the cost-efficiency of CHP units in comparison to heat pumps. 

3.3 Solar Thermal 

3.3.1 Technology Description 

Solar energy is considered abundant as only one hour of solar radiation coming to the 

Earth contains enough energy to cover the total global energy consumption for a year. 

Also, solar applications are available in various scales for both electricity and thermal 

energy production (Thirugnanasambandam et al. 2010). As the energy and resources to 

create the solar radiation conversion devices are excluded from the consideration, energy 

produced with solar technologies is emission-free and does not contribute to global 

warming. Also, the energy is locally produced and is less contributed from geopolitical 

incidents than conventional energy technologies. Due to virtually limitless amount of 

available clean energy with many areas of utilization, solar technologies have a unique 

potential to meet a broad gamut of current energy demand. (Chen et al. 2012). 

 

From technological perspective, solar thermal technologies can be divided into 

concentrating and non-concentrating technologies. Non-concentrating technologies 

include flat-plate collectors (FPC) and evacuated solar tube collectors (ETC). FPC can be 

used when the required temperatures are rather low, up to 100 oC (Chen et al. 2012) above 

ambient temperature whereas ETC can provide higher temperatures, up to 350 oC (Hu et 

al. 2010). Concentrated solar power is most commonly utilized for power generation or 

high-temperature applications in areas with high level of direct solar irradiance (JRC 

2012).  

 

The energy output of non-concentrating thermal technologies is calculated with Equation 

2 (Solar District Heating-a). 

 

𝑃𝑐 = 𝐴𝑐 ∗ (𝜂0 ∗ (𝐺𝑏 ∗ 𝐾𝜃 + 𝐺𝑑 ∗ 𝐾60) − 𝑎1 ∗ (𝑇𝑚 − 𝑇𝑎) − 𝑎2 ∗ (𝑇𝑚 − 𝑇𝑎)2        (2) 

 

where 

𝑃𝑐 energy output from solar collectors 

𝐴𝑐 solar collector area 

𝜂0 collector maximum efficiency if there are no heat losses 

𝐺𝑏 direct solar radiation on solar collector 

𝐺𝑑 diffuse solar radiation on solar collector 

𝐾𝜃 incidence angle modifier (IAM) 

𝐾60 IAM for diffuse radiation 

𝑎1 thermal loss coefficient 1 
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𝑎2 thermal loss coefficient 2 

𝑇𝑚 mean collector fluid temperature 

𝑇𝑎 ambient air temperature 

 

The share of the irradiation reflected at the solar collector surface is not constant but it 

depends on the incidence angle of the solar irradiation. In Equation 2, 𝐾𝜃 stands for IAM 

which is used to account for this. IAM is typically given by the manufacturer at different 

angles or it can be calculated according to Equation 3. (Solar District Heating-a).  

 

𝐾𝜃 = 1 − 𝑏0 ∗ (
1

cos 𝜃
− 1)           (3) 

 

 

where 

𝑏0 constant provided by manufacturer 

𝜃 incidence angle on collector plane 

 

𝐾60 stands for IAM for the diffuse irradiation which comes from all angles between 0o 

and 90o and thus average value 𝜃 = 60o is utilized. From Equation 2, it is noticed that in 

order to maximize the energy output of a solar collector, the collector area, optimal 

efficiency, encountered direct and diffuse solar radiation, IAM and the difference 

between ambient and collector fluid temperature need to be maximized and thermal loss 

coefficients of the collector need to be minimized. (Solar District Heating-a). 

 

Apart from supply temperature, the main differences between FPC and ETC consider 

costs and efficiencies. From efficiency perspective, the design of ETC allows most of the 

absorber area to be at more optimal angle to the radiation than in FPC resulting in more 

reflection losses in FPC in morning and afternoon hours. Thus, the daily efficiencies are 

higher in ETC (Zambolin, Del Col 2010).  As the annual efficiencies were compared in a 

case study in temperate climate by Ayompe et al. (2011), the more efficient performance 

of ETC was even more evident, especially during summer time. The annual energy output 

per area with ETC was 37% higher than with FPC with the most significant differences 

of more than 50% during period May-September. 

3.3.2 Economic Performance 

Even though the ETC systems were able to perform with notably better efficiency, FPC 

systems performed better in life-cycle costs analysis due to lower investment costs. In the 

study, ETC was estimated to be 13% more expensive than FPC from investment costs. 

Even though the case study in temperate climate showed that FPC systems was able to 

perform better from cost perspective than ETC, there is no clear answer to which one of 

them is the most recommendable alternative. The choice of optimal collector depends on 

individual characteristics, such as the supply temperature required, radiation and local 

weather conditions (Ayompe et al. 2011). 

 

The quantity and quality of solar radiation changes with time. Radiation can only be 

acquired during daytime and its quantity is larger during summer time. However, the 

demand for heating energy is concentrated for the mornings and evenings and is higher 

during winter times. Therefore, to add value to the solar applications, both short- and 

long-term storages are recommended to be used with them. The concept is to collect the 

excess solar energy during summer or daytime to the storage during low demand times 

and supply the stored heat during the higher times of demand. (Chen et al. 2012) 
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The solar thermal technologies have shown significant potential and received the largest 

investments from any renewable or Cleantech technology in Europe and the US. Due to 

the investments and learning curve effects, the costs for solar thermal technologies have 

decreased significantly during latest decades (Chen et al. 2012). However, the solar 

thermal applications are still considered expensive as for example the price of FPC system 

is 440 €/m2 without thermal storage not including the prices for the site the system 

requires. The space required for the site might be significantly sizeable as the largest FPC 

installations in Europe exceed 30 000 m2 (Solar District Heating-b). Implementation of 

thermal storage increases the costs to around 480 €/m2 resulting in less than 10% increase 

in investment costs. (JRC 2012). 

 

The energy output of the solar thermal applications depends on the variables represented 

in Equation 2 with solar irradiation as a variable. As the level of solar irradiation differs 

spatially, the profitability of solar thermal changes accordingly. This was indicated in 

Figure 6 where the solar thermal applications had the widest leveled cost of energy ranges 

of any considered technology. Figure 6 also indicated that at the current price levels, solar 

thermal may be cost-effective alternative in domestic appliances in some regions. 

However, the average LCOE was the highest of any considered technology indicating 

solar thermal is not recommendable from cost perspective. Also studies by Bauer et al. 

(2010), Ayompe et al. (2011) and Lindenberger et al. (2000) state that solar thermal 

applications are not economically viable even with the thermal storage attached.  

3.3.3 Community Energy Technology Perspective 

From heating perspective, solar energy can be used in small-scale and low or medium 

temperature applications with for example solar driers, cookers or water heaters 

(Thirugnanasambandam et al. 2010) ending up with solar thermal energy plants with 

capacity of several hundreds of megawatts (Chen et al. 2012).  

 

As the temperatures of DH supply water are around 70-90 oC (Chen et al. 2012), FPC can 

be utilized in solar assisted DH as well as evacuated solar tube collectors (ETC) (Bauer, 

Marx et. al 2010, Solar District Heating-a) which is a non-concentrating technology that 

can provide higher temperatures, up to 350 oC (Hu et al. 2010). If the temperatures 

provided with non-concentrating means are not sufficient, concentrated solar power is 

used instead (Duffie & Beckman 2013).  

 

Even though solar heating technologies have some disadvantages, according to Chen et 

al. (2012) the solar applications show a lot of potential, they have seen major process in 

the core issue of materials development due to global technology research and have 

reached sufficient technological maturity for large-scale market penetration. They state 

that one needs to conduct feasibility studies to determine the geographical needs and long-

term goals and cost considerations for solar thermal systems and set favorable market 

incentives to support their commercialization. According to Chen et al. (2012) solar 

energy technologies will play a significant role in future energy portfolios regardless the 

applications. 

 

Apart from costs and the required site, the disadvantages in solar technologies include 

dependence on possibly unpredictable weather patterns, toxic and expensive materials 

used in energy conversion requiring special disposal treatment and questions over 

technological maturity (Chen et al. 2012). The solar efficiencies are still relatively low 

and need to be improved with for example material development (Chen et al. 2012, Bauer 
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et al. 2010). Also, in solar technologies, the heat conversion is dependent on solar 

irradiation which differs spatially which is represented in Figure 10.  

 

 
Figure 10: Solar irradiation at optimal angle in the EU (Connolly et al. 2013) 

 

Figure 10 points out that the Northern and Central Europe, where the demand for space 

heating is typically high, get the least of solar irradiation at an optimal angle whereas the 

Southern Europe with lower space heating demand receive a lot more of it. Thus, Figure 

10 indicates that at least in Europe, the demand and availability for thermal heating might 

not meet in spatial sense making its large-scale exploitation even more questionable. 

However, the largest user of solar assisted DH in Europe are Denmark, Sweden, Germany 

and Austria which are all located in non-optimal areas in Figure 10 (Solar District 

Heating-b).  

 

3.4 Thermal Energy Storages 

3.4.1 Technology Description 

The heating demand may change during a day or between following days creating 

challenges for production side. Thermal energy storage is a technology that enables 

stocking thermal energy by either heating or cooling a storage medium so that the stored 

energy may be utilized at a later time. As TES can be charged during low thermal energy 

demand and discharged during peak demand, it helps creating balance to the heating and 

cooling system and can increase its overall efficiency. Also, implementing TES may 

reduce peak demand, CO2 emissions, costs and energy consumption (IRENA 2013, 

Cabeza 2015).  

 

The potential heating energy savings in Europe with TES is estimated at 953 TWh 

corresponding to 8% of the total heating energy consumption (Cabeza 2015). In addition, 

as various renewable energy streams can be utilized and stored in the form of thermal 
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energy, TES helps increasing the amount of renewables used in the energy system. TES 

in particularly useful when utilizing fluctuating forms of renewable energy, such as solar 

and wind with which energy can be stored when excess energy is available (IRENA 

2013). From technological perspective, there are three types of TES available – sensible 

heat, latent heat and thermochemical storage. These types differ by the method how 

energy is stored into and extracted out from the storage. 

3.4.1.1 Sensible heat storage 

Sensible heat occurs when the temperature of the storage medium is either increased or 

decreased to which both storing and supplying heat in sensible heat storages is based on. 

The amount of stored energy is calculated with Equation 4 (Cabeza 2015). 

 

𝑄 = 𝑚 ∗ 𝑐𝑝 ∗ ∆𝑇            (4) 

 

where 

𝑄 the amount of heat stored in the material (J) 

𝑚 the mass of storage material (kg) 

𝑐𝑝 the specific heat of the storage material (J/(kg*K)) 

∆𝑇 the change in temperature (K) 

 

Thus, the amount of heat stored in the TES is directly proportional to the mass of the 

storage material and its specific heat and the change of temperature. As Equation 4 

proposes, the desired properties for a suitable storage material include are high density, 

specific heat and thermal conductivity and also for example vapour pressure, chemical 

stability and compatibility with container materials. Also, from economical perspective, 

the storage material is required to be cheap and abundantly available. Thus, most 

commonly either liquid or solid storage materials, such as are water, air, oil, bedrock, 

brick or concrete are utilized in sensible heat storages with each of the materials having 

their own advantages and disadvantages (Cabeza 2015).  

 

Conventional sensible heat storage, hot water tank, is considered a mature technology 

with thermal super insulation as its main R&D topic. More modern technologies, such as 

large seasonal water storage and underground thermal energy systems and high 

temperature liquids and solids are still at earlier phases of maturity and require R&D 

before full-scale commercialization. The most significant barriers are high costs and low 

capacity and main R&D topics are materials and system integration. (Eames et al. 2014). 

3.4.1.2 Latent heat storage 

Latent heat storages are based on the energy released or absorbed in the phase transition 

of the storage medium. The phase transition most commonly used is solid-liquid with 

melting and solidification of the medium. As the medium is solidified, the heat is stored 

to the medium and released as the medium is melted. The amount of heat stored in latent 

heat storages is calculated with Equation 5. (Cabeza 2015). 

 

𝑄 = 𝑚 ∗ ∆ℎ            (5) 

 

where 

𝑄 the amount of heat stored in the material (J) 

𝑚 the mass of storage material (kg) 

∆ℎ the phase change enthalpy of the storage material (J/kg) 
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The storage materials used in the latent heat storages are called phase changing materials 

(PCM) and their desired physical properties include small volume change, high density, 

low vapor pressure, favorable phase equilibrium and appropriate melting temperature. 

From chemical perspective, the material requirements are long-term chemical stability 

and compatibility with the construction materials and being non-toxic. From economic 

perspective, the material is required to be cost-effective and abundantly available. Due to 

these characteristics, the most commonly used PCM is water stored as ice in cold storages. 

Other commonly used materials include for example water-salt solutions, salt hydrates, 

paraffins and metalloids (Sharma et al. 2009, Cabeza 2015). PCM storages can store up 

to 5-14 times more heat per unit volume in comparison to sensible heat storages and 

unlike sensible storages, PCM absorb and release heat at nearly constant temperature 

(Sharma et al. 2009).  

 

Conventional latent heat storage using ice is considered a mature technology with main 

R&D topic being ice production. Cold storages using other materials and passive cooling 

buildings are at earlier phases of maturity with high costs and technological performance 

as their main barriers and materials as their main area of R&D. High temperature PCM 

using waste heat is still under development with lower costs, higher capacities and 

materials and PCM container development required before any market penetration 

(Eames et al. 2014). 

3.4.1.3 Thermochemical energy storage 

Thermochemical energy storage is based on reversible chemical reactions with high 

energy involved where energy is either absorbed or released through breaking or 

reforming the chemical bonds of the thermochemical storage material (Sharma et al. 

2009). The fundamentals of thermochemical energy storage are represented in Figure 11. 

 

 
Figure 11: The operating principles of thermochemical energy storage (Abedin & Rosen 2011) 

 

According to Figure 11, the storage is charged by using energy from an external heat 

source to dissociate the storage material C into reaction products A and B which are stored 

separately. The products can be stored at ambient temperatures resulting in no thermal 

losses. The storage is discharged in a reverse reaction where A and B are combined in a 

chemical process releasing heat and producing thermochemical material C. The heat can 

be used for heating purposes and the regenerated component C can be utilized again in 
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the cycle. There are no limitations on the phases in of either the thermochemical C or 

reactants A and B, but most commonly C is either solid or liquid. The chemical reactions 

in thermal storages are represented in Equations 6 (charging) and 7 (discharging) (Abedin 

& Rosen 2011). 

𝐶 + ℎ𝑒𝑎𝑡 ↔ 𝐴 + 𝐵           (6) 

𝐴 + 𝐵 → 𝐶 + ℎ𝑒𝑎𝑡           (7) 

 

Thermochemical storages are used at high temperatures of over 400 oC and typically have 

higher reaction enthalpy, better energy conversion and storage performance efficiency 

than sensible or latent heat storages (Cabeza 2015). Even though showing potential in 

many senses, all of the thermochemical storage technologies are still at very early phases 

of maturity with high costs and system complexity as their most significant barriers 

(Eames et al. 2014). The process needs development in engineering the storage into a 

practical system in terms of reaction temperature, heat transfer characteristics and flow 

properties. Also, thermochemical materials require R&D over cycling behavior in terms 

of reaction rate, reversibility of the reaction and degradation over time, corrosiveness and 

toxicity. (Abedin, Rosen 2011).  

 

3.4.2 Economic performance 

The technological and economic performance of different kinds of TES systems is studied 

in Table 6 where h=hour, d=day, w=week, m=month. 

 
Table 6: Comparison between different kinds of TES systems. Adapted from IRENA (2013). 

 

As the technologies in Table 6 are compared, it is noticed that sensible hot water storage 

shows the worst performance of all available technologies in terms of capacity per unit 

mass and thermal efficiency. Despite the worst technological performance, it is clearly 

the most cost-effective alternative per energy output, available in both smallest- and 

largest-scale applications and also shows the most potential for long-term or seasonal 

thermal storages. Due to these advantages, especially from financial perspective, and high 

level of technological maturity (Eames et al. 2014), the sensible hot storage seems 

currently the most recommendable alternative for sustainable energy systems. 

 

The economics of the TES system also depend notably on the number and frequency 

storage cycles which is studied in Table 7 representing a cost comparison between 

different TES as a function of annual storage cycles. Table 7 has been calculated by 

IRENA (2013) assuming a thermal storage with capacity of 100 kWh, thermal energy 

price of 0.05 €/kWh and payback period of 5 years. 

 

TES System 
Capacity 
(kWh/t) 

Power 
(MW) 

Efficiency 
(%) 

Storage 
period  

(h, d, w, m) 

Cost 
(€/kWh) 

Sensible (hot water) 10-50 0.0001-10 50-90 d-m 0.1-10 

PCM 50-150 0.001-1 75-90 h-w 10-50 

Chemical reactions 120-250 0.01-1 75-100 h-d 8-100 
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Table 7: Economic viability of TES systems as a function of the number of storage cycles per year  

(IRENA 2013) 

 
Cycles per 

year 

5-year 
energy 
savings, 

kWh 

5-year 
economic 
savings, 

€ 

Investment 
cost, 

€/kWh 

Seasonal storage 1 500 25 0.25 

Daily storage 300 150 000 7 500 75 

Short-term storage  
(3 c/day) 

900 450 000 22 500 225 

Buffer storage  
(10 c/day) 

3 000 1 500 000 75 000 750 

 

According to Table 7, both the energy and economic savings increase linearly according 

to the annual storage cycles. The specific 5-year energy savings are 500 kWh/cycle and 

economic savings 25 €/cycle. With seasonal and daily storage methods, the 5-year 

economic savings are very small indicating that more short-term storages are more 

recommendable alternatives from cost perspective.  

 

With seasonal storage of 1 cycle per year, the economic savings are very small resulting 

in (affordable) investment costs of 0.25 €/kWh whereas with more frequent storage 

cycles, the (affordable) investment costs are more than 75 €/kWh. As the investment costs 

are compared between Table 6, Table 7 indicates that only sensible heat storages are 

economically viable as seasonal thermal storages and more short-term storages support 

using also latent heat and thermochemical energy storages. 
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3.4.3 Community Energy Technology Perspective 

As the TES are used together with other community energy technologies, their role is to 

optimize the operation and reduce the costs of the production side. In CHP-based DH 

system, the thermal plants typically consist of CHP unit and one or more peak load 

boilers. The configuration of the system depends on the heat demand duration curve as 

the maximum power operating hours of CHP are being maximized in order to minimize 

the payback time of the relatively expensive production unit. In Southern European 

countries, CHP plants are often designed to cover 40-50% of the maximum load whereas 

in Northern European countries the percentage is higher, for example around 80% in 

Denmark. Figure 12 represents the simulated effect of TES system on daily heat load with 

various TES capacities in Turin DH network. (Verda & Colella 2011). 

 

 

 
Figure 12: Daily heat load with various TES capacities (Verda & Colella 2011) 

 

Figure 12 shows that without TES system, both the peak heat load and the daily variations 

in the daily heat demand are notably high in comparison to cases where TES is 

implemented. With storage tanks, the heat load curve is flattened as the tank is charged 

during low demand between 23-5 h and discharged during peak load between 8-11 h. The 

heat demand between 11-23 h is relatively constant and the heat load curve is rather 

similar between all three cases. Using the storage system, the peak load decreases by 100-

200 MW corresponding to 17-33% decrease in comparison to the case of no storage tank. 

(Verda & Colella 2011). 

 

Without storage systems, the peak load in Figure 12 can only be produced using peak 

load boilers (Verda & Colella 2011) which is expensive as the boilers most commonly 

use fossil fuels associated with high energy or carbon taxes (Cabeza 2015). Thus, Figure 

12 indicates that with TES systems, it is possible to decrease both boiler investment costs 

by installing peak load boilers with smaller capacities and variable costs by decreasing 

their usage and the benefits of TES system are the greater the bigger the storage capacity 

of the tank is. Obviously, implementing TES system and increasing its capacity increases 

investment costs. However, Verda & Colella (2011) calculated that with the 

implementation, primary energy consumption can be decreased by 12% and total costs 

by 5%.  
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4 Analytical Approach on the Community Energy 
Production Optimization 

In this section, the optimization problem is formulated and analytical approach on solving 

the problem is represented. The aim of this section is to represent an analytical 

optimization method including the boundaries of the optimization model, optimization 

objective and key assumptions. The represented analytical optimization method is utilized 

in Section 5 to optimize the production side of the examined community. 

4.1 Optimization Model 

The configuration and limits of the optimization model are described in Figure 13.  

 

 
Figure 13: The configuration and limits of the optimization model 

 

As Figure 13 points out, the optimization model consists of 4 main components: 

production and demand sides, storage units and electricity market. The production side 

consists of cooling, heating and electricity production units. As the research scope of the 

thesis is to study sustainable community heating and cooling systems, the possible 

electricity production within the simulated model is restricted to the electricity produced 

with CHP plants and no other electricity production alternatives are studied. This is 

illustrated in Figure 13 by grouping heat and electricity production units into one.  

 

From production side and storage perspective, all production units are allowed to either 

produce energy to cover the corresponding demand directly or into an energy storage unit 

if there is a unit available for the specific form of energy. On top of that, electricity 

production unit is connected to the national electricity market and it is allowed to sell 

excess electricity there. However, the community is simulated isolated from heating and 

cooling perspective indicating that even if excess heating or cooling energy was available, 

it cannot be sold out of the system. 

 

Also, in Figure 13 it is illustrated that if such production units that require electricity as 

external energy source for energy production are implemented in the system, there may 

be electricity demand in the production side. These units may either utilize the energy 

produced within the production side or import electricity from the electricity markets to 

cover their own electricity demand. As a result, if for example electric heat pumps or 
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electric chillers are implemented in the system, there may also be electricity demand in 

the production side increasing the overall electricity demand of the system. Thus, the 

overall electricity demand of the system may differ depending on the implemented 

production units whereas heat and cooling demand are constant in all scenarios. 

 

The demand side consists of cooling, heating and electricity demand all of which must be 

fulfilled. As the simulated community is assumed to be isolated from heating and cooling 

perspectives, no external energy can be brought into it. Thus, all of the heating and 

cooling demand must be covered with the own production units of the system. However, 

electricity can be bought from the electricity market if the production units are not capable 

of covering the electricity demand of the system. 

4.2 Optimization Objective 

In this study, the objective in the optimization is to find the specific production side 

configuration that minimizes the present value of the life-cycle costs for the implemented 

energy production units with the capacities of the production units in the configuration as 

the decision-making variables.  

 

Relatively similar optimization problem of finding the optimal coefficient of the share of 

cogeneration in district heating systems has been studied by Gładysz & Ziębik (2013). 

According to the study, the capacity of the base load unit in cogeneration must not be 

chosen to cover the maximum heat demand but the optimum capacity to minimize the 

life-cycle costs may be calculated according to heat demand duration curve. Thus, 

according to the study, there is an optimal coefficient of the share of cogeneration which 

may be calculated according to the local characteristics which is formulated in this 

section. 

 

The analytical approach is represented in Equation 8 where the optimization objective 

and optimization variable are represented.  

 

                min ∑ 𝐶𝑖(𝑥𝑖)
𝑛
𝑖=1          (8) 

 

𝑠. 𝑡. 

For heat-only appliances: 𝐶(𝑥) = ∑
𝐼(𝑥)+𝐹𝐶(𝑥)+𝑉𝐶(𝑃ℎ𝑒𝑎𝑡(𝑎))−𝑅𝐻𝐼(𝑃ℎ𝑒𝑎𝑡(𝑎))

(1+𝑟)𝑎
𝑛
𝑎=0  

 

For cool-only appliances: 𝐶(𝑥) = ∑
𝐼(𝑥)+𝐹𝐶(𝑥)+𝑉𝐶(𝑃𝑐𝑜𝑜𝑙(𝑎))

(1+𝑟)𝑎
𝑛
𝑎=0  

 

For heat and electricity cogeneration appliances :  

𝐶(𝑥) = ∑
𝐼(𝑥) + 𝐹𝐶(𝑥) + 𝑉𝐶(𝑃ℎ𝑒𝑎𝑡(𝑎)) − 𝑅𝐻𝐼(𝑃ℎ𝑒𝑎𝑡(𝑎)) − 𝐸𝑆(𝑃 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦(𝑎))

(1 + 𝑟)𝑎

𝑛

𝑎=0

 

 

For heat and cool cogeneration appliances: 

 𝐶(𝑥) = ∑
𝐼(𝑥)+𝐹𝐶(𝑥)+𝑉𝐶(𝑃𝑐𝑜𝑜𝑙(𝑎))−𝑅𝐻𝐼(𝑃ℎ𝑒𝑎𝑡(𝑎))

(1+𝑟)𝑎
𝑛
𝑎=0  

 

 

𝑃𝑖,𝑗 = ∑ 𝑝𝑖,𝑗(ℎ)

8760

ℎ=0
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∑ 𝑝𝑖,ℎ𝑒𝑎𝑡(ℎ) ≥ 𝐷ℎ𝑒𝑎𝑡(ℎ)

𝑛

𝑖

 

∑ 𝑝𝑖,𝑐𝑜𝑜𝑙(ℎ) ≥ 𝐷𝑐𝑜𝑜𝑙(ℎ)

𝑛

𝑖

 

∑ 𝑝𝑖,𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦(ℎ) + 𝐼𝑀𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦(ℎ) ≥ 𝐷𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦(ℎ)

𝑛

𝑖

 

∀ 𝑖, 𝑗, ℎ ∶  𝑝𝑖,𝑗(ℎ) ∈ [0, 𝑥𝑖,𝑗] 

∀ 𝑖, 𝑗 ∶  𝑥𝑖,𝑗  ∈ [0, 𝐷𝑗,𝑚𝑎𝑥] Λ ∑ 𝑥𝑖,𝑗

𝑛

𝑖=1

≥ 𝐷𝑗,𝑚𝑎𝑥 

where 

 

𝐶 life-cycle costs 

𝑖 indices for a specific production unit i (i=1,2,3…,n) 

𝑥 energy production capacity of a specific production unit 

𝑎 year of simulation (annum) 

𝑟 interest rate 

𝐼 investment costs 

𝐹𝐶 fixed costs 

𝑉𝐶 variable costs 

𝑅𝐻𝐼 renewable heat incentive 

𝐸𝑆 electricity sales of the unit 

𝑗 indices for a specific type of energy (j={heat, cool, electricity}) 

𝑃𝑗 total heat/cooling/electricity production of the specific unit in a year 

ℎ hour of simulation 

𝑝𝑗 heat/cooling/electricity production of a specific unit in a specific hour 

𝐷𝑗  total heat/cooling/electricity demand in an hour 

𝐼𝑀𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 electricity imported from the national grid to the system 

 

As Equation 8 proposes, the life-cycle costs are calculated by discounting the annual total 

costs where investment, fixed O&M costs and variable costs (including fuel, electricity 

and variable O&M costs) are acknowledged. The investment and fixed costs are 

dependent on the capacity of the implemented unit whereas the variable costs are 

dependent on the total production by the unit. 

 

The government of the Great Britain supports renewable heating technologies through 

Renewable Heat Incentive (RHI) scheme (DECC 2013). If a specific production unit is 

considered in the scheme, the subsidies will be considered as profit for the unit reducing 

the total life-cycle costs. Similar scheme is not available for renewable heating. Also, the 

electricity sales by a CHP unit will be considered as profit (or more specifically, a 

negative cost) for the unit. 

 

The constraints in the system are that the production units must be able to cover all 

heating, cooling and electricity demands at every hour and that the capacity of each unit 

is limited between 0 and the maximum demand. 
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4.3 Optimization Assumptions 

4.3.1 General Assumptions and Data Sources 

The optimization is done using a real British community where a feasibility study 

concluding CHP and DHC as suitable and cost-efficient heating and cooling methods has 

been conducted. The limits and the description of the optimization model were 

represented in Figure 13. 

 

The life-cycle for all of the considered plants is estimated at 25 years with construction 

time of 2 years. Thus, the total simulation period is 27 years with the plants being able to 

produce heat and profits for the first time at the third simulation year. The investment 

costs are divided between the first two years so that two-thirds of the investments are paid 

during the first construction year and the remaining one-third during the second year. 

After that the only considered fixed costs are fixed O&M costs and more sophisticated 

financial cash flow analyses, including for example dividends, amortization, depreciation, 

instalment of loans, et cetera are excluded from the consideration. 

 

Even though the elements to create a cost-effective and sustainable heating system 

described in Section 2 was based on combining heat savings together with a strategy to 

replace fossil fuels with renewables, in this study no heat savings are considered as there 

are no large-scale energy renovation plans within the community. On the other hand, there 

are no significant new building operations to increase the demand. Thus, the heat demand 

and consequently, the heat production is considered constant at annual level throughout 

the simulation period. 

 

There are 3 main data sources for the optimization, first of which is the cost and 

technological performance data for the production units based on project experience by 

Greenfield Consulting (2017) which is described further in Appendix 1. The data has been 

compared to Table 3 and Table 4 and is considered characteristically similar to it. The 

data used is engineering, procurement, construction (EPC) cost including all of the life-

cycle costs from different phases of the power plant. The EPC costs start from the design 

phase, end up at the initial decommissioning and include for example all engineering, 

maintenance, purchasing, management related costs as well as technological systems. 

 

The second major data source is the fuel, electricity and CO2 cost data based on 

predictions by DECC with the climate change levy included in all prices used in the 

calculations (2015a, 2015b). The DECC price predictions are inflation corrected. The 

optimization is conducted using the ‘reference’ scenario but the different price scenarios 

are considered in the sensitivity analyses. The aim is to exclude the CO2 costs from the 

optimization process and to study their effect on the cost-optimal solutions in the results 

section. DECC prices are described in Appendix 2. 

 

The third and last major data is the demand side data of the optimized community based 

on information received from the local authorities. All of the represented demand data 

include heating and cooling network and electricity grid losses. Heat network losses are 

estimated at 5% and whereas both the electricity grid losses and the cooling network 

losses are estimated at 1%. The interest rate is estimated at 3%. 
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4.3.2 Cost Allocation in Cogeneration Units 

In this study, two different cogeneration units are examined with different cost allocation 

methods. The first of the examined cogeneration units is CHP that can produce power and 

heat simultaneously. In the study, it could be argued that for the CHP unit, the heat is 

clearly the dominating product whereas the electricity is a secondary product as the 

primary target of the production side is to cover heat and cooling demand with the 

possibility to buy the required electricity from the grid. Thus, according to the section 

3.1.2.4, the proper strategy for CHP units could be the marginal cost method. 

 

However, the scope of this thesis is to study the cost-effectiveness of various heating and 

cooling technologies in the examined community and not to study the profitability of 

separate heating and electricity sectors. In order to most conveniently study the cost-

effectiveness of the CHP unit in comparison to other alternatives, the separate electricity 

production sector has been excluded from the consideration and all the costs and profits 

have been allocated to the heat sector of the CHP unit. This indicates that the heat sector 

is responsible for all electricity-related investment and operation costs but also is justified 

to all the profits the electricity sector makes. With this allocation, the overall economic 

performance of the CHP unit is most easily comparable between other technologies. 

 

The other cogeneration unit in this study is the combined heating and cooling heat pump 

which may produce heat and cooling simultaneously. Even though the benefit allocation 

and marginal cost allocation may be the most recommendable alternatives from the 

commercial perspective, the variables affecting the allocations are difficult to estimate. 

Thus, in CHCHP units, the costs are allocated according to the exergy method by dividing 

the estimated energy output of the specific production sector with the total energy output 

of the unit. 

4.4 Optimization Method 

The aim of the analytical optimization process is to create indicative insights on the cost-

optimal configuration structure for heat and cooling production by studying the cost-

optimal capacity for the base load units. The analytical optimization method is based on 

inspecting LCOE curves of the considered production technologies and optimizing their 

capacities using the demand curve of the studied community. With the analytical 

approach, it is possible to exclude various heating and cooling technologies from the cost-

optimal consideration if the LCOE curves of a specific technology is dominated by 

another. 

 

The analytical optimization method is represented using an imaginary community with 

annual heat demand of 26.9 MW and peak load demand of 10 MWh. The duration curve 

for the heat demand of the imaginary community is represented in Figure 14. 
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Figure 14: The heat demand duration curve of the imaginary community with an estimated (trial) optimal 

solution represented 

 

First, a trial solution is created based on the shape of the duration curve. Due to the shape, 

we create an estimate that the cost-optimal production structure is a base load unit with 2 

MW capacity and peak load unit with 8 MW capacity represented in Figure 14. Because 

of the properties of the LCOE and the optimization assumption of life-cycle of 25 year, 

the total life-cycle costs in the system represented in Figure 14 may be calculated through 

equation 9. 

 

∑ 𝐶𝑖(𝑥𝑖)
𝑛
𝑖=1 = 𝐶𝐵𝐿(𝑥𝐵𝐿) + 𝐶𝑃𝐿(𝑥𝑃𝐿)        (9) 

= 25 ∗ ( ∫ 𝑓𝐵𝐿(𝑥𝐵𝐿)𝑑𝑡 ∗ 𝐿𝐶𝑂𝐸𝐵𝐿(𝑥𝐵𝐿)

8760

0

+ ∫ 𝑓𝑃𝐿(𝑥𝑃𝐿)

𝑡

0

𝑑𝑡 ∗ 𝐿𝐶𝑂𝐸𝑃𝐿(𝑥𝑃𝐿)) 

 

where 

𝑓𝑖 function i in the duration curve in Figure 14 

𝑃𝐿 peak load unit 

𝐵𝐿 base load unit.  

 

Thus, the aim is to find the proper capacities x and the proper intersection point t that 

minimize the total life-cycle costs of the system. The t is measured with the load factor 

which stands for the number of hours that the base load is run at full capacity whereas the 

peak load unit is run at full capacity only at the intersection point t. The trial solution 

capacities in Figure 14 result in load factor of 
6085

8760
≈ 69% for the base load unit. Thus, 

according to the load factor, the base load unit would be run at full capacity for 6085 

hours a year. 

 

However, the trial solution might not be cost-optimal and therefore its configuration is 

studied further by studying the LCOEs with the trial design capacities. LCOE is 

calculated according to Equation 1 where the life-cycle costs of the unit are divided by 

the cumulative energy output of the unit. In Equation 1, the total life-cycle costs consist 

on the fixed costs, such as investment and fixed O&M costs and variable costs, such as 

fuel and variable O&M costs. In addition to Equation 1, in this thesis, if a CHP unit is 

able to produce electricity, the electricity sales are considered a negative cost for the unit.  
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As the total life cycle costs are divided by the total energy output by the unit, the LCOE 

of the unit is strongly dependent on its proper design capacity as if the energy output is 

not sufficient in comparison to fixed and variable costs, the LCOE of the unit will 

increase. The aim is to maximize the profitability of the base load unit by maximizing its 

maximum output hours (Verda & Colella 2011) and finding the optimal coefficient of the 

share that minimizes its life-cycle costs Gładysz & Ziębik (2013). 

 

The LCOE curves of two imaginary peak load units A and B and an imaginary base load 

unit C are plotted in Figure 15 as a function of the load factor with the capacities of the 

trial solution in Figure 14. 

 

 
Figure 15: The LCOE curves of the trial solution as a function of the load factor with intersection of 

production units B and C marked up with X 

 

Figure 15 indicates that production units A and B are characteristically similar but in this 

scenario, unit B has lower LCOE with any load factor than unit A. Thus, the production 

unit A is dominated by production unit B and may be excluded from the consideration 

and the cost-optimal production side configuration will consist of production units B and 

C.  

 

As the LCOE curves of the units C and B are compared between one another, it is noticed 

that the LCOE curves intersect at point X with the load factor of 52% Thus, if the base 

load unit C operated at maximum capacity for less than 52% of the annual hours, its 

operation would not be cost-optimal but becomes cost-optimal at that point. Therefore, 

the cost-optimal share of production with the capacities of B=8 MW and C=2 MW, would 

be to run the base load unit C at full capacity for 52% of the hours and produce the rest 

of the heat with peak load unit B, 

 

However, in Figure 14, this configuration would result in load factor of 69% with the 

examined duration curve indicating that the configuration is not optimal in this scenario 

given the demand duration curve characteristics. Thus, the configuration needs to be 
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iterated to get the optimal solution to this scenario. The iteration is described further in 

Figure 16. 

 

 
Figure 16: Iterating the potentially optimal solution from Figure 15 to the duration curve 

 

In Figure 16, the load factor was set according to Figure 15 at 52% resulting in the 

intersection at 0.52 ∗ 8 760 ≈ 4 556 hours. According to the load factor, the capacities 

are set at 2.7 MW for production unit C and 7.3 MW for production unit B which differs 

from the original trial solution. Thus, the result in Figure 16 becomes the new trial 

solution. The next step in the optimization process would be to calculate the LCOE curves 

for the new trial solution with new design capacities determined in and to define the new 

cost-optimal load-factor similarly as in Figure 15. If the load factor determined by the 

LCOE curves differs again from the 52%, the new load factor would be utilized to 

determine new design capacities for a new trial solution.  

 

Thus, an iterative process is createad to determine the optimal design capacities and the 

corresponding load factor to minimize the life-cycle costs. The iterative process is ready 

whrm the intersection load factors and design capacities are the same in both the demand 

duration curve and the LCOE figure. The iteration process is thus able to optimize the 

life-cycle production costs given the characteristics of the community-specific demand 

duration curves and the LCOE curves of specific technologies with specific capacities. 

The iteration process is represented in Figure 17. 
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Figure 17: Optimization process description 

 

Even though LCOE is simple metric for evaluating and comparing the cost-

competitiveness of different technologies, it is considered imperfect and strictly valid 

only when comparing technologies serving the same segments of the duration curve, for 

example different base load technologies. However, the technologies serving different 

segments of the duration curve operate at different capacity factors and therefore it is not 

able possible to calculate the exact cost of production only with the LCOE curves. Also, 

studying the cost-effectiveness of intermittent resources, such as solar thermal, is difficult 

with the described method. (Jean et al. 2016). Thus, the optimization process may only 

be utilized to create indicative findings to be utilized and validated in the simulation-

based method in Section 6.  
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5 Production-Side Optimization with the Analytical 
approach  

In this section, optimization of the production side configuration in the studied 

community is examined using the analytical method represented in Section 4 and the 

technologies studied in Section 3. The aim of this section is to study the economic 

feasibility of individual production technologies and to create indicative findings of the 

potentially cost-optimal production side configuration with the analytical method. The 

findings made with the approach are used as a starting point for the Section 5 where the 

production side configuration is optimized in a simulation-based process. 

 

Heat production units are divided into two groups – fossil fuel and low-carbon 

technologies – according to the source of energy used in the production unit. Fossil fuel 

technologies considered are CHP plants, boilers and fuel cells using gas as the primary 

fuel and the low-carbon alternatives include biomass boilers and CHP plants, heat pumps, 

solar thermal and MSW CHP plants. All low-carbon technologies are considered base 

load units that cannot adapt to very fast changes in heat demand and thus, cannot operate 

as peak load units. Cooling production technologies are examined as one group including 

electric and absorption chillers, CHCHPs and free cooling. 

5.1 Optimized Community 

The simulated community is the central urban area of a relatively small city located in 

Southern Great Britain. At the moment, the community has no centralized heating or 

cooling system but heating and cooling is based on building-specific appliances. The 

community has been conducted a feasibility study to propose that DHC is cost-effective 

solution for it but the production side configuration has not yet been optimized for it. 

  

The community includes approximately 250 000 m2 of heated floor area consisting of 

various urban area facilities such as residential and educational buildings, restaurant, 

retail and sports facilities and hotels all of which have different heat, electricity and 

cooling energy demand profiles. The breakdown of floor areas and consumptions for 

different types of buildings is presented in Table 8.  

 
Table 8: Demand side building floor area and energy consumption breakdown 

Building 
Type 

Floor Area 
Heat 

Consumption 
Cooling 

Consumption 
Electricity 

Consumption 

m2 % MWh % MWh % MWh % 

Residential 69 863 28 18 259 39 231 6 6 332 22 

Office 34 660 14 3 981 8 1 079 29 6 800 24 

University 28 875 12 5 826 12 263 7 1 972 7 

Retail 23 029 9 827 2 258 7 1 916 7 

Long-term 
residential 

21 200 8 2 380 5 0 0 1 469 5 

Sports 
Facilities 

19 074 8 6 730 14 905 24 3 850 14 

Hotel 17 578 7 3 584 8 619 17 1 133 4 

Other 36 524 14 5 331 11 367 10 4 850 17 

Total 250 533 100 46 918 100 3 722 100 28 322 100 
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Table 8 suggests that residential, office and university buildings are the most important 

individual building types on the demand side accumulating for approximately half of the 

floor area, heat, cooling and electricity demands. Long-term residential buildings include 

the prison and nursing home located in the simulated area but not connected to the district 

cooling network. The residential buildings (not including long-term residential) consist 

of altogether approximately 3 000 dwellings of student houses, flats and town houses.  

 

The building type ‘Other’ includes a sporting arena, cinema, restaurants and other dining 

facilities, 3 museums and a civil court house. Sporting facilities include both dry sports 

and swimming facilities and university buildings only include educational campus 

facilities whereas the student houses have been included in the residential buildings.  

 

The energy demand duration curves are shown in Figure 18 where heat demand is 

represented in the primary (left) vertical axis and electricity and cooling demand are 

represented in the secondary (right) vertical axis. Demands are studied more specifically 

in Appendix 3. 

 

 
Figure 18: Energy demand duration curves in the studied community for heat, electricity and cooling 

 

Due to the geographic location in the Southern Great Britain, the climatic conditions of 

the area are oceanic, more specifically temperate oceanic climate (Cfb) by the Koeppen-

Geiger classification. Cfb climate is characterized by rather stable temperature and 

precipitation conditions throughout the year as the coldest month averages over 0 °C, the 

warmest month less than 22 °C and at least four month more than 10 °C (Weather Online).  

 

In the simulated community, the monthly average temperatures vary between 6.0-15.2 °C 

and the total annual number of heating degree days is 1 717 divided relatively constantly 

throughout the year (Weather Underground). The community is located in the coastal area 

indicating that sea water is available as a source for free cooling if it is found cost-

efficient. The weather conditions and sea temperatures are studied more specifically in 

Appendix 4.  
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5.2 Heat 

5.2.1 Fossil Fuel Production Technologies 

From Figure 18, it can be seen that the maximum heat load to be covered with the heat 

production units is 17.5 MW and no heating energy cannot be sold out of the system 

indicating it is not profitable to produce excess heat energy. Thus, if reserve capacity is 

excluded from consideration, the capacity of each heat production unit ∈ [0, 17.5]. Figure 

19 represents LCOE costs for gas-using production units with capacities of either 1 MW 

or 17.5 MW as a function of load factor. All solutions in [1, 17.5] are located in between 

the 1 MW and 17.5 MW plots in Figure 19 where HOB stands for heat-only boiler. 

 

 
Figure 19: Heat production LCOEs for gas-using production technologies as a function of load factor 

with potentially cost-optimal area filled with grid pattern 

 

Figure 19 shows general trend of LCOE curve: as the load factor is low, LCOE is 

significantly high as the investment and fixed annual O&M costs are allocated to a low 

amount of delivered energy. As the amount of energy output is increased, LCOE 

decreases in an exponential-resembling trend in the beginning and with slower rate at 

higher load factors. Figure 19 also allows us to compare different production technologies 

from LCOE perspective and to create rough estimates of cost-optimal solution.  

 

First, Figure 19 shows the general differences between boilers and CHP plants. In boilers, 

the investment cost is lower than in CHP units making them more cost-effective at lower 

load factors. However, CHP units can also provide electricity increasing the amount of 

energy output significantly in comparison to boilers. Thus, the LCOE curves of CHP units 
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level out slower than in case of boilers making them more cost-effective at higher usage 

rates.  

 

Second, Figure 19 allows us to compare fuel cells and conventional CHP units. As noticed 

before, they both can produce electricity resulting in conceptually similar LCOE curves 

for both of them. However, the fuel cells are more expensive from investment costs 

making conventional CHP units more optimal alternatives in this scenario. Fuel cells have 

approximately 30 £/MWh higher LCOE through any load factor than conventional gas 

CHP units. 

 

The units for reserve capacity are selected with a technological and economic analysis. 

From economic perspective, the costs related to the reserve capacity units must be 

relatively low with low utilization rates. From technological perspective, the start-up and 

shut-down times of the peak load units must be short and the amount of energy production 

easily adjustable. Thus, gas boilers are chosen for reserve capacity units due to their 

technological suitability and relatively low LCOE values with low load factors. 

 

As the cost-optimal solution is concerned, it can be seen that gas HOB with 17.5 MW 

capacity has the lowest LCOE at load factors between 0-36% until gas CHP with 17.5 

MW capacity becomes more cost-effective. 1 MW gas CHP reaches the LCOE costs of 

the gas HOB at load factor 65%. As the fuel cells curve is dominated by the HOB and 

CHP curves, the fuel cells are excluded from the consideration of cost-optimal solution 

with gas-using energy technologies and the optimal configuration consists of gas HOB 

and CHP with the capacities between 1-17.5 MW. The base load will be covered with 

CHP unit that has a load factor between 34-65%.  The potentially cost-optimal area is 

filled with grid pattern in Figure 19.  

 

Using analytical method described in Figure 17,  the optimal production side structure for 

gas-using alternatives may be found. The cost-optimized configuration consists of CHP 

unit as the base load unit with capacity of 4.5 MW and peak-load boiler with capacity of 

13.0 MW with intersection load factor of 54%. The load factor indicates that the CHP 

unit would be run at full capacity for 4 730 h per year.  
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5.2.2 Low-Carbon Production Technologies 

5.2.2.1 LCOE curves 

The cost-optimized alternative is represented in Figure 20 alongside with LCOE curves 

of low-carbon production technologies. 

 

 
Figure 20: Heat production LCOEs for low-carbon production technologies as a function of load factor 

with cost-optimized gas-using alternative represented 

 

Similarly to Figure 19, in Figure 20 the capacities for all production technologies are 

represented with either 1 MW or 17.5 MW capacities and all other alternatives are 

considered to be located in between their plots. The only exceptions are MSW CHP that 

is represented only with 17.5 MW capacity as MSW CHP units are not considered to be 

available in 1 MW scale (Ellyin 2012) and solar thermal which is an intermittent resource 

and thus difficult to be studied with the LCOE method (Jean et al. 2016). Solar thermal 

is studied separately in subsection 5.2.2.3. 1 MW biomass CHP is calculated as an organic 

rankine cycle (ORC) unit as they are advantageous and available in small-scale biomass-

based CHP installations (Drescher, Brüggemann 2007). 

 

Figure 20 allows us to compare low-carbon technologies between each other and the cost-

optimized gas-based alternative. Also, Figure 20 helps with modelling the cost-optimal 

solution using low carbon technologies. First, it is noticed that only CHCHP with 17.5 

MW capacity has low enough LCOE to be considered in the cost-optimal solution and all 

other units are more expensive than the optimized fossil fuel solution. However, the 
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capacity of 17.5 MW may not be feasible with the potentially cost-optimal load factors 

between 33-67% which is studied further in subsection 5.2.2.2. 

 

As other heating technologies in Figure 20 are studied, it may be noticed from cost 

perspective that biomass CHP and MSW CHP units are considered unbeneficial as their 

LCOE costs are significantly high with any reasonable load factors due to high installation 

costs. Even though these CHP units can produce both heat and electricity and RHIs are 

considered for them, their power to heat ratios and relatively high installation and O&M 

costs do not support their usage in a community of this scale. Especially very small-scale 

biomass CHP units seem not economically viable as the LCOE values of the ORC 

biomass CHP are significantly high.  

 

In biomass CHP, the considered RHI is 42 £/MWh and in SMW unit 20 £/MWh. With 

these technologies, the relative installation costs reduce rather fast as a function of 

capacity indicating they might be more considerable in more large-scale installations. Due 

to their unbeneficial LCOE values, MSW CHP and biomass CHP units are excluded from 

the consideration of the cost-optimal solution. 

 

As the other low-carbon technologies are considered, it is noticed that WSHP is the most 

cost-effective alternative, followed by biomass HOBs and then by GSHPs. The 

technologies are considered relatively similar as they all are non-intermittent base load 

units. From these alternatives GSHP is more expensive than the others compared with 

LCOEs with similar capacities. Thus, also GSHP is excluded from the cost-optimal 

heating alternatives and only WSHP, CHCHP and biomass HOB are studied further. 

5.2.2.2 CHCHP 

As noticed before, Figure 20 indicates that a very large-scale CHCHP might be included 

in the cost-optimal alternative as its LCOE costs are the lowest of any production unit 

with load factors 33-67%. However, the 17.5 MW capacity would indicate that all heat 

demand would be covered with the unit and no other units would be used in the 

configuration but Figure 20 shows that gas HOB is more efficient with low load factors. 

Thus, it is not cost-optimal to use only the 17.5 MW CHCHP. Also, the CHCHP might 

not be able to respond to very fast changes in heat demand without any peak-load boilers.  

 

On the other hand, large-scale CHCHP might not be able to operate at all hours during 

the year if there are not sufficient, simultaneous heating and cooling demand, which is 

studied in Figure 21 where LF stands for load factor. 
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Figure 21: The annual duration curves of combined heating and cooling heat pump with load factors of 

33% and 67% 

 

Figure 21 represents the operation of CHCHPs load factors of 33% and 67% as the area 

where load factor ∈ [33, 67] was determined to be potentially cost-optimal in Figure 20. 

Due to the characteristics of the duration curve, the CHCHP with the load factor of 33% 

results in capacities of 0.5 MW for heating 0.35 MW for cooling whereas the load factor 

of 67% results correspondingly to capacities of 0.3 MW and 0.2 MW. As the simultaneous 

heat and cooling demand were studied, it was noticed that the demand for cooling is 

notably lower than for heating resulting in that the operation of the CHCHP is only 

restricted by the low amount of cooling demand and not heating. 

 

Thus, even though CHCHP was considered as potentially cost-optimal alternative in 

Figure 20 with the capacity of 17.5 MW, a very large-scale CHCHP is not feasible 

solution in this scenario due to the operation of the heat pump and significant differences 

in cooling and heating demands. The operation of the CHCHP unit and differences in 

demand result in that only smaller-scale CHCHPs are available if no energy storages are 

included in the configuration.  

 

As the LCOE values of the smaller-scale (1 MW) CHCHP are studied in Figure 20, it is 

noticed that its LCOEs are significantly higher than for the large-scale heat pump. 

According to Figure 20, 1 MW CHCHP is less cost-efficient than biomass HOB and 

WSHP with the 1 MW capacity questioning the economic profitability of the CHCHP 

from heating perspective in this scenario. However, as the large-scale CHCHP seemed 

very cost-effective, CHCHP is studied further but only with small-scale applications. 
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5.2.2.3 Solar thermal 

In the study, the solar thermal heat production units are modelled as FPC as their life-

cycle costs were considered lower than for ETC in subsection 3.3.2. In the analytical 

model, the operation of solar thermal FPC units is calculated with Equation 2 and the 

solar radiation data represented in Appendix 4. The nominal capacity has been calculated 

according to recommendation by IEA SHC (2004). 

 

Appendix 4 shows solar radiation is available for 4800 h annually with higher intensities 

concentrated during the summer months when the demand for heat is lower and vice 

versa. This indicates the intermittent nature of solar radiation and the temporal difference 

between the availability and the demand for solar heating questioning the suitability of 

solar heating as a community heating solution. 

 

From cost perspective, solar thermal is considered a cost-effective alternative if it can be 

utilized cost-efficiently and reliably to replace production from other heat production 

technologies. The cost-efficiency of the solar thermal units is studied by comparing the 

LCOE of the solar thermal units between the total variable costs of other considered 

heating technologies in Figure 22.  

 

 
Figure 22: The LCOE costs of solar thermal FPCs in comparison to variable costs of other heat 

production technologies 

 

In Figure 22, the LCOE costs of the solar thermal FPCs are compared to the total variable 

costs (including variable O&M and fuel costs, RHIs and electricity selling profits for 

CHP) of other heat production technologies both with the RHI considered for solar 

thermal and not. First, Figure 22 shows that the cost-efficiency of solar thermal heat 

production is strongly dependent on RHI as its LCOE is significantly high if the RHI is 

not considered. Without the notable RHI of 100 £/MWh, solar thermal would not be 

recommendable from cost perspective in this scenario. The questionable cost-efficiency 

of solar thermal applications was also represented Figure 6. However, if the RHI is 

considered, solar thermal becomes the most cost-efficient production technology at 6 MW 

capacity and may be cost-optimal in all simulation scenarios 
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Second, from Figure 22 the overall trend of solar thermal investments as a function of 

capacity can be seen and it is directly proportional to the total solar panel area. With 

smaller capacities, the relative investment costs are higher than for larger-capacity 

installations resulting in decreasing curve with capacities ∈ [0, 10]. Due to relatively low 

heat demand and high radiation intensity during summer months, all of the heat demand 

at individual summer hours can be covered only using heat produced with solar thermal 

FPCs if the capacity of the collectors is sufficient.  

 

However, if the capacity is increased and thermal storage is not implemented in the 

system, the solar heat production exceeds the heat demand during individual summer 

hours. Also, the production during winter time does not increase as significantly due to 

lower amount and hours of radiation. Thus, if no thermal storage tank is attached to the 

system, increasing the capacity (or the solar panel total area) does not increase the annual 

energy production enough to make increasing the capacity more profitable resulting in 

increasing curve with capacities ]10, 17.5] and a local minimum at 10 MW capacity. With 

a thermal storage tank, the large-capacity installation might become more profitable. 

 

Also a significant land area required is required for the solar plant. The 10 MW plant 

requires approximately 14 300 m2 of collector aperture area and 43 000 m2
 of land area. 

Due to the local minimum in LCOE at 10 MW in Figure 22 (with no thermal storage 

attached to the system) and the limited availability of land area, 10 MW is considered the 

maximum capacity of solar thermal collectors as they are studied further. 

5.3 Cooling 

5.3.1 LCOE Curves 

Figure 18 indicates that the maximum cooling demand is 3.4 MW and thus the capacities 

of the inspected cooling technologies ∈ [0, 3.4 MW] as the reserve capacity is excluded 
from the consideration. The LCOE curves of the considered cooling technologies are 
studied in Figure 23. 
 

 
Figure 23: LCOEs for different cooling technologies and capacities as a function of the load factor 
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Similarly to Figure 19, Figure 23 represents the LCOE curves for considered cooling 
technologies with capacities of either 1 MW of 3.4 MW as a function of load factor. 
All LCOE costs with capacities ]1 MW, 3.4 MW[ are estimated to be located in between 

the 1 MW and 3.4 MW plots. The only exception in Figure 23 is the CHCHP which is 

studied with capacities of 0.2 MW and 0.35 MW as these were considered to be the 

CHCHP cooling capacities as the potentially cost-optimal heating capacities of CHCHPs 

were studied in subsection 5.2.2.2.  Also, CHCHP with capacity of 3.4 MW is represented 

to indicatively to make it easier to compare its cost-efficiency between other cooling 

technologies. As mentioned in subsection 4.3.2, the costs between heat and cool 

production units in CHCHP are divided utilizing the exergy method. 

 

Figure 23 indicates that electric chiller is the most cost-efficient cooling alternative in this 

scenario as it has the lowest LCOE values with all load factors and its curve dominates 

the other alternatives. Electric chiller is followed by absorption chiller which around 20 

£/MWh more expensive. In the literature review, the absorption heat pump was 

considered a profitable alternative through its ability to increase the flexibility of the 

system and the utilization of the CHP unit during summer months. However, the cost 

difference between electric chiller in cooling production is considered so significant that 

that the absorption chiller is excluded from the consideration of cost-optimal alternatives 

in this scenario. 

 

Figure 23 also indicates that CHCHP is less cost-efficient than electric chiller in cooling 

production questioning its economic feasibility in the scenario. On the other hand Figure 

20 shows that CHCHP is very cost-efficient from heating perspective and thus, the 

profitability of the CHCHP unit could be improved by a different cost allocation studied 

in subsection 3.1.2.4.  

 

However, in this study the aim is to study the total life-cycle costs of the whole energy 

production system and the cost allocation of CHCHP is considered to have only a small 

effect on it.  Thus, the cost allocation for CHCHP is not changed as it was potentially 

cost-optimal from heating perspective with the current allocation. Thus, electric chiller 

and CHCHP are the technologies studied further due to the LCOE cost-efficiency findings 

in Figure 23. 

5.3.2 Free cooling 

The heat source for heat cooling is the sea water whose temperatures are represented in 

Appendix 4. The free cooling devices are considered to utilize the same facilities as other 

cooling production units resulting in relatively small additional costs for its 

implementation. 

 

Due to relatively high sea water temperatures – especially during summer months, free 

cooling is calculated to be available for 5 315 hours annually with non-availability period 

during summer month when the demand for cooling is the highest. For free cooling, 

Pmax=0.37 MW and Qtot=543 MWh corresponding to relatively low 15% of the total 

cooling demand annually reducing its cost-efficiency. Furthermore, the cooling 

production of free cooling and the annual maximum demand take place at different time, 

it is not possible to reduce the capacities of other cooling units with free cooling. 

 

Similarly to solar thermal, free cooling is economically viable if its LCOE is smaller than 

variable costs of other considered cooling technologies. The LCOE of free cooling is 

calculated at 19.87 £/MWh whereas the variable costs of CHCHP are 49.16 £/MWh and 
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electric chiller 30.05 £/MWh indicating free cooling is likely to be cost-optimal if 

implemented in the system. 

5.4 Storage Units 

The findings in the literature state that even though sensible heat storages might not be as 

efficient as other storage technologies, they have advantages from both economic and 

technological maturity perspective over them. Thus, the storage units in this study are 

considered sensible heat storages with hot water as the storage material and PCM and 

thermochemical storages are excluded from the simulation scenarios. 

 

The storage units are not optimized through analytical process as their operation is 

strongly dependent on production side units which is only inspected indicatively in this 

section. The optimal capacity of the storage tanks is optimized through simulations in the 

following Section 6 by implementing storage tanks to different production scenarios and 

searching for the capacity that minimizes the total life-cycle costs. 

 

The starting point for the simulation is storage capacity corresponding to 17% of the 

average daily heating supply (Li & Svendsen 2012, Connolly et al. 2014) which is also 

used for cooling storages. For cooling, the average daily supply is 10.2 MWh whereas for 

heating the average is 128.5 MWh resulting in capacities of 1.7 MWh and 21.9 MWh 

correspondingly. Utilizing the Equation 4 for the hot thermal storage, the corresponding 

volume with ∆𝑇 of 40 °C for hot thermal storage is 470 m3 and 340 m3 for cold thermal 

storage with ∆𝑇 of 5 °C.  

5.5 Reserve capacity 

The reserve capacity in heating and cooling is designed so that the production side has 

altogether overall capacity to cover 1.3 times the maximum demand. Due to the lowest 

LCOE costs with very small utilization rates in Figures 19 and 23, the reserve capacity in 

this study is covered with electric chiller in cooling and heat-only gas boilers in heating.  

 

The output capacities of the production units are designed case-specifically so that reserve 

capacity unit has the same capacity as the largest of individual non-reserve units. The idea 

is that even if the largest of production units was not available due to maintenance or 

malfunction, its production may be replaced with the reserve capacity unit. 

5.6 Indicative cost-optimal production side structures 

In the previous subsections, it was concluded that if only explicit costs are included, the 

cost-optimal solution will only include production units using gas as their primary fuel. 

CHP will operate as the base load unit and boilers as peak load unit. However, the aim is 

also to study the low-carbon alternatives and their cost-efficiency. The considered low-

carbon base unit technologies include biomass HOB and WSHP. Due to cost-efficiency 

and technological unsuitability, the low-carbon plants will only operate as base load units 

and gas boilers will always be used as peak load units. 

 

As the low-carbon technologies are optimized using the optimization process represented 

in Figure 17, it is noticed that with the utilized energy production cost data, no rational 

intersection points between WSHP or biomass HOB units and peak load gas boilers are 

found. Thus, the optimization process would show that it would be more cost-efficient to 

use only gas HOB rather than implement a low-carbon base load unit if only the explicit 

costs are acknowledged indicating the cost-efficiency of fossil alternatives even further. 
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However, if the CO2 emissions (DECC 2015b) are considered, the LCOE costs change 

making low-carbon technologies more cost-effective and the implementation of a base 

load unit profitable. The CO2 emission factor for the grid electricity is calculated 

according to DECC (2015b) and 0.1981 ton CO2/MWhfuel is utilized for the natural gas 

(Keto 2010). Biomass is considered emission-free as the sources for biomass fuel are 

considered renewable. Acknowledging these CO2 values and utilizing the optimization 

method described in Figure 17, the indicative optimal configurations represented in Table 

9 are found. 

 
Table 9: Simulation scenarios created with analytical optimization method represented in Figure 17 

Scenario Configuration 

Capacity 
for heat 

base load 
units 
(MW) 

Capacity 
for heat 

peak load 
units 
(MW) 

Intersection 
load factor 

for heat 
production 

units 
(%) 

Cooling 
production 

units 

Scenario 
A8 

Gas CHP + Gas 
HOB 

4.5 18.3 54 
Electric chiller 

(3.4 MW) + 
free cooling 

Scenario 
B9 

WSHP + Gas 
HOB 

3.7 19.1 67 
Electric chiller 

(3.4 MW) + 
free cooling 

Scenario 
C9 

Biomass HOB + 
Gas HOB 

4.2 18.6 59 
Electric chiller 

(3.4 MW) + 
free cooling 

 

In Table 9 it is to be noted that if the CO2 emission cost was not allocated to the fossil 

fuels and electricity, there would not be a cost-optimal solution including any low-carbon 

alternatives. The configurations with the optimization method are rather similar as 

regardless of the inspected scenario, the intersection load factors vary between 45-55% 

and capacities for base load units between 3.7-4.5 MW and for peak load units between 

18.3-19.1 MW. The represented peak load capacities include the reserve capacity. 

 

                                                 
8 CO2 costs not included in the optimization 
9 CO2 costs included in the optimization 
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6 Simulation-based Optimization 
In the previous section, insights were created on the cost-optimal production structure 

using analytical method and studying indicative LCOE curves and total variable costs for 

different production technologies. However, in the analytical method it is difficult to take 

into account various operational variables, such as the operation of the thermal storages, 

maintenance breaks, start-up times and costs, minimum loads and non-constant thermal 

efficiencies.  

 

Therefore, it is necessary to study the optimization results from the analytical process 

further with simulation-based method where these variables may be considered more 

thoroughly. Thus, the goal of the section is to optimize the production side configuration 

utilizing an energy simulation software and the findings from the previous section. The 

findings and results from this section are then studied further in section 7. 

6.1 Simulation Software 

Simulations are done using EnergyPro 4.4. by EMD International A/S software as its 

features were regarded the most suitable in studying specific production side operation at 

regional level from pieces of energy simulation software studied in Connolly et al. (2010). 

EnergyPro has been utilized as the simulation software for numerous DHC case studies 

and Master’s Thesis where the focus has been on the techno-economic optimization of 

energy systems at both regional and national levels, such as Kiss (2016), Massoud (2015) 

and Brandweiner (2009). The operation of the EnergyPro is represented in Figure 24. 

 

 
Figure 24: Setting up a project in EnergyPro  
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In EnergyPro, the demands, production and storage units, electricity markets and fuels 

are set as individual components with a graphic interface. The technological performance, 

hourly demand and cost data are controlled through the left ”Input data” panel where the 

also the operation strategy, electricity cost data and the economic performance of the units 

may be adjusted. The ”Reports” panel allows printing various economic, energy 

conversion and environmental reports automatically after the simulation. However, in this 

study, the EnergyPro is utilized only to calculate the energy conversion data and the 

economic profitability calculations are done separately with Excel. 

 

The operational optimization in the EnergyPro is based on calculating the variable costs 

for each production unit at each hour and setting the priorities for the units accordingly 

so that the units with the lowest variable costs are given the highest priorities. The plants 

are then run in the order of priorities so that the units with the lowest variable costs are 

prioritized and utilized to the maximum capacity. The unit with the lowest variable costs 

is then followed similarly by the unit with the second lowest variable costs et cetera until 

all heat, cooling and electricity demands are covered. (EnergyPro) 

 

Thus, for example if there is not sufficient heat or cooling demand for a specific 

production unit to operate, the software enables it to produce energy to the thermal storage 

if it is cost-optimal at that specific hour given the electricity selling and buying prices. As 

the optimization is based on optimizing the operation at each time step, the software will 

always come to the same result if the same simulation is run with the same input values. 

(EnergyPro) 

6.2 Optimization Process 

In the study, three different optimization scenarios are considered differing from each 

other with the production unit utilized as the base load unit. The simulation scenarios and 

the results received with the analytical optimization method were represented in Table 9.  

 

In Scenario A, the base load is covered with gas engine CHP plant, in Scenario B with 

WSHP and in Scenario C with biomass HOB. In all scenarios, the peak load is covered 

with gas boilers. From cooling perspective, electric chiller combined with free cooling 

was considered cost-effective in all scenarios. However, the economic feasibility of free 

cooling is validated in the simulation-based process. The analytical optimization method 

results are used as the starting point for the optimization process.  

 

First, the scenarios are simulated utilizing only the scenario-specific base load unit and 

peak load boilers to get the indicative area where the cost-optimal base load unit 

capacities may be and to validate the analytical model represented in the previous section. 

After the potentially cost-optimal areas have been found for each scenario, each of the 

scenarios is simulated implementing the potentially cost-efficient technologies studied in 

section 4 – free cooling, solar thermal, CHCHP and cold and hot thermal stores. The goal 

in implementation of individual technologies is to determine whether a certain technology 

is cost-efficient in the studied scenario and to find boundary values for potentially cost-

optimal areas for each technology.  

 

After the reasonable boundary values have been found for both the base load units and 

each individual technology, all three scenarios are simulated with all different 

permutations to find the cost-optimal production side configuration in each scenario in a 

simulation-based optimization process. 
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6.3 Simulation Assumptions 

The simulation assumptions and the utilized cost and demand data are the same as used 

in Section 4.3 with small specifications that are more easily included in the simulation 

software than in the analytical approach model. First, each of the units is designed a 

maintenance break of one week during the summer time when the heat demand is the 

lowest. None of the maintenance breaks take place simultaneously.  

 

Second, each of the base load units is considered to have a minimum heat load of 40% of 

the maximum heat capacity of the unit and start-up costs. Similar minimum load is also 

considered by Savola & Keppo (2005). If the heat demand is lower than the minimum 

capacity of the unit, the unit cannot operate and is shut down. The efficiencies of the base 

load units are lower at the minimum load and the EnergyPro simulation software 

calculates the estimates the efficiency for each point between the minimum and maximum 

with linear interpolation.  

 

As the minimum operational capacity is relatively high in comparison to the maximum 

capacity, the plants for the base load technologies are modelled with 2 separate production 

units with the same capacities. The peak load plants are modelled with 4 separate boilers 

with the same capacities between each other. As the operation of the units may be adjusted 

according to external conditions, energy demands and prices, this increases the flexibility 

on the production systems. 

 

Third, hot and cold thermal stores are estimated to have storage loss of 0.2% and the 

utilization rate of 85%. The temperature at the top of the hot storage is estimated at 90 °C 

and 50 °C at the bottom whereas the corresponding temperatures are 10 °C and 5 °C for 

the cold thermal storages.  All the technological performance and cost data for production 

units and thermal storages is based on engineering experience by Greenfield Consulting 

(2017).  

 

Last, as the findings in analytical approach state that if the CO2 costs are not considered, 

the LCOE curves do not support the implementation of low-carbon alternatives. 

Consequently, the CO2 costs are acknowledged in the optimization when low-carbon base 

load units are implemented in Scenarios B and C. However, Scenario A is optimized with 

no CO2 costs acknowledged. 
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6.4 Scenario Simulations 

6.4.1 Baseline Scenarios 

In this subsection, the scenarios are simulated considering only the initial base load and 

peak load units and no other technologies implemented. The goal is to validate the 

analytical optimization method and to find the boundary values for the potentially cost-

optimal base load unit capacities to be studied further. The results of the simulations are 

represented in Figure 25. 

 

 
Figure 25: Life-cycle costs in simulation scenarios as the function of the base load unit capacity with only 

the specific base load unit and peak load boilers and electric chiller considered in the system 

 

Figure 25 shows the life-cycle costs as a function of the base load unit capacity for each 

simulation scenario. It is to be noted that Scenario A is plotted in the primary (left) vertical 

axis and Scenarios B and C are plotted in the secondary (right) vertical axis. From Figure 

25, it can be seen that Scenario A has a global minimum with base load unit capacity ∈ 

]4.0 , 5.0[, Scenario B with ]3.0 , 4.0[ and Scenario C with ]3.5 , 4.5[.  

 

Figure 25  also allows us to compare the cost-efficiency of the different scenarios at least 

to some extent. Scenario A has the lowest life-cycle costs with the minimum in the region 

of M£ 32.6 followed by Scenario C with approximate minimum life-cycle costs of M£ 

40.0 and Scenario B with M£ 40.6. However, these costs are not fully comparable as the 

CO2 costs are considered in Scenarios B and C but not in A as without the CO2 costs 

considered as if the CO2 costs are not considered, the implementation of the low-carbon 

base load unit is not profitable in comparison to producing the heat with boiler. The 

finding regarding the CO2 costs was similar as in the analytical optimization process in 

the Section 5.6. The effect of the CO2 costs will be studied further later on in this study. 

 

The boundary values are reasonably similar in comparison to the results received with the 

analytical method represented in Table 9. The minor differences in results are regarded 

to be related to the operational variables that are considered more thoroughly in the 

simulation-based method. Also, the minor differences show that the simulation-based 
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method is required to receive more reliable results. Thus, the analytical and simulation-

based methods will result in relatively similar results the analytical optimization process 

and the findings made with it may be considered validated. The scenarios are studied 

further with the boundary values shown above. 

6.4.2 Implementation of Free Cooling 

In this subsection, the boundary values from the previous subsection are used and free 

cooling utilizing seawater as its cold source is implemented in the system. The results of 

these simulations are represented in Figure 26 where baseline stands for the scenario with 

no free cooling implemented from the previous subsection and FC stands for free cooling. 

 

 
Figure 26: Life-cycle costs in simulation scenarios as the function of the base load unit capacity with free 

cooling implemented in the system 

 

Figure 26 shows that in each simulation scenario, the implementation of free cooling 

reduces the life-cycle costs with approximately k£ 200 indicating that free cooling is cost-

efficient technology to be implemented in the system in all scenarios. However, 

implementation of other technologies, such as CHCHP may be more cost-efficient than 

free cooling making the implementation of free cooling non-optimal in the scenario. Thus, 

the alternatives that the free cooling is either implemented or not are considered in the in 

the total scenario optimization. 
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6.4.3 Implementation of Solar Thermal 

In this subsection, the scenarios are simulated with solar thermal plant implemented in 

the baseline scenarios. The results are represented in Figures 27, 28 and 29. 

 

 
Figure 27: Scenario A life-cycle costs with solar thermal plant implemented as the function of solar 

thermal capacity with CHP capacities 4, 4.5 and 5 MW 

 

Figure 27 shows that as the solar thermal plant is implemented in the system utilizing 

CHP as the base load unit, the life-cycle costs increase. The growth in life-cycle costs is 

especially notable in scenarios where the CHP capacity is higher. The reason behind this 

is that, the variable costs in solar thermal are lower than in CHP as the RHI is considered 

for the solar thermal. Thus, the solar thermal is prioritized over CHP replacing some of 

its production and reducing its maximum load hours and profits from electricity sales.  

 

However, even though the variable costs of the solar thermal are lower than the variable 

costs for CHP, the LCOE is not low enough to support the implementation and replace 

the profits lost by the reduced electricity sales. Therefore, solar thermal is not cost-

efficient alternative production technology to be implemented in Scenario A with no 

thermal storage implemented. The Scenario B is studied in Figure 28. 
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Figure 28: Scenario B life-cycle costs with solar thermal plant implemented as the function of solar 

thermal capacity with WSHP capacities 3, 3.5 and 4 MW 

 

Figure 28 shows that as the solar thermal plant is implemented in Scenario B with WSHP 

as its base load unit, the life-cycle costs decrease with all WSHP capacities with almost 

exponential trend. In overall, the life-cycle costs decrease between M£ 3-4 indicating a 

notable decrease in life-cycle costs. Thus, solar thermal may be cost-efficient technology 

when implemented in Scenario B. The Scenario C is studied in Figure 29. 

 

 
Figure 29: Scenario C life-cycle costs with solar thermal plant implemented as the  function of solar 

thermal capacity with biomass HOB capacities 3.5, 4 and 4.5 MW 

 

Figure 29 shows that also with biomass HOB as the base load unit, the implementation 

of solar thermal decreases the life-cycle costs. Similarly to Scenarios A and B, the 

implementation is more cost-effective in the scenarios where the capacity of the base load 

unit is smaller. However, the decrease with different solar thermal and base load unit 

capacities is in the region of M£ 1-2 indicating that the decrease is not as notable as in 

Scenario B.  

 

The reason for this is that the total variable costs (with fuel/electricity costs, RHIs, CO2 

costs and plant variable costs considered) are lower for the biomass HOB than for the 
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WSHP. Therefore, as the implementation of solar thermal reduces the usage of the 

biomass HOBs, the life-cycle savings are not as significant in biomass HOB system as in 

WSHP system. 

 

In overall, the findings from Figures 27, 28 and 29 show that the implementation of solar 

thermal tends to be more cost-efficient as the capacity of the base-load unit is smaller. 

The reason behind the trend is that due to the significant RHI for the solar thermal 

production, solar thermal has the lowest variable costs and it is therefore prioritized over 

other production alternatives. The smaller the capacity of the base load unit is, the more 

the solar thermal production replaces production from the expensive peak-load boilers 

increasing the overall cost-efficiency of the system. 

 

On the other hand, the trend may be explained by the characteristics of the optimal design 

of the base-load unit. The optimal capacity of the base-load unit is designed so that the 

maximum load hours of the unit are maximized. However, solar thermal plant is 

implemented, it may replace some of the production and the maximum load hours by the 

base-load unit reducing its cost-efficiency and the reduction is more significant in the 

more large-scale units.  

 

From Figures 28 and 29, it may be noticed that the most significant savings are achieved 

with larger solar thermal capacities when also the CO2 savings are the highest. Thus, solar 

thermal capacities [5, 10] MW with also the possibility of no solar thermal implemented 

in the system are considered further in the study. 

6.4.4 Implementation of CHCHP 

In this subsection, CHCHP is implemented in the baseline scenario. The simulation 

results for Scenarios B and C are represented in Figure 30. 

 

 
Figure 30: Life-cycle costs in Scenarios B and C with CHCHP implemented as the function of the 

CHCHP capacity with the considered base load unit capacities 

 

As Scenario B is considered from Figure 30, it can be seen that the implementation of 

CHCHP decreases the life-cycle costs with all base load unit capacities. The minimum 

life-cycle costs are achieved at CHCHP capacities 0.3-0.4 MWheat which decrease the life-

cycle costs around M£ 1.5. In more large-scale capacities, the CHCP is not able to operate 
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sufficient number of hours to support its implementation. However, the implementation 

of thermal storage may make more large-scale CHCHPs more profitable as the potential 

operating hours may increase. 

 

On the other hand, in Scenario C, the implementation of CHCHP increases the life-cycle 

costs. The reason for this is that the variable costs for CHCHP are greater than for the 

biomass HOB resulting in that CHCHP does not replace the production of the biomass 

HOB but the production of the peak load boilers. However, with the considered base load 

unit capacities, there are no sufficient hours where the CHCHP is able to operate to make 

the investment profitable. Also Scenario A was simulated with very similar results as in 

Scenario C due to the significantly low variable costs of the base-load CHP unit. 

 

Thus, Figure 30 indicates that it is cost-effective to implement the CHCHP in Scenario B 

but not in Scenarios A and C without thermal storages. However, the implementation of 

thermal storage may change the results. Therefore, the cost-effectiveness of CHCHP is 

studied further also in Scenarios A and C. As Figure 30 shows that the smallest life-cycle 

costs are achieved with the smallest CHP capacities at 0.2-0.3 MWheat, the potentially 

cost-optimal area for CHCHP is considered at [0, 0.6] MWheat to be studied in the 

complete scenario simulation as the implementation of thermal storage may increase the 

cost-efficiency of more large-scale heat pumps. The potentially cost-optimal area is 

relatively similar to the cost-efficient area considered in the analytical process in 

subsection 5.2.2.2. 

6.4.5 Implementation of Thermal Storages 

6.4.5.1 Hot Thermal Storage 

In this subsection, hot thermal storages are implemented in the baseline scenario. The 

results of the simulations are represented in Figures 31, 32 and 33. 

 
Figure 31: Life-cycle costs in Scenario A with hot thermal storage implemented as the function of the hot 

thermal storage volume with various CHP capacities 

 

Figure 31 shows that the implementation of hot thermal storage to Scenario A decreases 

the life-cycle costs significantly, in between M£ 1-1.5 depending on the simulation 

scenario and thermal storage volume. As the thermal storage is implemented in the 

system, the scenarios with greater CHP capacities become more cost-efficient than the 
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scenarios with smaller CHP capacities. Each of the scenarios has a global minimum in 

the area where storage volume ∈ [400, 700] after which the life-cycle costs begin to 

gradually increase. 

 

 
Figure 32: Life-cycle costs in Scenario B with hot thermal storage implemented as the function of the hot 

thermal storage volume with various WSHP capacities 

 

Similarly as Figure 31, Figure 32 shows that the implementation of thermal storage 

decreases the life-cycle costs notably, with approximately £M 1.5-2 depending on the 

simulation scenario and the thermal storage volume. Each of the WSHP plots have global 

minimums at [400, 600] m3 and the monetary savings are more significant in scenarios 

with greater WSHP capacities. 

 
Figure 33: Life-cycle costs in Scenario C with hot thermal storage implemented as the function of the hot 

thermal storage volume with various Biomass HOBs capacities 

 

The findings from Figure 33 are corresponding to the ones made in Figures 31 and 32 as 

the implementation of thermal storage decreases the life-cycle costs with all base load 

unit capacities (in Figure 33 with approximately M£ 2-3). Also, the simulation scenarios 

with greater base load units become the most cost-efficient at greater storage tank 
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volumes and the global minimums for each biomass HOB plot is located in the area where 

storage tank volume is between [400, 600] m3.  

 

The reason for these findings is that as the thermal storage is implemented in the system, 

the system can increase the maximum load hours of the base load units. and the WSHP 

may optimize its operation for the hours when the electricity price is lower. As the 

variable costs of the base load units are lower than for the peak load boilers, the life-cycle 

costs decrease subsequently and the benefits are more significant for the more large-scale 

base load units as their possible operation hours tend to be lower with no thermal store 

attached. 

 

In Figure 12, it was shown that theoretically, if the thermal store is implemented in the 

centralized heating system, also the capacity of peak load boilers could be reduced 

resulting in also smaller investment costs. However, system’s capability to react to very 

rapid changes in heat demand and the availability of heating energy is wanted to be 

ensured and thus, reducing the capacity of peak load boilers is not considered in this study. 

Due to the global minimum values from Figures 31, 32 and 33, hot thermal storages are 

considered ∈ [400, 1000] m3 in the complete scenario simulation with also the possibility 

of no hot thermal storage implemented in the system. 

6.4.5.2 Cold Thermal Storage 

In this subsection, cold thermal storage is implemented in the baseline scenario. The 

results for simulation Scenario A are represented in Figure 34. 

 

 
Figure 34: Life-cycle costs in Scenario A with cold thermal storage implemented as the function of the 

cold thermal storage volume with various CHP capacities 

 

As the cold storage is implemented in the system, the system is able to control the 

operation of the electric chiller to which the savings potential of the cold storage is based 

on. The cold storage may be charged during the hours when the electricity price is low 

and discharged during hours when the electricity is more expensive. Also, similarly as 

with hot thermal storages, with the implementation of the cold storage, the capacity of the 

cooling production units may theoretically be reduced (which is not considered in this 

study). 
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Figure 34 shows that in Scenario A, the implementation of thermal storages may be cost 

optimal at small storage capacities as the 100 m3 thermal store reduces the life-cycle costs 

of the system. With larger storage volumes, the cost savings are not sufficient to cover 

the investment. Also, both Scenarios B and C were simulated with very similar results.  

 

Cold thermal storages with larger volumes may become even more cost-effective as other 

cooling technologies, free cooling and CHCHP are implemented in the system. However, 

Figure 34 shows that the life-cycle costs increase notably with larger storage capacities 

than 100 m3 and thus, the cold thermal storage is considered ∈ [0, 200] m3 in the complete 

scenario simulation. 

6.5 Complete Scenario Simulations 

The potentially cost-optimal ranges for different production and storage technologies 

have been studied through subsections 6.4.1-6.4.5. Even though these simulations 

propose whether a specific technology is cost-effective to be implemented in the 

production side with a specific base load unit, the individual simulations do not quantify 

which combination of the considered technologies is cost-optimal in each simulation 

scenario. 

 

Finding the cost-optimal combination is a difficult, multi-variable optimization task. For 

example, it has been shown that the implementation of solar thermal is cost-effective with 

smaller base load unit capacities whereas the implementation of large thermal storages 

increases the cost-efficiency of the base load units with larger capacities. Also, it has been 

proposed that the implementation of the combined heating and cooling heat pump is cost-

effective only in Scenario B but not in A or C but its operation with the thermal storages 

has not been studied. 

 

Thus, in this section, the scenarios are simulated by considering the capacities of the 

production units discrete in the feasible ranges considered through subsections 6.4.1-6.4.5 

and simulating all different permutations to find the alternative with the smallest total 

life-cycle costs. The feasible variable ranges and the discrete variables used in the 

simulations are represented in Table 10. 

 
Table 10: The variable ranges considered in the simulation 

Technology Boundary values Discrete variables 

CHP capacity, Scenario A 4-6 MW {4, 4.5, 5, 5.5, 6} 

WSHP capacity, Scenario B 3-6 MW {3, 3.5, 4, 4.5, 5, 5.5, 6} 

Biomass HOB capacity, 
Scenario C 

3.5-6 MW {3.5, 4, 4.5, 5, 5.5, 6} 

Free cooling Implemented or not {0, 1} 

Solar thermal 0-10 MW {0, 5, 7.5, 10} 

CHCHP 0-0.6 MWheat {0, 0.2, 0.4, 0.6} 

Hot thermal storage 0-1000 m3 {0, 400, 600, 800, 1 000} 

Cold thermal storage 0-200 m3 {0, 100, 200} 
 

The base load unit capacities in Table 10 are based on Figure 25 with 6 MW considered 

as the maximum capacity in order to ensure the system’s ability to react to very fast 

changes in the heat demand. As the hot thermal storage volume is studied, in subsection 

6.4.5.1, the range for minimum life-cycle costs was considered at 400-700 m3. However, 
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in Table 10 the maximum base load unit capacities are greater than the ones considered 

in the subsection which may make more thermal storages with greater capacities more 

cost-effective and thus, the maximum volume is considered at 1 000 m3. 

6.5.1 Repetitive simulations  

As the number of different permutations is considered, Table 10 shows that in Scenario 

A there are 5*2*4*4*5*3 = 2 400, in Scenario B 2 880 and in Scenario C 3 360 different 

alternative input values. As each different input yields different output, all different 

alternatives are simulated resulting in altogether 8 640 simulation rounds. The EnergyPro 

simulation software is equipped with a module named Interface which allows setting up 

and performing repetitive simulations easily. The Interface module is represented in 

Figure 35. 

 
Figure 35: Setting up repetitive simulations in EnergyPro with the Interface module 

 

The strategy in the EnergyPro Interface module is that the different permutations are 

collected in an n*k Matrix with each row corresponding to a different permutation (or a 

different simulation round) and each column to a parameter to be applied in the specific 

simulation round. Figure 35 represents the set-up for Scenario A optimization with  

n=2 400 rows and k=9 changeable parameters.  

 

As the Interface module is set to run the calculations, the macro-based Excel 

automatically creates 2 400 XML files including the parameters for the specific 

simulation rounds and the commands to run the simulation until the last of the simulation 

rounds is ready. The software prints the results of the simulation rounds in either .csv or 

.txt format from which, the required output values may be collected and processed further. 

The calculation time required for each simulation scenario was approximately 12 hours, 

indicating altogether 36 hours of simulations for the three scenarios. The results of the 

simulations are represented through the following subsections. 
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6.5.2 Scenario A 

The results for the 2 400 simulation rounds required for Scenario A optimization are 

represented in  Figure 36. The minimum value is marked with a red circle in the graph. 

 

 
Figure 36: The life-cycle costs with all different simulation alternatives in Scenario A represented as a 

function of CHP capacity and with various hot thermal storage volumes 

 

Figure 36 shows that the results are spread in relatively wide area with minimum total 

costs at around M£ 30.5 and the maximum values at M£ 38. However, the minimum 

values for each different base load unit capacity are relatively close to each other with the 

minimum value achieved with the capacity of 4.5 MW. Another finding in Figure 36 is 

that the implementation of the storage tank improves the cost-efficiency of the production 

side significantly with the best life-cycle costs achieved with a thermal storage capacity 

optimized to the capacities and the characteristics of the energy production units. 
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6.5.3 Scenario B 

The results for the 2 880 simulation rounds required Scenario B optimization are 

represented in Figure 37 with the most cost-optimal alternative marked with a red circle. 

 

 
Figure 37: The life-cycle costs with all different simulation alternatives in Scenario B represented as a 

function of WSHP capacity and with various hot thermal storage volumes 

 

Figure 37 shows that the results for Scenario B are relatively similar to Scenario A: the 

life-cycle costs for different simulation scenarios are spread for relatively wide area (M£ 

37.5-46.5) with the cost minimum achieved at the same base load unit capacity as in the 

baseline scenario in Figure 25. Also, the configurations using hot thermal storages are 

more cost-efficient than the ones that are not using them with the alternatives using the 

largest storage volumes becoming the most cost-efficient at large WSHP capacities. 
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6.5.4 Scenario C 

The results for the 2 440 simulation rounds required Scenario C optimization are 

represented in Figure 38 with the most cost-optimal alternative marked with a red circle. 

 

 
Figure 38: The life-cycle costs with all different simulation alternatives in Scenario C represented as a 

function of CHP capacity and with various hot thermal storage volumes 

 

Similarly to, Figures 36 and 37, Figure 38 shows that the results are spread relatively 

sparsely (between £M 36.5-44.5) with the cost-optimal configuration based on the same 

base load unit capacity as the minimum in the baseline scenario in Figure 25. Also, the 

implementation of the thermal storages makes the minimum values for different base load 

unit capacities relatively similar. 
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7 Results 
The heat and cooling production system of the studied community was cost-optimized 

with the analytical method in Section 5 and with the simulation-based method in Section 

6. In this section, the results of the simulation-based method are represented and studied 

and the effect of change in input values is inspected with a sensitivity analysis. 

7.1 Cost-optimal Production-side Configurations in the 
Different scenarios 

The cost-optimal production side configurations for each simulation Scenario are 

represented in Table 11 with the reserve capacity acknowledged. 

 
Table 11: The production side configurations in the cost-optimized scenarios 

Scenario 

Base 
load 
unit 

capacity 
(MW) 

Peak 
load 

boiler 
capacity 

(MW) 

Free 
cooling 
{0, 1} 

Solar 
thermal 
capacity 

(MW) 

CHCHP 
capacity 

(MW) 

Hot 
thermal 
storage 
volume 

(m3) 

Cold 
thermal 
storage 
volume 

(m3) 

Scenario 
A 

4.5 16.9 1 10 - 600 100 

Scenario 
B 

3.5 18.2 1 10 - 400 100 

Scenario 
C 

4.0 17.6 1 10 - 400 100 

 

Table 11 shows that the cost-optimal configurations in each scenario are very as they 

consist of the same components with relatively similar capacities. In each of optimal 

scenarios, the capacities of the base-load unit are the same as in the baseline scenarios in 

the subsection 6.4.1, the solar thermal capacity is maximized and the volume of the hot 

thermal storage is optimized according to the base load unit and thermal storage plant 

capacity.  

 

Also, in all scenarios free cooling and cold thermal storage with 100 m3 capacity were 

included in the cost-optimal configuration. However, due to the maximized hours of the 

base load unit and the implementation of solar thermal, the possible operational hours for 

the CHCHP were not sufficient to support its implementation and it was not included in 

any of the cost-optimal configurations. The life-cycle costs of the scenarios are compared 

in Table 12. 
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Table 12: The life-cycle costs in each cost-optimal simulation scenario with CO2 costs considered and not 

Costs and profits 
(M£) 

Scenario A Scenario B Scenario C 

Investment costs 17.3 16.2 15.1 

Fixed O&M costs 13.8 9.3 7.8 

Variable costs 41.7 27.8 26.7 

CO2 costs 8.2 2.4 1.6 

RHI -6.8 -17.9 -16.7 

Electricity sales -35.5 0 0 

Life-cycle costs 
with no CO2 costs 

considered 
30.4 35.5 34.9 

Life-cycle costs 
with CO2 costs 

considered 
38.7 37.8 36.5 

 

Table 12 shows that if the CO2 costs are not considered, the total life-cycle costs are the 

lowest in Scenario A by 15-17% in comparison to Scenarios B and C. As the energy 

output is the same in all three scenarios, the LCOE of Scenarios B and C would be 15-

17% higher than in Scenario A according to Equation 1. However, if the CO2 costs are 

considered, Scenario A becomes the least cost-effective with Scenario C as the cost-

optimal. 

 

Table 12 also shows what the cost-efficiency of each scenario is based on. In Scenario A, 

the CHP unit may produce electricity and sell it for profit reducing the total life-cycle 

costs significantly even though the investment, fixed O&M and variable costs are the 

highest. In Scenarios B and C, the cost-efficiency is strongly based on the RHI income 

reducing the total life-cycle costs by more than 30%. If the RHIs were not acknowledged 

for Scenarios B and C, the low-carbon alternatives would be significantly less cost-

effective than Scenario A. 

 

From environmental perspective, the CO2 costs are directly proportional to the amount of 

CO2 emissions caused by the production system. Scenario C has the lowest CO2 emissions 

followed by Scenario B which has 1.5 times higher emissions whereas Scenario A has 

4.1 times higher emissions than Scenario C. Thus, from sustainability perspective, 

Scenario C is the most recommendable alternative.  

7.2 Sensitivity Analysis 

The simulations and calculation are based on the ‘reference’ scenario in DECC (2015a, 

2015b) cost estimates which are considered the most insecure of the utilized data sources. 

The DECC estimates also include ‘low’ and ‘high’ price scenarios which affect the results 

and the proposed cost-optimal production side configuration. The effect the different 

DECC price scenarios and consideration of the CO2 costs and renewable heat incentives 

have on the optimization minimum result in Scenarios A, B and C are studied through 

sensitivity analysis in Figure 39. 
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Figure 39: Sensitivity analysis for the cost-optimal production configurations with different electricity 

and gas price scenarios and CO2 costs and RHIs considered and not 

 

In Figure 39, the optimization results marked with the dashed line stand for the 

configuration yielding the minimum total life-cycle costs in the optimization process with 

no CO2 costs considered. The sensitivity analysis show that if the CO2 costs are not 

considered, Scenario A is the cost-optimal alternative. However, considering the CO2 

costs increases the life-cycle costs by 27% (£M 8.2) in Scenario A and by 7% (£M 2.4) 

in Scenario B and 5% (£M 1.6) in Scenario C indicating more significant change in 

Scenario A than other scenarios. Thus, if the CO2 costs are considered, Scenario C 

becomes the most cost-efficient alternative due to the least amount of carbon-based 

energy utilized in the energy conversion. 

 

Also considering the changes in electricity prices yield the most significant changes in 

Scenarios A and B whereas the change in Scenario C is the lowest. If the electricity price 

is low, the profits of the electricity sales in Scenario A decrease and vice versa resulting 

in total life-cycle costs between £M 24.8-34.6. In Scenario B, high electricity price 

decreases the profitability of the heat pump significantly whereas the low price increases 

it resulting in total life-cycle costs between £M 30.9-39.2. In Scenario C, only the 

profitability of the electric chiller varies in different electricity price scenarios yielding 

only a small change in the total life-cycle costs. 

 

The effect of changes in gas prices is proportional to the amount of gas utilized in the 

energy production. As the amount of gas is the highest in Scenario A, different gas price 

scenarios affect it the most resulting in range of £M 22.2-38.9 for total life-cycle costs. 

In Scenarios B and C, the amount of gas utilized is significantly smaller resulting in 

smaller variance in total life-cycle costs under different gas price scenarios. In Scenario 

B, the range is £M 33.7-37.3 and £M 33.4-36.4 in Scenario C. 

 

Thus, it is noticed that the total life-cycle costs under different gas and electricity price 

scenarios vary significantly less in low-carbon Scenarios B and C. Also, the effect of the 

CO2 cost consideration is significantly smaller in Scenarios B and C. Therefore, it may 
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be proposed that the sensitivity analysis is an indication of the less volatile nature of the 

energy prices in low-carbon technologies. 

 

However, the sensitivity analysis also proposes that the cost-efficiency of the low-carbon 

energy technologies in this community is very much based on the renewable heat 

incentives paid by the government. If the incentives were not acknowledged, the total 

life-cycle costs would increase by approximately 50% in both Scenarios B and C and by 

20% in Scenario A where solar thermal production is supported. Without the RHIs 

considered for any of the simulation scenarios, the low-carbon scenarios would be 

approximately 70-75% more expensive from total life-cycle costs than Scenario A. Thus, 

without the incentives the low-carbon technologies would not be cost-competitive in this 

scenario. 

7.3 Comparison to the Case Studies 

In Table 2, the ranges for different energy sources utilized for DH production in the 

energy systems proposed in the considered case studies were represented. In Table 13, 

the results from the case studies are compared with production in the cost-optimized 

production side configurations in the examined community. 

 
Table 13: Comparison between energy  sources for DH production in the considered case studies and the 

cost-optimized scenarios in this study 

 

 Range for the share of DH production in the proposed energy 
systems 

Energy Source Case Studies Scenario A Scenario B Scenario C 

Biomass 14-66% 0% 0% 63% 

Solar thermal 0-8% 9% 9% 9% 

Heat pumps 8-38% 0% 58% 0% 

Municipal solid 
waste and 
industrial 

excess heat 

0-20% 0% 0% 0% 

Fossil fuels 0-37% 91%10 33% 28% 
 

Table 13 indicates that the results from the case studies are reasonably similar to the 

results in this study with relatively similar distribution of production. As the results of the 

case studies and this study are relatively similar, some conclusions of creating a cost-

effective, sustainable heating system may be drawn from the Table 13. 

 

Regardless, of the technology or energy source used for the base load production, the 

annual share of production for the base load unit is around 60-70% both in the case studies 

and this study with peak load units producing 30-40% of the annual energy with fossil 

fuels. According to the case studies and this study, the potential for solar thermal 

production is estimated at around 10%. Naturally, this distribution varies region-

specifically and according to the local characteristics and thus, not too strict conclusions 

may be drawn from the results but the similarities between this study and the considered 

case studies are regardless, somewhat noteworthy. 

  

                                                 
10 CHP 66%, peak load boilers 25% 
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8 Discussion 
A simulation-based optimization process to create a cost-optimal, more sustainable 

heating system for the studied community using findings from analytical approach and 

literature has been represented in the study. In this section, the study process is critically 

analyzed and potential enhancements and directions for the future studies are proposed. 

 

First, the literature evidently stated heat savings on the demand side as a significant factor 

in creating more sustainable heating system for the future. However, in this study the 

savings have been excluded from the consideration as no notable, large-scale energy 

renovations have been designed for the community. On the other hand, no large-scale 

new building projects have been planned and thus, the heat demand is considered constant 

throughout the optimization period. Including the possible changes in heat demand would 

have been possible and relatively easy with the EnergyPro software and the changes in 

heat demand would have affected the proposed configuration. 

 

Second, the original strategy in the study was to cost-optimize the production side 

configuration with only explicit costs and renewable heat incentives acknowledged and 

the effect of CO2 costs only included in the results comparisons. However, the analytical 

process in Section 4 showed that if the CO2 costs were not acknowledged in the low-

carbon Scenarios B and C, the analytical optimization would have proposed that it is more 

cost-efficient to produce all of the heat with gas heat-only boilers than to implement 

biomass heat-only boilers or water-source heat pumps.  

 

Consequently, Scenario A is optimized with no CO2 costs considered in the process 

whereas the optimization process of Scenarios B and C acknowledges them. Thus, the 

optimization input values are from this perspective different in different optimization 

scenarios which may affect the results slightly. However, this is an indication that this 

kind of implicit costs may be included in the optimization process and that the cost-

efficiency of the low-carbon alternatives is notably based on the explicit costs for fossil-

fuel-based energy production and renewable energy incentives and schemes. 

 

Third, the DECC (2015a, 2015b) fuel, electricity and emission prices and grid electricity 

carbon emissions are predictions for a relatively long time in the future obviously 

including certain uncertainties. Especially the electricity grid decarbonization goals by 

the DECC seem relatively ambitious and may not be achievable. As the grid electricity 

emission factor and the resulting, relatively low CO2 costs are acknowledged in the case 

of electric compression water-source heat pumps, the profitability of the heat pump 

increases in comparison to other alternatives.  

 

Also, the cost-efficiency of the electricity produced by the CHP unit decreases, as its 

carbon emissions become higher than for the grid electricity if the grid electricity is 

considered nearly decarbonized in the future. However, this is an indication that the 

changing variable costs may be considered in the optimization process and the effects of 

different price scenarios have been studied with sensitivity analysis. Furthermore, the 

optimization method may have yielded slightly different outcome if a different cost 

allocation method was utilized in the process. 
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Last, EnergyPro used in the study is a simulation software designed to optimize the 

operation and the variable costs of the simulated scenarios. However, one may not 

consider it as an optimization software which would automatically optimize the 

configuration of the production side given the set of input values and no external 

optimization software or algorithm is used in the study. Thus, to find the optimal 

configuration, all permutations are needed to be simulated resulting in a relatively high 

number of simulation rounds. In this study the required total number of simulation rounds 

was 8 640 with an approximate calculation time of 36 h even though the input variables 

were considered discrete with relatively large calculation steps. 

 

The process could be developed further if an optimization software was included in the 

process to work together with the simulation software. The idea behind the usage of the 

optimization software is that after a certain number of simulation rounds, the optimization 

software is able to analyze the effect each of the input variables has on the total life-cycle 

costs and thus, exclude some of the most inefficient solutions from the consideration. 

With this enhancement, the calculation time may be decreased as the number of required 

simulation rounds is smaller. Also, the number of calculation steps for every variable 

could be increased by considering shorter calculation steps for discrete variables or 

considering the variables continuous. In other words, with the usage of simulation 

software, the accuracy of the optimization could be increased and the required calculation 

time be decreased. 

 

This kind of process has been studied by for example Niemelä (2015) in optimizing the 

energy solutions in building renovations. With the usage of optimization software, also 

multi-objective optimization to optimize for example emissions and life-cycle costs or 

investment costs and life-cycle costs simultaneously would be possible resulting in 

pareto-optimal plot. 

 

Another solution would be analyzing the optimization results with a data analytics 

software, such as R-Studio or Matlab. In the analytics software, nonlinear regression 

models could be created based on the results and consequently, the optimum input values 

for decision-making variables could be calculated based on the created model. However, 

in nonlinear regression, the number of results required for a reliable model is typically 

significantly, high up to 10 000-20 000 (Viitasaari 2016) indicating that the number of 

simulation rounds may be significantly higher than considered in the study. Furthermore, 

the minimum would be based on the created regression model – not an actual simulation.  

 

However, implementation of either optimization software or algorithm or data analytics 

software and its effects of the accuracy, reliability and calculation time are subjects to 

further studies based on this thesis.   
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9 Conclusions 
In the study, a simulation-based optimization model combining findings from the 

literature and analytical approach has been proposed to optimize the life-cycle costs in 

implementing district heating and cooling in the studied community. In this Section, the 

conclusion from the literature review and the optimization are discussed and the initial 

research questions from the Section 1 are discussed. 

 

Due to a significant share of fossil fuel used in heat and cooling production throughout 

Europe and high amount of wasted heat energy, the current heating system is 

unsustainable from environmental perspective. As the prices of fossil fuels have increased 

and the predictions show that the prices are expected to increase in the following decades 

and the price changes are more unpredictable than for renewable energy sources, also the 

economic sustainability of the heating system may be questioned. Furthermore, much of 

the fossil fuel utilized in Europe is imported from other continents, reducing the energy 

independency in heating in Europe. 

 

The prediction by Shafiee & Topal (2009) shows that natural gas and oil are no longer 

available after 2042 and even if the depletion time was estimated excessively fast, the 

prediction points out that these fossil fuels will run out relatively soon. Thus, fast 

transition in heating system is required to replace natural gas and oil as the heat production 

in Europe is at notable rate based on them. Much of the heating energy is produced with 

building-specific boilers and a significant share of them has reached or is about to reach 

the end of their technological life-cycle. Thus, the timing is favorable to make a transition 

to more sustainable alternatives as much of the boilers will be replaced any way in the 

near future. 

 

According to the case studies considered in the thesis and the European Commission 

Energy Strategy (2016), the proper strategy in creating a sustainable, cost-efficient energy 

system is based on three key elements proposed also by Lund & Mathiesen (2009): heat 

savings on the demand side, replacing fossil fuels in the energy production and strategies 

to integrate the renewables into the energy system. According to the findings from the 

literature review, district heating has a significant potential in achieving this due to its 

ability to increase energy efficiency and integrate various renewable energy sources into 

the energy mix. Also, district heating and cooling are especially beneficial in densely 

inhabited urban areas indicating they would be suitable alternatives in Europe due to its 

demographic characteristics. 

 

Even though there are many renewable, mature heat production technologies available, 

the study shows that they have diffused the markets slower than their technological 

maturity would propose. The slow implementation of renewables was examined in this 

study with the literature review and the case study with the studied community. The aim 

was to answer to the research question: 

 

”Is a district heating and cooling system based on renewable energy sources 

technologically and economically feasible and which variables affect the cost-efficiency 

of the low-carbon alternatives the most in the studied scenario?” 

 

The literature review itself gives a relatively optimistic view that from the technological 

perspective, many renewable technologies have either reached full technological maturity 

or are expected to reach it in the near future. However, from the technological perspective 
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the major challenge seems to be the system’s ability of reacting to very fast changes in 

demand as all of the proposed potential renewable technologies are considered base load 

units and the availability of renewable-based peak load unit may be questioned. Even 

though the thermal stores may replace some of the peak-load demand, it may not be cost-

optimal or feasible to replace all of it with thermal storages as occurred in the examined 

community. Thus, creating viable alternatives for fossil fuel technologies during peak-

load demand remains a challenge for the renewables. Also, increasing the technological 

performance of latent heat and thermochemical storages is important due to their ability 

to store more heat energy than the conventional sensible heat storages. 

 

From the economic perspective, the study proposes that even though the prices for various 

different renewable technologies have decreased significantly lately, the fossil fuels still 

remain more cost-effective due to economies of scale, learning effect, mass production 

and socio-cultural embedding. Even though the renewables are more sustainable from 

environmental perspective, some of the technologies are significantly more expensive 

than the fossil fuel alternatives. Thus, increasing the amount of renewables in heat and 

cooling production would increase the energy prices reducing the market penetration of 

the renewables. 

 

To make the renewables cost-effective faster, effective political instruments to support 

the local innovation systems are required. As the share of renewables in the energy system 

is still relatively low, the existing policies failed to support the large-scale 

implementation. On the other hand, even if the policies were able to increase the share of 

renewables in the energy mix, the long-term cost-efficiency of the renewables may be 

questioned as done by for example Frondel et al. (2010). 

 

The cost-efficiency of various low-carbon and fossil fuel technologies in implementation 

of district heating and cooling was studied more thoroughly with the examined 

community. In the examined community, the inadequate cost-effectiveness of renewables 

was shown. First, even though a CHP unit producing both heat and electricity was 

implemented in Scenario A, the total investment costs of the system in comparison to 

Scenarios B and C were relatively similar even though in Scenarios B and C heat-only 

technologies were utilized for base load production.  

 

The relatively high investment costs resulted in high LCOE for the low-carbon 

alternatives and thus, it would have been more cost-efficient to produce all of the heat 

with gas heat-only boiler than to implement a low-carbon base load unit. Thus, the CO2 

were included in the optimization process of Scenarios B and C to make them cost-

efficient. Including the CO2 costs to the consideration affected significantly to the cost-

efficiency of the low-carbon systems. 

  

Second, the variable costs in the low-carbon alternatives are notably high in comparison 

to gas CHP system in Scenario A. The low-carbon scenarios only produce heat whereas 

Scenario A produces both heat and electricity but still, the total variable costs in low-

carbon scenarios B and C are approximately 70% of the total variable costs in Scenario 

A indicating a significant share. As the CHP plant in Scenario A is able to sell the 

electricity for profit, the allocated costs for heat and cool production costs would be very 

small if the electricity sales were subtracted from the total variable costs. 

 

Third, the results and the sensitivity analysis show that the cost-effectiveness of the 

renewables is highly dependent on the political instruments, specifically incentives and 
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taxation. The sensitivity analysis and results show that the incentives for renewable heat 

stand for approximately one-third of the total life-cycle costs in both low-carbon 

Scenarios B and C. Also in Scenario A, the renewable heat incentives account for 

significant savings through subsidies for solar thermal. The cost-optimal configuration in 

the examined community was studied further with an aim to answer to the research 

question: 

 

”What is the proposed cost-optimal production side configuration in the study and 

why?” 

 

From heat perspective, the results show that the cost-efficient strategy in all 3 studied 

scenarios is to maximize the operating hours of the base load unit with proper design 

capacity, maximal implementation of solar thermal and optimizing the capacity of the 

thermal store accordingly. In all scenarios, gas boilers were used as peak load units even 

though the hot thermal stores may reduce their operational hours. From cooling 

perspective, the proper strategy was to combine electric chillers with free cooling with 

sea water as its cool source and implementation of cold thermal storages. Free cooling 

could have been even more profitable if a colder, more constant cold source was available. 

 

Even though combined heating and cooling heat pumps could have operated as middle 

load units in this scenario and produce heat and cooling simultaneously, they were not 

included in any cost-optimal scenario due to relatively high investment costs in 

comparison to small possible operational hours even with the thermal storages 

implemented. Even though, the absorption chillers were considered beneficial in the 

literature review due to their ability to maximize the maximum operational hours of the 

base load unit, they were excluded from the simulation-based optimization in this thesis 

as their leveled costs of energy were considered considerably more expensive than for 

electric chiller.  

 

If the only the explicit costs and subsidies for renewable technologies were considered, 

the cost-optimal production side configuration would be Scenario A utilizing gas CHP as 

the base load unit. However, if the CO2 costs are included in the consideration, Scenario 

C using biomass heat-only boiler as the base load unit instead of gas CHP becomes more 

cost-effective than Scenario A. Furthermore, the sensitivity analysis shows that Scenario 

C has the lowest variance of all studied scenarios under different price scenarios as it is 

the less dependent on electricity and gas prices. This result is an indication of the 

predictable nature of the energy costs with renewable technologies. 

 

Even though the results show that Scenario C may be cost-optimal under some 

circumstances in this community, it may not be cost-optimal from macroeconomic 

perspective as the incentives must be paid through governmental funds. The incentives 

and subsidies may question the long-term cost-efficiency of the renewables. However, 

the results show that in this community, the policies are able to promote the 

implementation of renewables into the energy mix.   
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The aim in this thesis was also to create a simulation-based process to study the cost-

optimal implementation of district heating and cooling to an existing community. The 

usability and the scalability of the process was studied through research question: 

 

”Which are the most important targets for development so that the optimization process 

described in the study could be more conviniently utilized for other communities?” 

 

The optimization process combines findings from the literature and analytical 

examination of the LCOE curves to include the most cost-effective technologies into 

further studies and to exclude the least cost-effective from the mix. Also with the LCOE 

curves, it is possible to create first insights of the potential cost-optimal production side 

configuration. Even though the analytical approach does not take into account all of the 

same operational variables as accurately as the simulation-based approach, the findings 

made with the analytical approach and the simulation-based approach are relatively 

similar. Thus, the process may be considered reliable as similar results are received with 

two different approaches. 

 

The benefits of using the simulation software are the more thorough consideration of 

operational variables, such as minimum loads, varying operational efficiencies, 

maintenance breaks, operation of thermal storage et cetera. Also, studying the operation 

of intermittent resources, such as solar thermal and free cooling is more simple with the 

simulation software.  

 

Furthermore, in the modelled scenario, the aim is to optimize the operation in a 

trigeneration process with simultaneous heat, cooling and electricity productions and 

demands. In the trigeneration process, each different type of demand and different 

production unit affects the potential operating hours of other available production units. 

For example, in the case study the potential operating hours of combined heating and 

cooling heat pump are affected by the operation of base load units with smaller total 

variable costs and the simultaneous heating and cooling demand. Also, the operation of 

the heat pump affects the electricity demand in the production side affecting the operation 

of combined heat and power plant. 

 

Calculating the potential operating hours for each unit as a function of simultaneous 

different types of demands and the operation of other production units may be more 

difficult and burdensome in dynamic programming models than with the simulation 

software. The simulation software automatically calculates the hourly operation potential 

and priorities for each production unit and is able to minimize the variable costs of the 

operation and also optimize the operation of the storage tank. Thus, with the simulation 

software the optimization of the trigeneration process is easier than with dynamic 

programming or analytical approach. 

 

In short, the software allows easy-to-use graphic interface with which the project is easier 

to understand, adjust and explain than through for example dynamic programming with 

the project reports allowing cost-efficiency analysis of each individual technology and 

different simulation scenario. On top of that, the repetitive calculations through the 

EnergyPro Interface module allow calculating thousands of different simulation 

alternatives in relatively short calculation time. Obviously, as the software itself is 

simulation, not an optimization software, the number of calculation rounds required and 

the length of calculation steps are relatively high. However, the represented optimization 
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process allows the usage of reasonable calculation steps and reasonably wide feasible 

ranges for the decision-making variables. 

 

On the other hand, the process could be developed by implementing optimization 

algorithms or software or data analysis software to increase the feasible range and to make 

the calculation steps shorter in order to improve the accuracy of the results and to reduce 

the required calculation time. Also with a proper optimization software, the process could 

be developed into multi-objective optimization model to minimize multiple output 

variables simultaneously with pareto-optimal solutions. 
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Figure A2.4: The DECC service sector electricity prices. Adapted from DECC (2015b) 

 

 

 
Figure A2.5: The DECC natural gas prices. Adapted from DECC (2015b) 
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Figure A3.1: Hourly heat demand distribution for the simulated community 

 
 

Figure A3.2: Hourly cooling demand distribution for the simulated community 
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Figure A3.3: Hourly electricity demand distribution for the simulated community 

 

 

 

 
Figure A3.4: Monthly energy demand distribution for the simulated community 
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Figure A1.1: Daily average temperatures for the simulated community in 2015. Adapted from Weather 
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Figure A1.2: Daily heating degree days for the simulated community with base temperature set at 15.5°C 

in 2015. Adapted from Weather Underground 
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Table A1.1: Monthly average temperatures and heating degree days in the simulated community in 2015. 

Adapted from Weather Underground 

Month 
Average 

Temperature 

Total 
Heating 
Degree 

Days 

January 7.5 246 

February 6.0 276 

March 7.5 248 

April 9.4 183 

May 12.0 113 

June 14.2 55 

July 15.1 45 

August 15.2 37 

September 14.5 50 

October 13.0 82 

November 9.7 175 

December 8.6 207 

Whole Year 11.1 1717 
 

 

 
Figure A1.3: Annual solar radiation per hour in the simulated community calculated as an average for 

years 1995–2012. Adapted Rennie et al. (2015) 
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Figure A1.4: Solar radiation duration curve calculated as an average for years 1995–2012. Adapted 

Rennie et al. (2015) 

 

 

 
Figure A1.5: Annual Sea Water Temperature. Adapted from World Sea Temperature

0

100

200

300

400

500

600

700

1
2

6
7

5
3

3
7

9
9

1
0

6
5

1
3

3
1

1
5

9
7

1
8

6
3

2
1

2
9

2
3

9
5

2
6

6
1

2
9

2
7

3
1

9
3

3
4

5
9

3
7

2
5

3
9

9
1

4
2

5
7

4
5

2
3

4
7

8
9

5
0

5
5

5
3

2
1

5
5

8
7

5
8

5
3

6
1

1
9

6
3

8
5

6
6

5
1

6
9

1
7

7
1

8
3

7
4

4
9

7
7

1
5

7
9

8
1

8
2

4
7

8
5

1
3

R
ad

ia
ti

o
n

 (
W

/m
^2

)

Number of hours

Solar Radiation Duration Curve





 

 

 

   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  


