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Abstract 

Large-scale HPs and refrigeration plants are essential technologies for decarbonising the heating 

and cooling sector, while using power generated from renewable energy sources. Thereby, 

intermittent power can be used to supply district heating (DH) and district cooling (DC) efficiently 

in combination with thermal storages. The representations of the coefficient of performance 

(COP) and economics of HPs and chillers in energy planning tools are often very simple and 

considerations of the heat source, heat sink, heating supply and cooling supply are barely taken 

into account. However, temperatures of these streams often vary during the year, so that 

simplified approaches may lead to wrong investment decisions. This could lead to a suboptimal 

exploitation of sources, resources and investments.   

This PhD thesis aims at analysing how the considerations of different heat sources and heat sinks 

and their characteristics influence planning decisions regarding the supply of DH and DC based 

on large-scale HPs and refrigeration plants. For this purpose, an optimization model was 

developed based on mixed-integer linear programming, which is able to identify production and 

storage capacities, heat sources, heat sinks and hourly operation for the most economical, 

sustainable or energy efficient supply of DH and DC using electricity.  

Detailed knowledge of a wide range of heat sources and sinks were obtained and applied to the 

optimization model, which included hourly temperature profiles and certain capacity limitations. In 

addition, linear correlations of investment costs for large-scale HPs depending on the used heat 

source were developed based on the experience of existing and planned HP projects in Denmark. 

The optimization model was applied to the new development district of Copenhagen, Nordhavn, 

to supply DH and DC and to the existing DH network of Tallinn, Estonia. The optimization model 

was also used to investigate how COP estimation influences the model results. Four different 

methods for estimation of HP COPs were investigated based on constant COP, Lorenz efficiency, 

exergy efficiency as well as a method presented by Jensen et al. The COP estimation methods 

were compared to the COPs calculated with a thermodynamic HP model for four heat sources.  

The main findings of the PhD thesis are that the investment costs of large-scale HP projects, in a 

range of 0.2 MW to 10 MW HP capacity, can be specified for the use of individual heat sources. 

Cost correlations were developed for using ambient air, industrial excess heat, flue gas, sewage 

water, groundwater and district cooling. It was found that the costs of the HP unit itself is 38 % to 

56 % of the total investment costs of HP projects. The estimation of COP based on the Jensen et 

al. method resulted in optimization results that were very similar to the ones obtained with COPs 

based on the thermodynamic model. This method showed lower sensitivity of the optimization 

results for uncertain input parameters compared to the other three methods. The use of a constant 

COP is not suitable for varying heat sources and heating supply temperatures. Applying the 

optimization model to the case studies showed that a combination of different heat sources and 

sinks within one system is competitive to the use of a single heat source/sink. A HP that uses the 

DC network as a heat source to supply DH is very efficient and economical. Groundwater and 

sewage water were proposed as heat sources and heat sinks for an economically optimal supply 

of DH and DC. Seawater was constrained by a large distance to the plant. The Pareto frontier 

showed that a large reduction in annual CO2 emissions is possible for a relatively small increase 

in investments. 
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Resumé 

Store varmepumper og køleanlæg er vigtige teknologier når det drejer sig om at reducere CO2-

udslip fra varme- og kølesektoren idet disse kan anvende el fra vedvarende energikilder. I 

forbindelse med termisk energilagring kan varierende el-produktion anvendes effektivt til 

forsyning med fjernvarme og –køling. Måden at repræsentere COP og økonomi af varmepumper 

og køleanlæg i energiplanlægningsværktøjer er ofte meget simpel, og der tages ofte ikke hensyn 

til arten af hverken varmekilder. Imidlertid vil det ofte være tilfældet at temperatur af både 

varmekilde og -dræn varierer over året, hvorfor simplificerende antagelser kan føre til forkerte 

beslutninger vedrørende investering. Dette kan føre til en suboptimal udnyttelse af kilder, 

ressourcer og investeringer. 

Dette PhD-arbejde har som formål at analysere hvordan hensyntagen til forskellige kilder og 

deres karakteristika påvirker beslutninger i planlægningen af forsyning med fjernvarme og –køling 

baseret på store varmepumper. Til dette formål blev der udviklet en optimeringsmodel baseret på 

mixed-integer lineær programmering, som er i stand til at fastlægge produktions- og 

lagerkapaciteter, kilder og time-til-time driftstilstand for den mest økonomiske, bæredygtige eller 

energieffektive forsyning med fjernvarme og -køling baseret på anvendelse af el. 

Der blev etableret et detaljeret kendskab til et vidt spektrum af kilder omfattende time-til-time 

temperaturprofiler og visse kapacitetsbegrænsninger. Desuden blev der udviklet lineære 

korrelationer mellem investeringsomkostninger og varmekilder baseret på erfaringer fra 

eksisterende og planlagte varmepumpeprojekter i Danmark. Optimeringsmodellen blev anvendt 

på forsyning af det nye byudviklingsområde i København, Nordhavn, med fjernvarme og –køling 

samt på det eksisterende fjernvarmenet i Tallinn, Estland. Optimeringsmodellen blev også 

anvendt til at undersøge, hvordan fire forskellige metoder til vurdering af COP for varmepumper 

påvirker modelleringsresultaterne. Modellering blev gennemført på basis af COP-vurderinger 

baseret på hhv. konstant COP, Lorenz-virkningsgrad, exergivirkningsgrad foruden en metode 

beskrevet af Jensen et al. COP-vurderingsmetoden blev sammenlignet for fire varmekilder og 

med COP-værdier beregnet med en kredsprocesmodel for en varmepumpe. 

Hovedresultaterne af dette PhD-arbejde er at investeringsomkostningerne for store 

varmepumpeprojekter, med en ydelse på 0.2 MW 10 MW leveret varme, kan angives for bestemte 

varmekilder. Der blev udviklet omkostningskorrelationer for varmekilderne udeluft, industriel 

overskudsvarme, spildevand, grundvand og fjernkøling. Det blev fundet at prisen for selve 

varmepumpeenheden udgør 38% til 56% af de samlede investeringsomkostninger for 

fjernvarmeprojekter.  

Vurderingen af COP baseret på Jensen et al. metoden gav optimeringsresultater, der var meget 

lignende de resultater, der var baseret på COP-værdier beregnet med den kredsprocesmodellen. 

Denne metode udviste, i forhold til de tre andre metoder, lavere følsomhed af 

optimeringsresultaterne overfor usikre indgangsværdier. Brug af konstant COP er ikke egnet i 

forbindelse med varierende temperaturer af varmekilde og varmedræn. Anvendelse af 

optimeringsmodellen på case studies viste at kombinationen af forskellige kilder i et anlæg er 

konkurrencedygtig med anlæg med kun én kilde. En varmepumpe der bruger fjernkølenettet som 

varmekilde, er meget effektiv og økonomisk. Grundvand og spildevand blev foreslået som kilder 

for økonomisk fjernvarme og –køling. Havvand var mindre gunstigt på grund af stor afstand til 
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anlægget. Ellers ville denne kilde blive valgt. Pareto grænsen viste at selv med en lille forøgelse 

af investeringsomkostningerne, ville det være muligt at opnå en betydelig reduktion i årlig CO2-

emission. 
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1. Introduction  

This chapter describes defined terms used throughout the PhD thesis, the background 

information of the PhD project, a description of the case study and the motivation behind this 

work. A literature review highlights the role of large-scale heat pumps (HPs), heat sources, heat 

sinks and how they have been considered so far in energy planning tools for the supply of district 

heating (DH) and district cooling (DC). This led to the stated research question, objectives and 

applied approach. A general overview of the PhD thesis structure follows. This chapter is based 

on [P1], [P2], [C2] and [C3]. 

1.1 Definitions and basic principles 

In order to avoid misunderstanding and confusion, the following terms have been used throughout 

the PhD thesis with the definitions as described below. 

Heat pump 

The purpose of a HP is to provide heating. A HP makes use of available energy, Q2, of a stream 

at a temperature, T2, which is not high enough to supply heating directly. The HP uses electrical 

energy, P, by means of mechanical compression in order to provide the energy, Q1, to a stream 

at a higher temperature level, T1, suitable for the supply of heating. The heat pumping principle 

and the energy flows are illustrated in Figure 1.  

 

Figure 1: HP principle and energy flows (inspired by [1]) 

The main components of a HP are the evaporator, compressor, condenser, expansion device, 

pipes and the refrigerant, as illustrated in Figure 2. The pipes contain the refrigerant and connect 

the different components with each other. The stream, containing the energy Q2, and the 

refrigerant exchange heat in the evaporator, in which the refrigerant evaporates. Then, the 

refrigerant is compressed in the compressor to a higher pressure. In the following, the refrigerant 

releases heat in the condenser to a stream, which then contains the energy Q1 at higher 

temperature. During this process, the refrigerant condenses. Finally, the pressure of the 

refrigerant is released in the expansion device to its initial pressure in the evaporator. More 

information can be found in Granryd [1] or Granryd et al. [2]. 
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Figure 2: Main components of a HP 

Heat source 

A heat source is a media that provides energy to a HP at a temperature that does not allow a 

direct use for heating purposes, for example ambient air, seawater or groundwater. Because the 

temperature of the heat source is not high enough to supply the required heat directly, it may also 

be called low-temperature heat source.  

Heating supply 

The heat that is removed from the condenser of a HP is defined as the heating supply. For 

example, this could be the water in a DH network. The term heat sink, which is commonly used 

to describe the heat load from a condenser of a HP, was not used in this context in this work.  

Mean temperature lift 

The mean temperature lift was defined as the difference between the mean absolute 

temperatures of two streams at different temperature levels. For example, this could be the heat 

source and the heating supply. The mean absolute temperature (in K) of a stream entering and 

leaving e.g. a heat exchanger may be calculated as shown in Eq. (1). 

�̅� =
𝑇o − 𝑇i

ln (
𝑇o
𝑇i
)
 (1) 

Chiller 

A chiller is a refrigeration plant type that works with the same principle as the HP and contains 

the same basic components. The purpose of the chiller is to provide cooling. It removes heat from 

a cold media, which exchanges heat with the refrigerant inside the evaporator. The refrigerant 

performs the same steps as for a HP described above. Inside the condenser, the heat is rejected 

from the refrigerant to another media. The principle is illustrated in Figure 3.  
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Figure 3: Main components of a chiller 

Heat sink 

The media that receives the rejected heat from the condenser of a chiller is defined as heat sink. 

For example, this could be ambient air, lakes or rivers. Heat sources and heat sinks may be the 

same media used for different purposes, i.e. ambient air that is used on the one hand by a HP to 

supply heating or on the other hand by a chiller to remove heat. In order to differentiate between 

a heat sink of a refrigeration plant, e.g. ambient air, and a heat sink of a HP, e.g. the DH network, 

the term heating supply was introduced, as described above.  

Cooling supply 

The cooling that is supplied by the evaporator of a chiller is defined as the cooling supply. For 

example, this could be the water of a DC network.    

Free cooler 

A free cooler is a heat exchanger unit that removes heat from the DC return water and cools it, 

while the heat sink stream temperature increases. Mechanical work except for pumping or fans 

is not required. Thereby, the DC return water is cooled directly by rejecting heat to the heat sink. 

For example, the DC network may be cooled during winter with ambient air or water from lakes, 

rivers or the sea.  

District cooling heat pump  

The term district cooling heat pump (DC HP) is here used to represent a HP that uses the DC 

network as the heat source, while supplying heat to a DH network. The cooled water is then used 

to supply the DC network. An overview of such plant is shown in Figure 4. One of the conditions 

for this plant is that the supply of heat from the DC HP to the DH network is linked and directly 

dependent on the supply of cooling from the DC HP to the DC network. Hot and cold storages 

may be used to decouple the production of heat and cooling from the cooling and heat demand, 

which may increase flexible operation of the DC HP.  
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Figure 4: Main components of a DC HP 

COP and COPc 

The coefficient of performance (COP) of a HP is calculated as the ratio of useful heat to consumed 

electricity. The coefficient of performance of a chiller is abbreviated as COPc to differentiate 

between heating and cooling COP. It is calculated as the ratio of the cooling load to consumed 

electricity. Both factors describe how efficient the plant operates. When heat losses are neglected, 

they are related as COP = COPc +1 [2].  

Lorenz cycle 

A Lorenz cycle takes into account the inlet and outlet temperatures of two streams e.g. the heat 

source and the heating supply of a HP. It is seen as the theoretical performance limit of a HP or 

chiller operating between reservoirs with limited capacity. Real plants achieve a performance 

between 20 % and 60 % of the limit [3]. Information about how to calculate it can be found in 

Section 6.2.1. 

1.2 Background 

The Paris Agreement states that the global temperature rise shall be kept below 2 °C above pre-

industrial levels by 2100 to reduce climate change caused by greenhouse gas emissions [4]. For 

achieving this goal, 195 members have signed the agreement and 175 parties have ratified it by 

April 2018 [5]. In the EU, heating and cooling is responsible for half of the final energy 

consumption, from which 75 % was produced by fossil fuels in 2012 [6]. Even though DH accounts 

for only 12 % of the heat supplied to EU citizens, the proportion varies greatly by country. 

Especially countries from the northern region have a high share of DH. The proportion of DH in 

Denmark, Sweden, Finland, Poland and the Baltic States was above 50 % in 2013 [7]. Fleiter et 

al. [8] estimated that the cooling demand of the EU accounted for 2 % of the final energy 

consumption in 2015, which does not consider the energy input nor losses in power generation. 

A strong growth of the cooling demand is expected in the future. The rising number of office 

buildings, shopping malls and low-energy buildings may indicate this. In addition, the comfort level 

of society and at work increases. Furthermore, available information about cooling demands is 

limited or they are often not measured [9,10]. DC is often proposed to efficiently supply cooling 

[11–15], because it may be more than 5 times more efficient than individual air conditioning units 

[15]. DC may be installed for cooling clusters, when they are identified. 
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The project “EnergyLab Nordhavn - New Urban Energy Infrastructures” started in 2015 as a large 

research and demonstration project with the aim at developing and demonstrating solutions for 

the transformation of the energy system to integrate a large share of renewable energy sources 

(RES). The focus has been on cost-effective solutions that integrate different energy sectors to 

provide flexibility for RES and to integrate more RES in the heating sector. For achieving these 

ambitious goals, companies from industry, utility companies, authorities and different departments 

from University joined forces. This resulted in 12 strong partners supported by the Danish Energy 

Technology Development and Demonstration Programme (EUDP) [16]. Low-temperature district 

heating (LTDH) networks, the integration of energy sectors, fuel shift technologies and new 

markets were demonstrated among others. 

This PhD project has been part of “Energylab Nordhavn” with the aim of identifying optimal 

integration possibilities of heat sources and heat sinks in DH and DC systems. This was done by 

the development of an energy planning tool for the supply of DH and DC by large-scale HPs and 

refrigeration plants focusing on the integration of heat sources and heat sinks by including details 

in costs, temperatures and availability. The research and demonstrations of the “Energylab 

Nordhavn” project as well as the work of this PhD project was applied to the new city district of 

Copenhagen, Denmark, called “Nordhavn”.  

1.2.1 Nordhavn as a case study 

The city council of Copenhagen agreed in 2012 on a climate plan to become the first CO2 neutral 

capital in the World by 2025 [17]. In Copenhagen, DH supplies 98 % of the heat demand [18]. In 

2015, 53 % of the supplied heat was CO2 neutral [19]. This indicated that it would be necessary 

to transform the DH network even further. In 2014, the three major utility companies of 

Copenhagen reported in the Heating Plan of Greater Copenhagen that 300 MW of installed 

heating capacity based on large-scale HPs may be required by 2035 to supply sustainable and 

feasible cheap DH without depending on biomass only [20].  

Nordhavn may be a good showcase for implementing large-scale HPs for achieving a high degree 

of CO2 neutral supply of heat. It is a developing residential and commercial development region 

in Copenhagen until 2060. At the time of writing, it is one of the largest development districts in 

Europe and is used to demonstrate how sustainable living can be achieved [16]. The city district 

Nordhavn is located by the sea and will be gradually expanded to accommodate 40,000 

inhabitants and 40,000 jobs in a floor area of 3.5 million m2 [16]. This process is divided into five 

different construction phases, as illustrated in Figure 5. 
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Figure 5: Nordhavn and its construction phases ([21,22]) 

For the development of the present work, two different case areas were considered to represent 

the current part of Nordhavn in year 2018 and Nordhavn in 2035. “Existing Nordhavn” consists of 

the already developed area “Århusgadekvarteret” (construction phase stage I) and the 

construction phases stage II and III, as shown in Figure 5. These construction phases include 

669,600 m2 total floor area [22,23]. The buildings in this area were designed for supply 

temperatures of 70 °C and return temperatures of 40 °C [23]. During the current construction 

phase, DH in the existing part of Nordhavn is still supplied by the existing DH network of Greater 

Copenhagen and its production units, mainly by CHP plants. “Future Nordhavn” consists in 

addition of the construction phase stage IV, which will be based on new buildings. For this whole 

area, an hourly peak heat demand of 40 MW and a cooling demand of 10 MW are expected. The 

remaining part of Nordhavn (construction phase stage V) was not considered here, because of 

limited knowledge of this future development. Preliminary assumptions includes high uncertainty, 

and thus less representative results. 

The utility company HOFOR conducted hourly measurements in 2018 of the heat demand of the 

already existing building area of Nordhavn [24]. These measurements include heat losses of the 

existing part of the DH network, which include both commercial and residential buildings. An 

overview of the relative load duration curve is shown in Figure 6.  



 

 

Optimal Integration of District Heating, District Cooling, Heat Sources and Heat Sinks 7 

 

Figure 6: Relative load duration curve for Nordhavn based on measurements in 2018 [24] 

1.3 Literature review 

1.3.1 Developments of district heating and cooling networks 

Several reports conclude that DH, especially based on combined heat and power (CHP) plants, 

is an efficient way to supply heat and to use resources, e.g. [6,25,26]. Many studies have further 

shown that DH is an essential technology to reach the EU’s goal of decarbonizing the energy 

supply. This may be reached by expanding the share of the DH heat supply, improving the current 

DH networks, converting DH to the 4th generation of DH (4GDH) and/or by exploiting synergies 

between thermal networks and electrical grids [27–31].  

Methods of evaluating the current state of a DH network and determining the main improvement 

potentials are presented in Volkova et al. [32,33]. The 4GDH was defined by Lund et al. [28], 

which has supply temperatures between 30 °C to 70 °C. They argued that a reduced DH supply 

temperature has several advantages. Among others, heat losses in the grid are reduced and 

low-temperature heat sources can be exploited, either directly or by using a HP. Exploiting 

synergies between networks is explained by Lund et al. [30] and Connolly et al. [31] in order to 

efficiently integrate a high share of RES in energy systems. 

DC water is typically supplied at a constant temperature between 6 °C and 10 °C to the customer 

and returned between 10 °C and 16 °C [34,35]. Several studies have considered of decreasing 

the DH supply temperature even further than suggested by the concept of 4GDH. Thereby, DH 

and DC may be supplied simultaneously by one network, while the water intended for space 

heating (SH) and domestic hot water (DHW) would require temperature boosts by decentral units, 

such as individual HPs. This concept may be found in literature under different names, such as 

cold district heating networks [36], low-temperature district heating and cooling [37,38] or Anergy 

networks [39], which have been summarized under the name of 5th generation district heating and 

cooling (5GDHC) systems by Buffa et al. [40]. They pointed out that 5GDHC systems may allow 

integrating more RES and providing more flexibility compared to conventional DH and DC 

systems. In addition, uninsulated pipes from polymeric materials can be used and thermal losses 

would be negligible. On the contrary, such system may be more expensive due to the need of 

substations that are more advanced, higher pumping costs and larger pipe diameters.    

With the focus on supplying only DH, Ommen and Elmegaard [41] and Elmegaard et al. [42] 

showed that the benefits of having low DH supply temperatures differ depending on whether DHW 

is supplied directly or if a temperature boost is required, e.g. by using a HP. These findings were 
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supported by Lund et al. [43] who investigated three different LTDH concepts for near term and 

long term future energy scenarios. The results of their socioeconomic analysis showed that the 

LTDH concept with supply temperature of 55 °C entails the lowest total energy system costs and 

the lowest total primary energy supply compared to the other two concepts with lower supply 

temperatures.  

1.3.2 Large-scale heat pumps and their investment costs 

One of the synergies mentioned by Lund et al. [30], Connolly et al. [31] and Blarke and Lund [44] 

is to use electricity for heating. This would allow using intermittent renewable power, such as 

generated from wind and photovoltaics, to produce heat. As DH in many cases includes significant 

storage capacity, this integrated operation may be cheaper and more efficient than electrical 

storages. In addition, CHP plants could be operated more flexibly and furthermore balancing 

power and electrical grid services could be offered [30,31,45]. One of the technologies that may 

connect the power and heating sector are large-scale HPs.  

David et al. [46] analysed existing large-scale HPs supplying DH in Europe. They identified 149 

existing large-scale HPs with a thermal capacity above 1 MW in 2017. Many of the HPs were built 

until the year 2000 with an accumulated thermal capacity of 77 %. Afterwards, large-scale HPs 

were built in Denmark, Finland, France, Norway, Italy, Switzerland and Sweden. Many of the 

newly built HPs used R134a as refrigerant, which has a comparably high global warming potential 

(GWP) [47]. Natural refrigerants, such as Ammonia and CO2, with very low GWP and no ozone 

depletion potential (ODP) were used for ten large-scale HPs built in Denmark, five in Switzerland, 

two in Norway and one in Sweden.  

Considering HPs above a thermal capacity of 0.2 MW, Denmark has built over 30 HPs using 

natural refrigerants over the past decade to supply DH in Denmark. This resulted in an 

accumulated thermal capacity of over 70 MW in 2019, as shown in [48]. A continuous increase in 

the installed capacity is expected in the coming years. In the context of using electricity for heating 

in smart energy systems and thereby reducing greenhouse gas emissions, Denmark may be seen 

as a frontrunner with regards to the implementation of large-scale HPs with natural refrigerants. 

A strong learning curve is expected if the existing knowledge and conclusions can be summarized 

and be transferred to relevant partners inside Denmark and abroad.  

The realised HP projects in Denmark listed in [48] and described in [49] and also the ones for 

Europe identified by David et al. [46,50] differ in size, configuration, components, heat source, 

supply temperature and performance. All these parameters have an impact on the investment 

costs, which makes it difficult for the DH industry to estimate expected costs and to plan new HP 

projects. 

In [3], it was shown for three examples that the investment costs contribute with around 30 % to 

the heat production costs of large-scale HPs under Danish conditions. The remaining costs result 

from the electricity price (20 %), tariffs (17 %), taxes (27 %) as well as operation and maintenance 

(6 %). Ommen et al. [51] stated similar contributions of investment costs (20 % to 37 %), electricity 

costs (21 % to 27 %) as well as for tariffs and taxes (41 % to 53 %) for eight different HP types 

used for DH. This shows that the investment costs contribute with 1/3 to the production costs of 

heat, which makes a good estimate of these costs important. 

Cost correlations for HPs up to 0.2 MW thermal capacity were published by Wolf et al. [52] for 

ground-source, water-source and air-source HPs. The results were based on 254 HPs from eight 

different manufacturers. These correlations, however, are only valid for the HP unit itself. Grosse 

et al. [53] provided a correlation for large-scale HPs based on reference project information and 

manufacturer estimative offers. However, also this correlation is for the HP only. The Danish 
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Energy Agency suggested in 2014 specific total investment costs for large-scale HP projects of 

0.5 Mio. €/MW to 0.8 Mio. €/MW [54]. An updated version of this report was released by the end 

of 2017 and suggests costs of 0.8 Mio. €/MW to 1.1 Mio. €/MW [3]. Usually, a decrease in costs 

is expected, but the opposite was the case. In addition, the range has become quite large, which 

could result in very high unexpected costs.  

1.3.3 Heat sources for large-scale HPs 

A few studies have investigated different heat sources used for HPs. Berntsson [55] analysed the 

most common heat sources for HPs used in Sweden for both, small systems to heat individual 

buildings and for large systems connected to DH. He focused on the analysis of key parameters 

of heat sources such as annual temperature variation, absolute temperature level, temperature 

glide and availability. Furthermore, economic and environmental aspects were investigated. The 

main heat sources for small systems were ambient air, exhaust air, lake or river water, soil and 

rock. For large systems, mainly lake water and cleaned sewage water was used. The two main 

conclusions were that HPs can contribute to the reduction in CO2 emissions and that the reduction 

in CO2 emissions is larger for water-based HPs than for air-based HPs, in particular for large 

systems. The main reasons are a combination of difference in COP, annual operating time and 

investment costs.    

David et al. [50] identified seven different heat sources used by the 149 large-scale HPs installed 

in Europe. Sewage water, ambient water (seawater, lakes and rivers), industrial waste heat and 

geothermal water were the most commonly used heat sources. They stated that sewage water is 

the heat source with the most advantages in terms of temperature, long-term stability and shortest 

distance to urban areas, although using ambient water as heat source may result in good 

performance, too.  

Lund and Persson [56] identified the most suitable heat sources for HPs, which could be 

introduced in DH networks in Denmark. They described each considered heat source in detail. 

The outcome of the study was a map of Denmark showing the heating capacity of available heat 

sources and heat demands. It was noted that heat sources were distributed all over Denmark, but 

that their heating capacity was not proportional to the local heat demand. They concluded that 

groundwater had the highest potential to serve as a heat source for HPs in Denmark, due to its 

geographical distribution and potential heat capacity. However, they also discussed its limitations 

as a heat source with respect to drinking water availability.  

Bach [57] analysed integration possibilities of large-scale HPs in the DH network of the 

Copenhagen area. They described and analysed ambient air, sewage water, seawater near the 

shore and further away, groundwater, drinking water and the ground as potential heat sources for 

HPs. They estimated the heat source temperatures occurring during the year, available capacities 

and Carnot COP of HPs supplying DH in winter and summer. Based on the result, they suggested 

to prioritize the heat sources as follows with the most suitable one first: sewage water, drinking 

water, seawater, ambient air, ground and groundwater. In their study, groundwater was only 

considered as seasonal storage. 

Gaudard et al. [58] investigated the potential of using lakes and rivers in Switzerland as heat 

source and heat sinks for heating and cooling purposes. They used a hydrodynamic model and 

considered seasonal variations of the lakes and rivers in order to calculate the potential capacities 

of rivers and lakes, which they mapped and compared with the local heating and cooling 

demands. 

Heat sources or heat sinks may be very different from each other, which requires special attention 

and knowledge. Various heat sources and heat sinks exist that may be suitable for HPs to supply 
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DH and/or for refrigeration plants to supply DC at the required temperatures. Each heat 

source/sink has its own characteristics that makes it more or less suitable for these purposes. 

They may have very different and varying temperature levels and may be limited in capacity or 

availability.  

1.3.4 Representation of large-scale HPs and cooling in energy planning tools 

Energy planning tools are often used to investigate the most economic and/or sustainable supply 

of energy, in form of heat or electricity, for a country, region, city or new development district, 

using some kind of optimization routine. Several studies have been made in order to investigate 

the potential of integrating HPs in energy systems for an efficient integration of large amounts of 

RES. Integrating a detailed thermodynamic model of a HP in such tools is complicated and may 

make the optimization problem very complex to solve. Accordingly, HPs are often represented in 

a simplified way. 

Lund et al. [59] used the energy planning tools EnergyPlan [60] and MODEST [61] for their 

analysis of integrating large-scale HPs in Denmark. They assumed a constant COP of the HPs. 

A constant COP was also assumed in the following studies. Hedegaard and Balyk [62] looked at 

the efficient integration of a large share of wind energy into the Danish Energy System of 2030 

using individual HPs and hot water storage. Rinne and Syri [63] performed a life cycle assessment 

study to calculate CO2 emissions from HPs and CHP production in Finland. Luickx et al. [64] 

focused on the impact on the power generation and CO2 emissions in Belgium when integrating 

large amounts of HPs. Mathiesen and Lund [65] used EnergyPlan [60] to compare how suitable 

several technologies are to integrate fluctuating wind power in the energy system. One of those 

technologies were large-scale HPs. A constant COP for HPs was also assumed in other studies 

that looked at different ways of integrating more RES at national or city level, such as in 

Trondheim, Norway [66], in Geneva, Switzerland [67], in Finland [68] or in Denmark [44,69].  

The COP of a HP, however, may vary during the year depending on the heat source and heating 

supply temperatures. For instance, air, seawater, lakes and rivers are all influenced by ambient 

conditions. In the same time, DH forward temperatures are reduced in warmer periods with lower 

heat demands in order to reduce heat losses in the network. Ambient temperature levels can be 

included by assuming simple representations of COP based on a Carnot cycle [70] or a Lorenz 

cycle [71]. In this way, seasonal changes of inlet and outlet temperatures of the heat source and 

heating supply were taken into account.  

Lund et al. [43] determined hourly values of COP based on a Lorenz cycle with constant Lorenz 

efficiency over the year for HPs using seawater. For other heat sources, they assumed the 

seawater temperature profile, but added a constant temperature increase. They focused on the 

analysis of LTDH concepts at different DH network temperatures and not on a detailed analysis 

of which heat source is the most suitable to supply heat to a DH network by HPs. Østergaard and 

Andersen [72] also conducted a study using hourly calculations of COP assuming a Lorenz cycle 

with constant efficiency. They used energyPRO [73] to investigate the optimal use of central HPs 

and decentral booster HPs for a future electrified LTDH system based on RES. The focus of the 

study was on finding the optimal DH temperatures to increase performance of the HPs and to 

reduce heat losses. They did not concentrate on heat sources used for the HPs.  

Bach et al. [74] conducted their analysis based on the work from Bach [57]. They used the energy 

system model Balmorel [75]. The COP was calculated at a seasonal level for one week in each 

month. 

Other COP estimation methods may lead to a more accurate determination of COP and are still 

relatively simple to implement in energy planning software. Jensen et al. [76] derived an equation 
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for COP based on exergy efficiency, considering the heat source and sink stream temperatures 

above the dead state. Oluleye et al. [77] and Oluleye et al. [78] derived linear correlations of the 

Carnot efficiency of a HP for six different refrigerants. Coefficients were provided for condensing 

temperatures above 50 °C and evaporation temperatures above 10 °C. Jensen et al. [79] derived 

a generic equation to estimate the COP of a one-stage HP cycle in design conditions. The COP 

estimation depends on the heat source and heating supply temperatures as well as on 

characteristics of the compressor, heat exchangers and the refrigerant. For most of the 

parameters, reasonable values may be easily assumed. Simple linear approximations are given 

for those factors that are more difficult to estimate without a thermodynamic HP model. 

Furthermore, they showed that the Lorenz efficiency of a HP with fixed component characteristics 

decreases for a smaller temperature lift. Therefore, assuming a constant Lorenz efficiency for 

annual calculations may lead to an overestimation of COP for some periods. This work was further 

expanded by Ommen et al. [80] by estimating the COP of HPs for operations different from design 

conditions. Their estimations are based on two validated thermodynamic HP models that 

represent real HP installations. 

Planning tools for DC consider often the cooling sector in a higher level of detail, but may not 

consider the simultaneous supply of DH. Examples of such planning tools are the INDIGO 

Planning tool - IndPT [81] or the RESCUE Impact calculator [82,83]. If they do, the interaction 

between DH and DC may be simplified or the optimization algorithm limited, as in Fjernkøling 2.0 

[84]. However, new tools are under development and existing ones are being further improved to 

try closing this gap, such as the THERMOS tool [85]. 

1.4 Thesis statement 

The work considers  the supply of DH and DC by two separate networks using central large-scale 

HPs and refrigeration plants. The research focuses on heat sources and heat sinks in particular. 

The production of heat and cooling may be based on the same heat source/sink and/or production 

plants. This is supported by [54,86] who highlight the efficiency and cost-effectiveness of the 

simultaneous supply of heating and cooling projects by central large-scale HPs.  

It is evident that heat sources and heat sinks have very different characteristics and limitations. 

The temperature of the heat source is a critical parameter when it should be used for HPs or 

chillers, because it affects their performances directly. Since temperatures of many heat 

sources/sinks vary during the year, it is important when heating and/or cooling is required in order 

to find the source/sink with the best possible temperature during the period of highest demand.   

Other aspects besides the source/sink temperature play an important role, too. The economic 

parameter is often the most relevant one. A good plant performance due to high or low source/sink 

temperatures may result in an economical operation, but investment costs should also be 

considered, since they account for a considerable share of the production costs. Heat sources 

and heat sinks that are not influenced by ambient conditions may occur deep in the ground or sea 

or are a by-product of industrial processes. In addition, some heat sources and sinks might require 

special equipment or coatings for using them.  

Consequently, each heat source and heat sink may also be characterized by its costs to access 

and to use it. However, the literature survey showed that the existing knowledge of investment 

costs of large-scale HP projects for DH is not sufficient nor clearly differentiated by the heat 

source. A better understanding is required of how the investment costs are allocated between the 

different parts, like the HP unit itself or the heat source. This may provide a better estimate on the 

investment costs and how these may vary depending on the capacity and heat source.  
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Furthermore, the availability of heat sources and sinks is crucial and needs to be analysed for 

each region separately. When heat sources/sinks are available, then capacity constraints might 

still limit their use. 

All these factors specifying heat sources/sinks are relevant to analyse in order to have a better 

understanding of which heat source/sink may be the best suitable ones for a given case. Due to 

these different characteristics, heat sources/sinks may be able to complement each other during 

different times of the year for a better performance or economy of the systems requiring them.  

Furthermore, the literature survey showed that HPs are represented in a simplified way in energy 

planning tools generally and to represent the variety of possible heat sources sufficiently. In 

addition, the integrated planning of both DH and DC based on heat sources and heat sinks is 

often not the focus. It may be important for energy planning to calculate the COP based on a daily 

or even hourly resolution for an efficient integration of HPs to balance intermittent electricity 

production from RES. Different COP estimation methods may be used for that, but the impact on 

the results of using them has not been analysed yet.  

1.4.1 Research questions 

Considering the mentioned aspects based on the literature study, the aim of the PhD thesis is to 

answer the following research questions: 

 What are relevant heat sources for large-scale HPs supplying DH and how are they 

characterized in terms of temperature variations and availability?  

 What are the investment costs of accessing different heat sources for large-scale HPs? 

 Is it possible to derive cost-correlations for large-scale HP projects depending on the heat 

source, which are suitable for the implementation in energy planning tools? 

 How can the HP performance in off-design conditions be well represented in energy 

planning tools? 

 How does the use of COP estimation methods for representing HP performance influence 

the model results of energy planning tools? 

 Can it be more costs-effective, sustainable and efficient to consider using a combination 

of different heat sources within one system rather than using HPs only based on one heat 

source? 

 How can the most economical heat sources and heat sinks as well as production 

capacities be identified for a planned or existing DH and/or DC area? 

 What is the economic advantage of planning the supply of DH and DC simultaneously?  

 What would it cost to shift from the most economical supply of DH and DC to the most 

sustainable one? 

1.4.2 Objectives 

In order to answer the stated research questions, the following objectives of the PhD thesis are 

formulated:  

 Obtaining detailed knowledge of potential heat sources suitable for large-scale HPs 

supplying DH. 

 Development of linear cost-correlations for the different parts contributing to the total 

investment costs of large-scale HPs supplying DH. 

 Development of thermodynamic models of HPs and chillers to derive linear correlations 

of COP for off-design operation of the plants. 

 Development of an optimization model for identifying the optimal supply of DH and DC 

based on large-scale HPs and refrigeration plants considering the characteristics of heat 

sources and heat sinks. 
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 Comparison of different COP estimation methods with a thermodynamic HP model, 

including the analysis of the results when implementing them in the developed 

optimization model.  

 Using the developed optimization model to answer the related research questions. 

1.4.3 Approach 

Existing and planned large-scale HP projects were analysed with the focus on the investment 

costs and used heat sources. Furthermore, information and data about potential heat sources 

and consumer demands were gathered from literature and by contacting different persons, 

companies and authorities. In addition, thermodynamic models were developed that consider 

mass and energy balances for a detailed representation of HPs and chillers using different 

sources/sinks. These information and models were used to create linear relations and demand 

profiles that can be used further in optimization models. 

In order to answer the research questions and resulting objectives of the PhD thesis, an 

optimization model was developed based on mixed-integer linear programming and the 

developed correlations.  

The developed model was verified by applying it to different case studies, comparing the results 

to reference values and by an in-depth analysis of the proposed optimum and alternative solutions 

as well as of input parameters critical for the model output.   

1.5 Thesis outline 

The PhD thesis is structured in different chapters as shown and briefly described below. 

Chapter 1: Introduction 

This chapter introduces the reader to the topic and the PhD project, presents definitions 

and basic principles, a review of existing literature, outlines the motivation, research 

questions and objectives as well as presents the applied approaches.  

Chapter 2: Heat sources and heat sinks for district heating and cooling purposes 

This chapter gives an overview of heat sources and heat sinks that may be used in general 

by large-scale HPs and refrigeration plants and that are available in the Nordhavn area. A 

description of how the heat sources and heat sinks may be integrated in DH and DC 

networks follows. 

Chapter 3: Methods for integrating district heating, district cooling, heat sources and heat sinks in 

energy planning 

This chapter describes in detail the developed optimization model for supplying DH and 

DC by large-scale HPs, chillers and free coolers. It further describes alternative objective 

functions that may be used and the performance indicators to evaluate the model results. 

The developed model was applied to different case studies, which are described in the 

corresponding chapters. These chapters include a scenario analysis of crucial input 

parameters of the model and for the given case study. 

Chapter 4: Economics of large-scale heat pumps  

This chapter is based on [C2] and describes how the investment costs of large-scale HPs 

supplying DH can be distributed between the HP unit itself, the heat source, construction 

costs, electricity related investment costs and consulting costs. The information about the 
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investment costs of large-scale HPs based on the results of this chapter were used as input 

parameters for the developed optimization model.   

Chapter 5: COP estimation of heat pumps and chillers based on thermodynamic modelling  

This chapter describes how HPs and chillers were modelled for design and off-design 

conditions considering energy and mass balances as well as the different state points of 

the units. These models were applied to different heat sources and heat sinks in order to 

obtain linear relations for changes of COP due to varying heat source/sink and supply 

temperatures.   

Chapter 6: Comparison of COP estimation methods used for energy planning 

This chapter is based on [C3]. It compares different COP estimation methods with a 

thermodynamic HP model. Compared are hourly-calculated COPs over one year for four 

different heat sources. Furthermore, all COP estimation methods were implemented in the 

developed optimization model described in Chapter 3 to analyse the variation of the results 

compared to the ones based on the use of the thermodynamic model. The focus was on 

supplying DH in Nordhavn without considering DC.   

Chapter 7: Planning of a new DH area based on performance optimization 

This chapter is based on [P1] and describes the potential benefit of a combined use of 

different heat sources during the year for large-scale HPs to supply DH. The case of 

multiple heat source is compared to the cases of using three heat sources separately. The 

focus of this investigation was on performance maximization for the supply of DH in 

“Existing Nordhavn”. Costs and DC were not considered.   

Chapter 8: Planning of a new DH area based on economical optimization 

This chapter is based on [P2] and describes how the developed optimization model was 

applied to the existing DH area of Tallinn, Estonia. The integration possibilities of large-

scale HPs were investigated for 13 potential locations based on six different heat sources. 

The aim was at identifying the most economical HP capacities and heat sources that could 

replace the operation of natural gas boilers. DC was not considered.  

Chapter 9: Planning of a new DH & DC area based on economic optimization 

This chapter describes different functionalities of the developed optimization model applied 

to “Future Nordhavn”. In a first step, the focus was only on supplying DH. For this case, the 

optimal solution was found and all alternative solutions based on different compositions of 

heat sources were further analysed. In addition, the impact of including auxiliary power 

consumption was investigated. 

Then, the developed model was used in several steps to identify the optimal supply of both 

DH and DC separately and combined. Finally, two multi-objective optimizations, besides 

the minimum total costs, based on CO2 emissions and the seasonal system performance 

were performed and the results shown as two Pareto frontiers.  

In addition, a scenario analysis of several input parameters of the developed optimization 

model was performed. It shows how changes of these parameters may lead to solutions 

based on different sources and resulting in different costs.  
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Chapter 10: Discussion 

This chapter generally discusses the assumptions and limitations of the developed 

optimization model.  

Chapter 11: Conclusion 

This chapter summarizes the main findings of the PhD thesis and gives an outlook for future 

work in this field.  

Appendix A: Optimal usage of low temperature heat sources to supply district heating by heat 

pumps 
[C1] has not been used in the monograph of the PhD thesis. It can be found in the appendix. 

Appendix B: Small low-temperature district heating network development prospects 

[P3] has not been used in the monograph of the PhD thesis. It can be found in the appendix. 

 

  



 

 

16 Optimal Integration of District Heating, District Cooling, Heat Sources and Heat Sinks 

2. Heat sources and heat sinks for district heating 
and cooling purposes 

Heat sources may be differentiated by its natural and non-natural existence. Non-natural heat 

sources may be further divided into excess heat from heating processes, excess heat from cooling 

processes and others. An overview of heat sources that may be suitable for HPs to supply DH 

can be found in Table 1. Most of the listed heat sources used for large-scale HPs are very well 

described in the guide for large-scale HP projects in DH networks by the Danish Energy Agency 

[3]. In addition, implemented large-scale HP projects are described based on different heat 

sources in the inspiration catalogue for large-scale HPs for DH, also published by the Danish 

Energy Agency [49]. The most relevant heat sources are described in the following considering 

Denmark as the general location. Additional information and Information about the other heat 

sources may be found in the mentioned literature.  

A heat source may be suitable or partially suitable as a heat sink to release the heat from a 

refrigeration plant either by mechanical compression or by free cooling. If a heat sink has higher 

temperatures than the ambient, ambient air may be used instead of that heat sink for a better 

performance. Heat sources that may also be used as a heat sink for refrigeration based on the 

vapour compression principle are underlined in Table 1.  

Table 1: Overview of heat sources for HPs to supply DH 

Natural heat sources Excess heat from  

heating processes 

Excess heat from  

cooling processes 

Other heat 

sources 

Ambient air Industrial  District cooling Drinking water  

Seawater excess heat network network 

River Flue gas Supermarkets Sewage water 

Lake   Ventilation (e.g. DH return pipe* 

Groundwater  underground   

Solar thermal  stations)  

Shallow 

geothermal/ground 

   

Deep geothermal    

*not seen as a real heat source, as explained in Section 2.2 

2.1 Natural heat sources and heat sinks 

Ambient air 

Ambient air may be used as heat source and heat sink. It is very affected by the ambient 

conditions. Its temperature in winter is very cold, while it is very warm in summer. This is the 

opposite trend for what would be best suitable for heating and cooling demands.  

For heating, a relevant parameter is the humidity, which is typically high during winter. This 

requires a defrosting concept of the evaporators. In literature, various defrosting methods are 

proposed, such as electric heating, hot gas bypass and passive defrosting. An overview can be 

found in Mengjie et al. [87]. Furthermore, a surplus of the minimum required evaporator capacity 

may be installed to ensure delivering heat at dimensioning conditions and defrosting one part of 

the evaporators at the same time. This increases investment costs for larger HPs. This has been 

done for large-scale air-source HPs in Denmark [88]. Another disadvantage is the large volume 

flow rates that are required due to the low density of air compared to water-based sources. This 
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requires a large area for evaporators, approximately 102 m2/MW for one of the installed HPs in 

Ringkøbing [3]. In addition, noise issues might occur when operating the fans. One solution also 

found in practice are noise protection walls surrounding the evaporators. One of the 

manufacturers investigated the noise level depending on the number of fans, distance to the plant 

and type of surrounding. Noise below 60 dB and 50 dB can already be obtained for large plants 

at a distance of 20 m and 40 m, respectively [89]. The heating capacity and HP performance 

increases with increased ambient temperatures.  

Ambient air has the big advantage compared to other heat sources that it is available and 

accessible everywhere. No additional investment is required to access this heat source apart from 

the evaporator itself.  

In Denmark, five air-source HPs with a capacity above 0.8 MW exist, while the largest and newest 

one has a heat capacity of 7.3 MW [48,90]. More large-scale HPs using ambient air as heat source 

are expected [91].  

For cooling, ambient air has been widely used in a combination of free cooling during winter, 

refrigeration plants operating during summer and a combination of both in the shoulder seasons. 

Hourly data of temperature and relative humidity may be easily obtained from weather services, 

online or nearby weather stations either for free or for a small cost.  

Seawater 

Seawater may be used as heat source and heat sink. Seawater is affected by changing ambient 

conditions, especially surface water. The deeper the extraction point of seawater, the smaller is 

the impact on the seawater temperature from the ambient conditions.  

For heating, the critical period is in winter when the seawater temperature is the lowest and the 

heat demand often the highest. Surface water may be close to the freezing point. Consequently, 

it becomes very difficult to extract heat from the sea without getting into problems of freezing. HPs 

may be designed for larger volume flow rates to allow a smaller temperature difference of the 

seawater flowing in and out from the evaporator. This requires a larger heat transfer area and 

becomes more expensive. It may be more advantageous to extract water at deeper water. This 

is done for large-scale HPs in Oslo, Norway [92], and in Stockholm, Sweden, [93]. In Oslo, the 

water is taking from deep fjords 800 m from the shore where the water temperature is constant 

all year at around 8 °C to 9 °C and returned at 4 °C. In Stockholm, the water is taken at a depth 

of 15 m where the water temperature in winter is 3 °C. Alternatively, new HP designs may make 

use of the latent energy when the seawater freezes [3]. In Denmark, it is generally not allowed 

returning water to the environment, when it has been cooled by more than 5 K. In addition, the 

water cannot be cooled to a temperature below 2 °C [94]. Exceptions are possible. In addition, 

saltwater, minerals and algae require special material or coating of equipment in contact with 

seawater. Furthermore, regular cleaning of equipment may be required.  

Seawater may be a suitable heat source for large HP capacities due to the large water volumes. 

If the water is extracted at a certain depth, freezing problems can be avoided due to fairly constant 

water temperatures. Seawater has been widely used for cooling of power plants. Therefore, 

experiences and knowledge may be obtained from this sector for establishing the seawater 

access.  

For cooling, seawater has been used by means of free cooling or refrigeration plants. Seawater 

needs to be accessible and nearby. Then, it may be more advantageous than using ambient air, 

because of the higher densities that require smaller volume flow rates and allows installing larger 

capacities. Furthermore, the seawater temperature is more constant and lower in summer than 

ambient air.  
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Data may be easily obtained for surface water for different regions on monthly or daily basis. 

Water temperatures throughout the water column may be more difficult to receive. In Denmark, 

the National database (ODA) [95] operated by the Danish Environmental Protection Agency 

provides such measurements at different locations and water depths around Denmark [96].  

River and lake water 

River and lake water may be used as heat source and heat sink. They have similar temperature 

characteristics than seawater. The same regulation of cooling water not lower than by 5 K and 

not below 2 °C applies [94].  

Rivers and lakes may also be found inland and often cities with heating and cooling demands are 

located near bigger lakes or rivers. However, the capacity is typically lower than for seawater. It 

is limited either by the water volume of the lake or by the water flow of the river. Furthermore, the 

water depth may be lower than for seawater. Dirt like grass, weed etc. may affect the performance 

and requires regular cleaning.    

The source capacity may be estimated by the water volume of lakes and the volume flow rates of 

rivers. Combining this knowledge with current regulations on the temperature of the returning flow 

may determine capacity limitations.  

In Denmark, no large-scale HP based on river or lake water has been implemented yet. One 

project has been planned in Ans with 1.2 MW heating capacity, but this project has been stopped, 

because it was not profitable [97]. Other large-scale HPs based on lake water have been built in 

Lausanne, Switzerland, or in different locations in Sweden [50].  

For cooling, river water and lake water may be used in the same way as seawater, however with 

limited capacity depending on the sizes and volume flow rates.  

Information and data may be obtained from [98,99].  

Groundwater 

Groundwater may be used as heat source and heat sink. It has fairly constant water temperatures 

throughout the year. In Denmark, the groundwater temperature may vary between 8 °C and 11 °C 

depending on the depth and location of the groundwater reservoir [49]. Groundwater occurs in 

different depths of e.g. 30 m, 100 m or 200 m depending on the underground formation and 

different layers. In Copenhagen, groundwater was pumped from a depth of 90 m to 115 m for the 

use in a HP [100]. In Broager, groundwater for a HP was assessed in 250 m depth [49]. In 

Denmark, the municipality can approve drilling of groundwater wells up to 250 m. Wells that are 

deeper than 250 m require approval from the Danish Energy Agency under the same conditions 

as geothermal drillings [49]. Using groundwater as a heat source requires detailed investigations, 

test drillings and often several wells, which is very expensive.  

Groundwater can be extracted and reinjected in different ways, as described in detail in [3]. One 

option is to disperse the cooled groundwater in horizontal pipes below the surface. This option 

may be cheaper than alternative solutions. This option may be possible if the groundwater is 

oxidized, i.e. if it contains oxygen, but no manganese nor iron. Thereby, no coating of pipes, parts 

of the HP or the drainage pipes is required. The groundwater will slowly flow back to the reservoir. 

Another option is to reinject the cooled groundwater by another well. This solution is more 

expensive due to the additional costs for establishing another well. However, this solution is also 

suitable for groundwater that contains iron and manganese, because it does not get in contact 

with oxygen. A third option has been implemented in Copenhagen, where the cooled groundwater 

is released to the sea.  

The distance between the uptake and reinjection has to be large enough to avoid mixing of colder 

water with the warmer water. Furthermore, the volume flow rate for a single well for a certain area 
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may be limited, because pumping influences the surrounding groundwater level temporary. 

Depending on the groundwater capacity and flow, the volume flow rate may not exceed 70 m3/h 

to 100 m3/h during peak hours and 30 m3/h to 50 m3/h on yearly average [49,100]. Consequently, 

if larger HP capacities are planned, the wells have to be placed with a few hundred-meter distance 

to avoid disturbing each other.  

Lund and Persson [56] recommended groundwater as a very suitable heat source for HPs in 

Denmark, because of its geographical distribution across Denmark and near cities as well as its 

potential heat capacity. Several large-scale HPs based on groundwater have been installed in 

Denmark. The HP capacity ranges from 0.8 MW for a HP in Copenhagen to 4.0 MW for a HP in 

Broager [48,49]. Such HP capacities require a large amount of groundwater, which is difficult to 

extract and reinject without compromising the long-term stability. Therefore, the practical limit 

might be at around 5 MW [101]. 

Groundwater may also be used as aquifer thermal energy storage (ATES) to provide heating in 

winter and cooling in summer, while keeping the thermal balance over the year. This can be done 

by using groundwater from one reservoir during e.g. the heating season, which can be stored 

after it has been cooled in a second groundwater reservoir. The second reservoir may then be 

used during summer to provide cooling. For this solution, the well pair does not have to be at such 

large distance as for the case of using groundwater only for heating. The pumping and reinjection 

balance each other to some extend so that the groundwater level is not affected very much [3]. 

ATES systems have been widely used in the Netherlands.  

Data of groundwater wells about their location, depth, year and purpose may be obtained from 

the national well database Jupiter [102]. 

2.2 Non-natural heat sources and heat sinks 

Sewage water 

Denmark are around 1300 sewage water treatment plants and their potential heat capacity was 

estimated in 2013 to be 350 MW, from which 25 % may be too far from DH networks or not 

competitive with nearby waste incineration plants [94]. The temperature is often higher than the 

ambient conditions and the volume flow rates are large. Consequently, sewage water may be a 

suitable heat source.  

Treated sewage water after the cleaning process is usually considered, because the biological 

treatment of cleaning the sewage water is sensitive to changes in temperature and thus not to be 

disturbed [103]. In addition, using untreated water may require additional attention when sending 

it through the evaporator of the HP in terms of cleaning equipment and heat exchanger design. 

However, experiences have shown that even treated sewage water contains plenty of nutrients 

that can allow bacterial growth [3]. This is why filters and clean-in-place (CIP) equipment may be 

required to ensure smooth operation [49].  

Many large-scale HPs using sewage water as the heat source have been installed in Sweden, for 

instance in Malmö with a heat capacity of 40 MW [104]. In Denmark, the largest HP using sewage 

water is located in Kalundborg with a capacity of 10 MW [49]. 

Data about sewage water temperatures and volume flow rates may be obtained from the operator 

of sewage water treatment plants. This may require further processing and analysing of the data.  

Drinking water 

Drinking water may be used as heat source and heat sink. The actual heat source is groundwater, 

but the infrastructure in form of a drinking water network is already in place. In Denmark, the 

potential has been quantified to around 2320 GWh/a. The water temperature is in the range of 8 

°C to 9 °C, when it is pumped from the ground [94]. During summer, the supply temperature may 
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exceed the upper limit for Danish conditions of 12 °C [57] . However, when drinking water is used 

as a heat source and cooled after the HP, the water may be reheated at the building level, when 

it is used for washing hands and having showers. For other purposes, the reduction in water 

temperature may not have a significant impact. Parts of the temperature loss may be recovered 

by the ground during transportation in the water pipes. Heating of water in buildings for domestic 

use may be done by individual HPs, electric heaters, boilers or similar. A better understanding of 

the performance of the whole system considering the central and decentral production plants and 

the pipe network is required. Such investigations were performed by Pasquale et al. [105] for the 

case of Milan, Italy and by Hubeck-Graudal [106] for the case of Copenhagen. Both concluded 

that drinking water may be considered as a heat source for large-scale HPs. The thermal energy 

in the drinking water that was recovered in both models along the way to the consumer was 

approximately 10 % for the case of Milan and 35 % for the case of Copenhagen.   

Based on the temperature level of drinking water, it may also be suitable for cooling purposes. 

However, due to the restrictions of the drinking water supply temperature, it may not be used 

during summer when the cooling demand is the highest. An example of an existing plant is the 

Enwave’s Deep Lake Water Cooling system in Ontario, Canada [107]. Water is taken from the 

bottom of Lake Ontario at a constant temperature of 4 °C using 5 km long pipes. This water is 

pumped to a plant in Toronto where it exchanges energy with another stream that provides cooling 

to the buildings in the city. The heated water is further transported and integrated into the drinking 

supply water system of the city. 

Industrial excess heat 

Industrial excess heat is a heat source that has typically higher temperatures than other natural 

or non-natural heat sources presented here. It has been quantified and analysed in detail by 

Bühler et al. [108] for Denmark. They identified the excess heat potential for various industrial 

sectors, quantified the potential available excess heat and at which temperature levels they occur. 

The results showed that 5 % of the existing heat demand could be supplied by industrial excess 

heat from thermal processes. The potential use is higher in industrial areas where it may be 

integrated in local DH networks and lower in other regions. The total supply of DH by industrial 

excess heat was estimated to be 1.36 TWh per year, from which 36 % would require a HP to 

increase the temperature to a required level.  

Agreements between the industrial partner and the DH company are required to allow and 

distribute investments and long-term stability [3]. Much more information can be found in Bühler 

et al. [109].  

Flue gas 

Flue gas from plants burning fuel such as boilers to produce heat or engines to produce electricity 

may have temperatures between 50 °C and 100 °C. Therefore, the flue gas can be condensed to 

preheat the return line of the DH network before it reaches the plant. In addition, the flue gas 

temperature can be condensed further until it reaches temperatures around 20 °C using a HP. 

Thereby, the DH return temperature is increased further, which improves the plant efficiency. HPs 

using flue gas as heat source have to overcome a small temperature lift between the heat source 

and the heating supply. The HP design is comparably simple and cheap. HPs using flue gas 

require the operation of another plant burning fuel, which is limiting its saving potential [3].   

HPs based on flue gas are rather small in capacities. Installations in Denmark vary in the range 

of 0.3 MW to 1.1 MW [48] and are often heat driven.  
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District cooling 

The return water of the DC network may be used as a heat source for HPs to supply DH. In 

Denmark, DC water is typically supplied at constant temperatures between 6 °C and 10 °C and 

returned from the customer between 10 °C and 16 °C [34,35]. Therefore, this heat source has 

comparably high and constant temperatures. However, the available capacity depends on the 

cooling demand. This, however, does usually not match with the heating demand. Synergies may 

occur when a base load for cooling, like server cooling, exists during the cold season. 

Alternatively, such solution may be used when a sufficient high DHW demand exists during 

summer and cooling of office buildings, shopping malls, etc. is required. 

Then, heating and cooling could be supplied with one plant, which would make it an economic 

viable solution. The coupling of heating and cooling demands can be further relaxed by using hot 

and cold storages or seasonal storages. One example of such solution is the HP project in Tårnby 

with a cooling capacity of 4.3 MW and a heating capacity of 6.1 MW [86].   

DH return pipe 

Several studies have investigated to use the DH return line either to supply a LTDH network 

directly [110] or as a heat source for HPs [111]. Thereby, the DH return temperature may be 

reduced and the capacity in the network may be increased [110]. However, Ommen et al. [45] 

compared five different HP configurations in the DH network, two of them using the DH return line 

as the heat source for large-scale HPs. Among others, they compared the COP of the HPs, but 

also from the overall system considering the change in efficiency of a CHP plant due to changed 

return temperatures. They showed that the HP COP was the highest for the configurations based 

on the DH return temperature. However, looking at the overall performance of the whole system, 

they showed that the systems performance could not be above one, while it was three to four 

times larger for the other configurations. This is because the heat source is in reality produced by 

the CHP plant. Therefore, the DH return line may not be a suitable heat source. 

2.3 Heat sources and heat sinks in Nordhavn 

This section is based on [P1] and [C3].  

A number of heat sources may be considered to be used by HPs or as a heat sink by chillers and 

free coolers to supply heating and/or cooling in Nordhavn. These sources and sinks are listed 

below. Others are disregarded for different reasons, such as availability or required space.  

2.3.1 Ambient air 

Ambient air is easily accessible. However, especially in the city, noise issues of the evaporators 

have to be taken into account. Hourly values of the temperature and the relative humidity of 

ambient air for the area of Nordhavn for 2018 were provided by a weather service [112].  

2.3.2 Groundwater 

The groundwater temperature was assumed to be 10 °C and to be accessed at 100 m depth. 

Measurements showed a groundwater temperature between 10 °C to 11 °C at this depth and 

location [113]. This is at the upper end of what is typically found in Denmark (8 °C to 10 °C) [49]. 

It was assumed that the groundwater HP capacity was limited to 5 MW due to area constraints. 

This is in line with the largest groundwater HP installations found in Denmark [49]. An analysis for 

Nordhavn has shown that pumping 50 m3/h of water, which may correspond to approximately 0.7 

MW HP capacity, influences the groundwater level temporary by 0.5 m at a distance to the 

pumping location of approximately 900 m [100]. The width of the total area of Nordhavn is around 

3 km and it is mainly surrounded by the sea. 



 

 

22 Optimal Integration of District Heating, District Cooling, Heat Sources and Heat Sinks 

2.3.3 Seawater 

Nordhavn is located by the sea. Therefore, seawater could be a suitable heat source and sink. 

To avoid freezing during cooler periods, it was assumed that seawater was not pumped from the 

water surface, but instead from several meters depth, where the temperature in winter is higher. 

The maximum possible depth near the coastline of Nordhavn is 10 m. In this way, freezing 

problems during cooler periods can be reduced or avoided. To ensure no freezing on equipment, 

a minimum allowable evaporator outlet temperature of seawater was set at −1 °C, which limits 

the temperature glide in colder periods. The salinity of seawater is on average 35 ‰ with a 

freezing point at −2 °C [114], whereas the salinity of the Baltic Sea depends on the location and 

depth, but is in general lower in concentration at around 15 ‰ to 25 ‰ [115], resulting in freezing 

points of −0.9 °C and −1.4 °C, respectively [114]. 

Seawater temperature measurements from 2015 and 2017 were provided from the National 

database (ODA) by the Danish Environmental Protection Agency, which is part of the Ministry of 

Environment and Food of Denmark [96]. Measurements at a depth of 10 m were used since the 

seawater depth near the investigated area is up to 11 m [115]. The measurements were taken 

near Copenhagen from the station KBH431 and further processed in MATLAB, version R2016a 

[116], to create an hourly temperature profile over the year. This was done by taking the mean 

values of the measurements of both years and performing a shape-preserving piecewise cubic 

interpolation. The resulting temperatures of this procedure and the measured temperatures at 10 

m depth compared to the surface water temperature for the DRY [117] are presented in Figure 7. 

In addition, the minimum seawater outlet temperature after the evaporator is indicated. As shown, 

the seawater temperature at 10 m is higher in winter and lower in summer compared to the 

temperature at the surface. From mid-January until mid-March, the temperature is the lowest.  

 

Figure 7: Seawater temperature function, DRY and measurements near Copenhagen 

2.3.4 Sewage water  

Measurements of the daily sewage water temperature in 2011 and 2012 as well as of the daily 

volume flow rate after the cleaning process from 2000 until 2012 were provided for the sewage 

water treatment plant, Lynetten, located 2 km away from Nordhavn [118]. Mean values for each 

day were created based on the different years of available data. The same temperature was 

assumed for all hours of one day and the daily volume flow rate was evenly distributed for each 

hour of the day. The hourly volume flow rate varied between 2100 m3/h and 4350 m3/h with the 

mean value being 3035 m3/h and corresponding to around 28 MW HP capacity, depending on 

the COP. An overview of the hourly volume flow rate over the year can be found in Figure 8.   
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Figure 8: Hourly volume flow rate (black) and flow duration curve (red) of sewage water (based 

on [118]) 

2.3.5 District cooling 

As mentioned in Section 1.2.1, a cooling demand of 10 MW is expected in the Nordhavn area, 

which could be supplied by a DC network. Such DC network was assumed to be operated at 6 

°C supply temperature and 16 °C return temperature, as it is done for other DC networks in 

Copenhagen [35]. 

2.3.6 Heat source temperatures 

An overview of the hourly temperatures of all considered heat sources may be found in Figure 9. 

 
Figure 9: Hourly heat source inlet temperatures of ambient air (Air), groundwater (GW), sewage 

water (Sew), seawater (Sea) and district cooling (DC) 

2.4 Integration of heat sources and heat sinks for district heating and 
cooling purposes 

An economic benefit or an improved performance is expected when DH and DC are integrated 

with each other. This may be done by integrating heat sources and heat sinks in different ways. 

Four options are described in the following, from which, the first two are considered for this PhD 

thesis. Other configurations besides the one presented may be possible.  

2.4.1 District cooling heat pump 

One option is to use the return water of the DC network as the heat source for a HP to supply DH. 

The cooled water is then used to supply the DC network. This principle is explained in Section 

1.1.   
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2.4.2 Use of the same environment for heating or cooling purposes 

The same heat source/sink may be used during different times of the year. During summer, heat 

is rejected from the DC network to the heat sink. In winter, it would be used as a heat source. 

Thereby, the same equipment may be used to access the heat source/sink, which could save 

investment costs for pre-investigations and installations regarding the access. This setup could 

be beneficial for sources/sinks that are further away and expensive to establish. This depends on 

the specific case. For Nordhavn, this could apply to seawater and sewage water. For seawater, 

is assumed that the reservoir is large enough so that the returning hot or cold stream does not 

influence the seawater temperature. For sewage water, it is assumed that the returning stream 

would be released to the sea and not further used. Additional production units may be required 

to supply cooling base load in winter and DHW in summer. This principle is illustrated in Figure 

10 for the heating season and the cooling season.  

 

Figure 10: Use as a heat source during heating season and as a heat sink during cooling 

season 

2.4.3 Aquifer thermal energy storage 

This case is specifically for groundwater as the source/sink. It has been briefly described in 

Section 2.1 and in detail in [3]. Two groundwater boreholes are needed. One is used as a heat 

sink and the other one as a heat source. A chiller uses the stream of the heat sink to provide 

cooling in summer. The return stream at higher temperature is sent to the heat source reservoir. 

In winter, a HP uses the heat source stream to provide heating. The cooled stream is sent to the 

cold reservoir. This setup is illustrated in Figure 11.  
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Figure 11: ATES configuration for cooling and heating season 

During the cooling season, the condenser of the chiller uses the heat sink and returns the warmer 

water to the heat source reservoir. The heat source reservoir slowly expands and flows towards 

the heat sink reservoir. Once it reaches the cold reservoir, the capacity of the storage is reached. 

During the heating season, the evaporator of the HP uses the heat source and returns the cooled 

water to the heat sink reservoir. The heat sink reservoir expands towards the heat source 

reservoir. The temperature of the heat sink reservoir is 4 °C to 5 °C and the temperature of the 

heat source reservoir is 15 °C to 18 °C. For this configuration, it is important to have a slow 

groundwater flow [3].  

This configuration was not considered for the thesis, because it was possible to release the 

groundwater flow out to the sea for the case area Nordhavn. Therefore, reinjection was not 

required and disregarded. Furthermore, seasonal storage was out of the scope of this PhD thesis.  

2.4.4 Pre-cooling and pre-heating of source and sink streams 

The heat source could be preheated, if it was used as a heat sink first. Alternatively, a heat sink 

could be precooled, if it was used as a heat source first. For this setup, a simultaneous supply of 

heating and cooling is required. This principle is illustrated in Figure 12 showing preheating of the 

heat source. The flows would be reversed for precooling the heat sink.  
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Figure 12: Simultaneous operation, example preheating of the heat source by providing cooling 

This configuration was not considered for the thesis, because it would not be possible to 

implement it in the linear optimization model, because of unknown HP capacities and volume flow 

rates. Instead, it could be relevant to analyse this configuration in a thermodynamic model in order 

to investigate the potential performance improvement.  
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3. Methods for integrating district heating, district 
cooling, heat sources and heat sinks in energy 
planning 

3.1 Introduction 

This section is based on [P1], [P2] and [C3].  

The literature survey from Section 1.3 shows that energy planning models accounting for detailed 

HP investment costs, variations of the HP COP, as well as availability, capacity and temperature 

of the heat sources may be useful. The survey further shows that potential benefits of using 

different heat sources together within one energy system to supply DH by HPs has not been 

investigated yet. However, the choice of the heat source may entail a significant impact on the 

system performance and economics. Each heat source is characterized by different temperature 

profiles, other properties that might vary and varying investment costs to access the heat source. 

Furthermore, it was shown that tools that look at both the economical supply of DH and DC may 

be useful already at the planning stage.  

Since it is important to assess the impact on the decision-making from these characteristics, a 

new modelling framework is proposed in the following. The purpose of the model was to identify 

how large-scale HPs and refrigeration units can be efficiently integrated in DH and DC areas by 

addressing all of the above mentioned aspects reflecting the local conditions and yearly 

variations. The developed model aims to identify: 

 the most suitable heat sources/sinks to be used by large-scale HPs and refrigeration units 

 the optimal production capacity to be installed for each heat source/sink 

 optimal hourly operation of the chosen production units to minimize costs 

The model takes investment costs, operating and maintenance (O&M) costs, short-term hot and 

cold water storage, seasonal temperature variations of heat sources, heat sinks and the DH 

network, capacity limitations of the heat sources/sinks as well as the distance from the heat 

sources/sinks to the DH and DC network into account.  

An overview of the modelled system can be found in Figure 13. As shown, the supply of DH and 

DC is divided into three different cases. Case I is the reference case, for which DH and DC is 

supplied independently from each other. DH would be supplied by large-scale HPs and hot water 

storage. DC would be supplied by chillers, free coolers and cold water storage. Case II describes 

a simultaneous supply of DH and DC. In addition to the production units from Case I, Case II 

includes a DC HP. For Case III, it is possible to share investment costs for common installations, 

i.e. a HP and a chiller could use the same source/sink and thereby could use the same connection 

and piping to access it.  

The model was developed with the intention of using it during an early planning stage of a new 

DH and DC area when details about required production capacity are unknown and no decision 

about the heat source and heat sink has been made. Simple relations of COP may be sufficient 

for energy planning of a national energy system, while it may be very important to add details for 

higher investment decisions and for system operation. 
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Figure 13: System layout of supplying DH and DC in different ways 

3.2 The optimization model 

This section is based on [P1] and [P2].  

First, the main objective of the developed optimization model is presented. A description of how 

the different cost terms contribute to the objective function follows. Afterwards, it is explained how 

DH and DC are supplied by the production units and storage including limitations of the sources 

and dimensioning of the equipment.  

The aim of the model was to identify optimal production capacities and their hourly operation over 

the year in order to supply heating and cooling demands in the most economical way. However, 

the optimization model can be used for different purposes. Instead of analysing a DH and DC 

area, it is also possible to use the model with the focus on DH only or on the system performance 

rather than the costs. These different options and others are described in Section 3.3.  

The optimization model was applied to different case studies described in Chapter 7, Chapter 8 

and Chapter 9, showing the different possibilities of using the model.  

3.2.1 Objective function 

The optimization model was developed in the General Algebraic Modelling System (GAMS, 

version 24.8.3) [119] using the CPLEX solver, version 12.7.0.0 [120], to investigate which heat 

sources, heat sinks and/or combination of them are best suited for HPs and chillers to supply DH 

and DC. Mixed-integer linear programming was used to carry out an annual optimization on an 

hourly basis to minimize total annualized costs, as shown in Eq. (2). 

min 𝑍 = 𝑍𝐻 + 𝑍𝑐 = 𝐶DH,𝑎 + 𝐶st,𝑎 +∑(𝑍𝑝)

𝑝

+ 𝐶DC,𝑎 + 𝐶st,𝑎,𝑐 +∑(𝑍𝑝,𝑐)

𝑝

= 𝐶DH,𝑎 + 𝐶st,𝑎 +∑(𝐶el,𝑎,𝑝 + 𝐶𝑚,𝑎,𝑝 + 𝐶HP,𝑎,𝑝 + 𝐶pipe,𝑎,𝑝)

𝑝

+ 𝐶DC,𝑎 + 𝐶st,𝑎,𝑐 +∑(𝐶el,𝑎,𝑝,𝑐 + 𝐶𝑚,𝑎,𝑝,𝑐 + 𝐶CH,𝑎,𝑝 + 𝐶pipe,𝑎,𝑝,𝑐 + 𝐶free,a,𝑝)

𝑝

 

(2) 
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The total annualized costs include annualized investment costs of the DH network (𝐶DH,𝑎), the DC 

network (𝐶DC,𝑎), hot storage (𝐶st,𝑎), and cold storage (𝐶st,𝑎,𝑐). Further included are the costs 

associated to each heat source/sink p (Zp and Zp,c), which are the annualized investment costs 

for HPs (𝐶HP,𝑎,𝑝), chillers (𝐶CH,𝑎,𝑝) and free coolers (𝐶free,a,𝑝), the annual electricity costs used for 

HPs (𝐶el,𝑎,𝑝), chillers and free coolers (𝐶el,𝑎,𝑝,𝑐), annual O&M costs of HPs (𝐶𝑚,𝑎,𝑝), chillers and free 

coolers (𝐶𝑚,𝑎,𝑝,𝑐) and the annualized investment costs for the piping (𝐶pipe,𝑎,𝑝, 𝐶pipe,𝑎,𝑝,𝑐) between 

the heat source/sink and the location of the HP/chiller. 

3.2.2 Costs 

Investment costs were annualized to reduce calculation time, as described in [121] and shown in 

Eq. (3), considering the lifetime of the technology LT and discount rate r. For equipment with a 

longer lifetime than the HPs and chillers, the annualized investment costs were considered until 

the decommissioning of the HP unit.  

𝐶Inv,𝑎 = 𝐶Inv
𝑟

(1 + 𝑟)(1 − (1 + 𝑟)−LT)
 (3) 

Investment costs of large-scale HPs, distinguished by the type of heat source used, were obtained 

from [C2] (see Chapter 4), which consisted of a constant parameter 𝑐min,𝑝 and a parameter 𝑐𝑣,𝑝, 

which was multiplied by the installed HP design capacity �̇�𝑑,𝑝. A general form is shown in Eq. (4), 

where 𝑢𝑝 is a binary variable defining whether a HP will be installed or not.  

𝐶HP,𝑝 = 𝐶min,𝑝𝑢𝑝 + 𝑐𝑣,𝑝�̇�𝑑,𝑝 (4) 

The investment costs for chillers and free coolers were taken from [84], which depended only on 

the installed capacity. These costs were not differentiated by the heat sink, except for the use of 

groundwater.  

The piping costs to access the heat sources/sinks consisted of a constant parameter per meter 

pipe length and one term depending on the pipe diameter, consequently also on the capacity. 

The equation is of similar form than Eq. (4). 

To ensure that the investment costs for piping to access the heat sink is not paid twice for the 

case of using chillers and free coolers of the same sink, the investment costs for implementing 

free cooling were calculated as follows:  

𝐶free = 𝐶free,min𝑢free + 𝑐free,v�̇�free,𝑑 + 𝑢free,𝑥𝐶free,pipe (5) 

The first term represents a required minimum cost for establishing such system, in particular to 

be able to use the heat sink. The second term represents a fixed cost for the free cooler depending 

on the installed capacity. The third term represents the piping costs that may be required between 

the heat sink and the DC network.  

The variable 𝑢free,𝑥 ensures that piping costs do not have to be paid twice, if both free coolers and 

chillers were considered to be installed. For this, the following equations were implemented, so 

that 𝑢free,𝑥 becomes equal to one only for the case that the binary variable 𝑢free.𝑣 is equal to one 

and 𝑢𝑝,𝑐 equal to zero. 𝑢free.𝑣 is a binary variable that becomes one when free coolers are installed 

for a heat sink. 𝑢𝑝,𝑐 was used in the same way for chillers.  

0 ≤ 𝑢free,𝑥 ≤ 1 (6) 

𝑢free,𝑥 ≤ 𝑢free,𝑣 (7) 
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𝑢free,𝑥 ≤ 1 − 𝑢p,c (8) 

𝑢free,𝑥 ≥ 𝑢free.𝑣 − 𝑢p,c (9) 

Annual O&M costs for HPs were taken from [49,122] and consisted of a parameter depending on 

the installed HP capacity and one on the amount of supplied heat. The O&M costs for chillers and 

free coolers were assumed to be 2 % of the total investment costs of the cooling plant and 3 % if 

groundwater was used [84].  

The annual costs for electricity consumption of the HPs, chillers and free coolers were based on 

the day-ahead hourly electricity price, taxes and tariffs. Value-added tax was omitted.  

More information of how the different costs were obtained and what values were used can be 

found at the description of the different case studies. 

The most economical HP, chiller and free cooler capacities were found by the optimization 

considering their investment costs, costs to access the heat source/sink and their performance in 

terms of electricity costs. 

3.2.3 Shared investment costs 

If the DH and DC network would be established simultaneously, parts of the investments could 

be shared between the heating and the cooling side. This may result in lower investment costs 

than supplying DH and DC separately. It was considered that parts of the investment costs of 

heating and cooling equipment could be saved when it is used to serve both purposes – heating 

and cooling. This could be costs related to access the heat sources, for instance piping from the 

heat source to the production units, permissions, drillings and pre-investigations. In addition, 

electricity related investment costs such as the connection to the electrical grid could be saved. 

However, this concept of sharing the investment between DH and DC equipment requires special 

attention of allocating the costs, because e.g. in Denmark DH is based on non-profit, while DC is 

not. The regulations regarding DC in Denmark have been documented the first time in 2008 in 

the DC Act number 465. At that time, municipalities could not own a limited liability company that 

operated a DC business [123]. Since then, the regulation has been subject to several changes. 

The latest changes were made in 2019 and are documented under the Act number 804 from 2019 

[124], which states that municipalities that own or partially own DH companies can perform DC 

activities with the sake of energy efficient cooling and the utilization of synergy effects with DH. 

These DC activities shall be performed inside a separate company with limited liability. 

In order to save some of the investment, the equations of determining the investment costs of the 

HP, the chiller and the piping between the network and the source or sink have been changed 

from the form of Eq. (4) to the following:  

𝐶𝑝 = 𝐶min,1,𝑝𝑢𝑝 + 𝐶min,2,𝑝𝑢𝑝,𝑐,𝑥 + 𝑐𝑝,v�̇�𝑝,𝑑 (10) 

𝐶min,𝑝 = 𝐶min,1,𝑝 + 𝐶min,2,𝑝 (11) 

𝐶pipe,𝑐 = 𝑐pipe,𝑙,𝑐𝐿pipe𝑢𝑝,𝑥 + 𝑐pipe,v,c�̇�𝑝,𝑑,𝑐 (12) 

The equation for the chiller investment costs are of the same type as for the HP shown in Eq. 

(10). The fixed investment cost 𝐶min,𝑝 independent of the design capacity from Eq. (4) was split 

into two parts. 𝐶min,1,𝑝 contains unavoidable costs for the HP when installing DH and DC systems 

and 𝐶min,2,𝑝 includes costs that could be saved when co-production is installed. This term would 

diminish according to the variable 𝑢𝑝,𝑐,𝑥  and the implementation of the following equations. The 
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binary variable 𝑢𝑝,𝑐,𝑥 will only be equal to one, when 𝑢p is equal to one and 𝑢p,c is equal to zero. 

Otherwise, it would be zero. 

0 ≤ 𝑢𝑝,𝑐,𝑥 ≤ 1 (13) 

𝑢𝑝,𝑐,𝑥 ≤ 𝑢p (14) 

𝑢𝑝,𝑐,𝑥 ≤ 1 − 𝑢p,c (15) 

𝑢𝑝,𝑐,𝑥 ≥ 𝑢𝑝 − 𝑢p,c (16) 

The variable 𝑢𝑝,𝑥 in Eq. (12) would be of similar type than 𝑢𝑝,𝑐,𝑥 with the difference of switching 𝑢p 

and 𝑢p,c in the last three equations above. Investment costs that could be saved in this way are 

for instance the fixed costs for electricity related investment costs, piping costs, consulting costs 

and costs related to access the heat source, as shown in [C2] and presented in Chapter 4. It was 

assumed that investment costs depending on the installed capacities could not be saved.  

3.2.4 District heating supply 

The hourly heat demand had to be supplied by the production units or the storage, as shown in 

(17). The sum of generated heat of each production unit 𝑄𝐻,𝑝,𝑛 was for every hour n in balance 

with the heat demand 𝑄Heat,n the pipe heat loss 𝑄pipe,loss,𝑛 and the difference of stored and used 

heat from the storage (𝑄st,char,𝑛 − 𝑄st,dis,𝑛).  

∑𝑄𝐻,𝑝,𝑛
𝑝

= 𝑄Heat,n + 𝑄pipe,loss,𝑛 + 𝑄st,char,𝑛 − 𝑄st,dis,𝑛 (17) 

The model determined the required HP design capacity of each heat source �̇�𝐻,cond,𝑝 and storage 

capacity by Eq. (18) to (21), ensuring that the capacities were above the hourly production and 

storage level, respectively. �̇�𝐻,𝑝,high was an input parameter of very high capacity to introduce the 

functionality of the binary variable 𝑢𝑝. The minimum HP capacity �̇�𝐻,min,𝑝 and the binary variable 

𝑢min,𝑝,𝑛 were introduced to require a minimum load during operation of the HPs. Since the 

capacities are not known beforehand, a minimum load of 1 MW was introduced in this way. This 

would correspond to a minimum part-load of 25 % for a 4 MW HP. If the HP capacity would be 

larger, it is very likely that the HP will consist of several smaller units, e.g. of 4 MW capacity 

resulting in the same minimum part-load. Part-load operation of HPs as such and the impact on 

the performance was not included in the model.  

�̇�𝐻,cond,𝑝 ≥ 𝑄𝐻,𝑝,𝑛 (18) 

�̇�𝐻,𝑝,high𝑢𝑝 ≥ 𝑄𝐻,𝑝,𝑛 (19) 

𝑄𝐻,𝑝,𝑛 ≥ �̇�𝐻,min,𝑝𝑢min,𝑝,𝑛 (20) 

�̇�st,𝑐 ≥ 𝑄st,level,𝑛 (21) 

The storage level of hour n was determined by Eq. (22), which includes the storage level of the 

previous hour 𝑄st,level,𝑛−1, the amount of heat the storage is charged and discharged with and the 

storage heat loss factor 𝑓loss.  

𝑄st,level,𝑛 = 𝑄st,level,𝑛−1 + 𝑄st,char,𝑛 − 𝑄st,dis,𝑛 − 𝑓loss𝑄st,level,𝑛 (22) 
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The hourly electricity consumption 𝑃𝑝,𝑛 of each production unit p was determined by the ratio of 

hourly-generated heat and the hourly COP of each production unit, as follows: 

𝑃𝑝,𝑛 =
𝑄H,𝑝,𝑛

COP𝑝,𝑛
 (23) 

How the COP for a HP depending on each heat source p was determined is described in 

Chapter 5.  

3.2.5 Calculation of extractable heat flow rates  

Constraints of the heat source were considered by limiting the HP capacity or the heat source 

volume flow rate, due to limited availability of the heat source and the dimensioning of the HP. 

The HPs should be able to supply the dimensioning capacity �̇�𝐻,sink,𝑝, determined by the 

optimization model, under design conditions. The design conditions for the different heat sources 

and the heating supply are described for each case study separately in the corresponding 

chapters. Based on these design conditions it was possible to calculate a design COP𝑑,𝑝 for each 

HP using a different heat source p. The design heat flow rate of each heat source �̇�𝐻,𝑑,source,𝑝 was 

then determined during the optimization using Eq. (24), assuming no heat losses and a steady 

state energy balance across the HP [76]: 

COP𝑑,𝑝 =
�̇�𝐻,cond,𝑝

�̇�HP,𝑝
=

�̇�𝐻,cond,𝑝

�̇�𝐻,cond,𝑝 − �̇�𝐻,𝑑,source,𝑝
⇒ �̇�𝐻,𝑑,source,𝑝 =

�̇�𝐻,cond,𝑝

COP𝑑,𝑝
(COP𝑑,𝑝 − 1) 

(24) 

The design volume flow rate for each heat source was calculated as follows: 

�̇�𝑑,source,𝑝 =
�̇�𝑑,source,𝑝

𝜌𝑑,source,𝑝
=

�̇�𝐻,𝑑,evap,𝑝

𝜌𝑑,source,𝑝𝑐𝑝,𝑑,𝑝(𝑇𝐻,𝑐,𝑖,𝑑,𝑝 − 𝑇𝐻,𝑐,𝑜,𝑑,𝑝)
 

(25) 

The design volume flow rate was then used to calculate the maximum extractable heat flow rate 

�̇�𝐻,source,𝑝,𝑛 of each heat source p at every hour n for changes in temperatures, specific heat and 

density as: 

�̇�𝐻,evap,𝑝,𝑛 = �̇�𝑑,source,𝑝𝜌source,𝑝,𝑛𝑐𝑝,𝑝,𝑛(𝑇𝐻,𝑐,𝑖,𝑝,𝑛 − 𝑇𝐻,𝑐,𝑜,𝑝,𝑛) (26) 

These heat flow rates were not constrained due to scarcity of the individual heat sources. Instead, 

it was assumed that the HP cycle and ancillary equipment for the heat source were designed 

according to the design volume flow rate, which limited the extractable heat flow rate during the 

year.  

The corresponding maximum HP capacities �̇�𝐻,sink,𝑝,𝑛 for every hour were calculated based on 

Eq. (24) depending on changes in COP and extractable heat flow rates. 

3.2.6 District cooling supply 

The supply of DC for every hour was modelled according to the following equation, considering 

the production of free cooling 𝑄free,𝑝,𝑛 and mechanical cooling 𝑄𝑝,𝑐,𝑛, the DC demand  𝑄DC,n and 

storage charging 𝑄st,char,𝑐,𝑛 and discharging 𝑄st,dis,𝑐,𝑛: 

∑(𝑄𝑝,𝑐,𝑛 + 𝑄free,𝑝,𝑛)

𝑝

= 𝑄DC,n + 𝑄st,char,𝑐,𝑛 − 𝑄st,dis,𝑐,𝑛 (27) 



 

 

Optimal Integration of District Heating, District Cooling, Heat Sources and Heat Sinks 33 

The conditions for the heating and storage capacity according to Eq. (18) to (21) also apply for 

cooling with chillers, free coolers and cold storage. However, no minimum cooling capacity for a 

production unit was set. The cold storage was operated in the same way as the hot storage stated 

in Eq. (22). Constraints of the heat sink were considered in the same way as for HPs by 

considering the limited availability of the heat sink and the dimensioning of the cooling units. 

Besides using a chiller, it is possible to supply DC by means of free cooling. Free cooling was 

included as a direct heat exchange between the heat sink and the water of the DC network. The 

amount of free cooling that could be generated from each heat sink was limited over the year 

depending on the temperature levels, as indicated in Eq. (28) to Eq. (30).  

�̇�free,𝑛 = �̇�free,𝑛𝑐𝑝,𝑐,sink,𝑛(𝑇DC,𝑟 − 𝑇DC,𝑠)  ∀  𝑇𝑐,sink,𝑖,𝑛  ≤  𝑇DC,𝑠 − ∆𝑇free (28) 

 �̇�free,𝑛 = 0    ∀  𝑇𝑐,sink,𝑖,𝑛  ≥  𝑇DC,𝑟 − ∆𝑇free (29) 

�̇�free,𝑛 ≤ �̇�free,𝑛𝑐𝑝,𝑐,sink,𝑛(𝑇DC,𝑟 − ∆𝑇free − 𝑇𝑐,sink,𝑖,𝑛) ∀  𝑇DC,𝑠 − ∆𝑇free  

<  𝑇𝑐,sink,𝑖,𝑛 <  𝑇DC,𝑟 − ∆𝑇free 

(30) 

In case the heat sink temperature was lower than the supply temperature of the DC network minus 

a pinch point temperature difference of ∆𝑇free = 3 K between the two streams, 100 % free cooling 

may be achieved, compare Eq. (28). In case the heat sink temperature was higher than the DC 

return temperature minus the pinch point temperature difference, free cooling was not an option, 

as shown in Eq. (29). The production of cooling for the periods of a heat sink temperature between 

the DC supply and return temperature was based on a mix of free cooling and mechanical cooling, 

as shown in Eq. (30). Free cooling would be limited by the heat sink temperature, while the 

remaining part had to be supplied by mechanical cooling. How free cooling based on these three 

equations would work during the year is illustrated in Figure 14 for ambient air as heat sink and 

DC supply and return temperatures of 6 °C and 16 °C, respectively. Ambient air that has a 

temperature above the upper dashed line is not suitable for free cooling. If the air temperature is 

below the lower dashed line, 100 % free cooling is possible. If the air temperature is between the 

two dashed lines, free cooling and mechanical cooling would be used in combination.   

 

Figure 14: Temperature boundaries for the use of free cooling during the year shown for 

ambient air 

Eq. (31) and Eq. (32) were implemented to ensure that free cooling was not used more than 

technical feasible, e.g. free energy transfer from a cold to a warm reservoir by the use of the 

storage. The free cooling design capacity and mass flow rate were determined by the highest 

hourly values occurring during the year.  

�̇�free,𝑛 ≤ �̇�DC,𝑛𝜌𝐷𝐶𝑐𝑝,𝐷𝐶(𝑇DC,𝑟 − 𝑇free,𝑛)   ∀  𝑇DC,𝑠 − ∆𝑇free  <  𝑇𝑐,sink,𝑖,𝑛 <  𝑇DC,𝑟 − ∆𝑇free (31) 
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𝑇free,𝑛 = 𝑇𝑐,sink,𝑖,𝑛 + ∆𝑇free   (32) 

In addition, Eq. (33) was implemented to ensure that the mass flow rate was not larger during 

periods of free cooling and mechanical cooling compared to the case of pure free cooling to 

compensate for the smaller temperature difference. This was done, since the investment costs of 

the free cooler depended on the design capacity, not directly on the mass flow rate.   

�̇�free,𝑑 ≤
�̇�free,𝑑

𝑐𝑝,𝑐,sink,𝑛(𝑇DC,𝑟 − 𝑇DC,𝑠)
   

(33) 

The hourly electricity consumption from chillers and pumps or fans from free coolers was 

determined by Eq. (34).  

𝑃𝑐,𝑝,𝑛 = 𝑃CH,𝑝,𝑛 + 𝑃free,𝑝,𝑛 =
𝑄CH,𝑝,𝑛

COP𝑐,𝑝,𝑛
+ 𝑓free𝑄free,𝑝,𝑛 (34) 

The factor 𝑓free was set at 2 % to account for pumping or fan power of the free coolers. This is 

slightly lower than the value of 3 % suggested in [125] for fans. It was assumed that the fan and 

pump efficiencies have improved since then. This linear relationship between the power 

consumption of pumps or fans and the cooling capacity of free coolers was assumed. The 

approach presented in Section 3.3.6 for part-load operation required that the design capacities 

were parameters and not variables. Otherwise, this would lead to a non-linear problem 

formulation. Therefore, a linear relationship was used here.  

The cooling COPc was used instead of the COP of heating. Their relation was described in Section 

1.1. While the HP uses the evaporator to extract heat from the environment, the chiller uses the 

condenser to reject heat to the environment. The different calculations for heating and cooling 

purposes are shown in Eq. (35) and Eq. (36), derived from Eq. (24).  

Heating: �̇�source = �̇�evap = �̇�cond
COP − 1

COP
= �̇�𝐻,supply

COP − 1

COP
 (35) 

Cooling: �̇�sink = �̇�cond = �̇�evap
COP𝑐 + 1

COP𝑐
= �̇�DC,supply

COP𝑐 + 1

COP𝑐
 

(36) 

3.2.7 The DC network as a heat source 

If the DC network is used as a heat source for HPs to supply DH, both commodities could be 

supplied simultaneously using one production unit. On the one hand, this could result in potential 

reductions in O&M costs and investment costs compared to the supply of DH and DC by separate 

production units. On the other hand, no free cooling would be possible with this unit, because the 

DH return temperature is operated at higher temperatures than suitable for free cooling. 

Furthermore, co-production requires that the production of heat and cooling was linked for every 

time step by the following equation, compare Eq. (24). 

�̇�𝐻,source,DC = �̇�𝐻,evap,DC
COPDC − 1

COPDC
 

(37) 

The investment costs for DC as the heat source were assumed to be zero in this case, because 

this would be the costs for establishing the DC network and contribute to those costs. However, 
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the investment costs for this type of HP may be higher, see Chapter 4. In addition, the cooling 

COPc would typically be lower than the COPc of a chiller based on a natural heat sink.  

3.3 Alternative optimization options 

The model can be used for different purposes considering e.g. only a DH area or optimizing 

towards the highest seasonal performance rather than towards minimum costs. Other options are 

to investigate the impact of auxiliary power consumption or identifying the total costs of solutions 

based on HP capacities that are not optimal, but could be reasonable alternatives. When it is 

required to supply DH and DC, it could be decided whether this should be with two separate 

networks or simultaneously. The different possibilities are described in the following.  

3.3.1 Electric peak load boiler 

The focus of the developed model for DH supply was to identify optimal HP capacities and heat 

sources to be used. Due to the sharp and narrow peak demands, as shown by the relative load 

duration curve in Figure 6 and by the heat demand of “Future Nordhavn” in Figure 58, it may be 

more economical to install a peak load unit instead of additional HP or storage capacity. A peak 

load unit could be an electric boiler, which has lower investment costs than HPs. Therefore, an 

electric peak load boiler with COP of 1 [126] was implemented in the model and may be seen as 

an additional production unit such as a HP.  

3.3.2 Performance optimization 

This section is based on [P1]. 

Instead of considering economic parameters, the model can also be used to identify optimal 

production capacities based on the highest seasonal performance of the production units. This 

would lead to the most efficient system. The performance optimization was conducted for the 

case study described in Chapter 7 with the focus of a DH area without DC. The alternative 

objective function of the optimization process was to minimize the annual electricity consumption 

of all production units, PSys, as shown in Eq. (38):  

min 𝑃Sys = ∑∑𝑃𝑝,𝑛

𝑃

𝑝=1

𝑁

𝑛=1

 
(38) 

Thereby, the optimization resulted in achieving highest seasonal system performance. The 

electricity consumption 𝑃𝑝,𝑛 of each production unit p was calculated for each hour n considering 

the hourly COPs of each unit. 

3.3.3 CO2 emission minimization 

CO2 emissions from electricity generation are used as input parameters for every hour of the year. 

Therefore, it is possible to calculate the annual CO2 emissions related to the power consumption 

of the HPs, chillers as well as pumps and fans of free coolers. Consequently, it is possible to use 

the optimization model to obtain the most sustainable solution. This will not be the same solution 

as for the performance optimization due to the varying CO2 emissions from electricity generation. 

The objective function deviates from Eq. (38) by including the hourly CO2 emissions, as shown in 

Eq. (39). 

min 𝑍CO2 =∑∑CO2,𝑛(𝑃HP,𝑝,𝑛 + 𝑃CH,𝑝,𝑛 + 𝑃free,𝑝,𝑛)

𝑝𝑛

 (39) 
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3.3.4 Pareto frontier 

The objective function of the optimization model was to minimize total costs. As alternative 

objective functions, it was possible to minimize annual power consumption or annual CO2 

emission as shown before. 

In case both total costs and CO2 emissions or power consumption should be minimized, this 

assessment changes into a multi-objective optimization problem. A Pareto frontier was created 

showing the dependencies in terms of e.g. lowest CO2 emissions and total annual costs. The 

preference-based method described in Soroudi [127] was used. The multi-objective optimization 

problem was converted into a single-objective optimization problem. This was then solved several 

times in a loop by adjusting the upper or lower bound of the second objective. The optimum 

solution in terms of total annual costs and CO2 emissions would be to minimize each objective 

function. The initial optimum of e.g. objective function 1 would result in a high value of objective 

function 2. The difference between the maximum and the minimum of objective function 2 were 

then divided into m parts. For each step, the upper bound of objective function 2 was reduced 

from its initial maximum value to the next lower value by deducting one part m until its minimum 

value in the final step. The optimization was then solved for objective function 1 for every step. 

The outcome was a Pareto frontier as illustrated in Figure 15. The intersection of Min. O.F. 2 and 

Min. O.F. 1 may also be called the Utopian point, see e.g. Szparaga et al. [128]. 

 

Figure 15: Schematic of modelling Pareto front (inspired by [127]) 

3.3.5 Variation of production capacities 

The optimization model is able to identify the most economical solution to supply DH and DC in 

terms of production and storage capacities, heat sources and heat sinks to use as well as the 

operation of such system, considering local constraints and source/sink characteristics.  

In order to identify how alternative solutions would differ from the optimum and to analyse what 

the use of the different heat sources would cost, the production capacities for the different heat 

sources were varied. This variation was done with the focus on a DH area only and the results 

are described further in Section 9.3.2. Such analysis resulted in an overview of all possible 

combinations of heat source proportions, while the total HP capacity was kept constant. The HP 

capacities for each heat source were input parameters for these variations. This identified 
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solutions based on other heat sources and showed how much more expensive they were 

compared to the optimum solution.  

3.3.6 Auxiliary power consumption 

The impact of including auxiliary power consumption in the optimization software was investigated 

based on the case study “Future Nordhavn”. The results of considering auxiliary power are 

described in Section 9.3.3. The method of how auxiliary power consumption was included is 

described in the following.  

 

Since, the optimal production capacities will be an output of the optimization model, it was not 

possible to include auxiliary power consumption in the optimization when the optimal HP 

capacities were determined as part of the solution. This is the case, because the auxiliary power 

consumption depends on the volume flow rates and/or pipe dimensions, consequently on the 

production capacities. If the HP capacities should be determined, the pipe diameter and volume 

flow rates for each heat source can be very different, depending on the optimal solution. This will 

influence the auxiliary power consumption. If this was also included in the optimization model, it 

would result in a non-linear problem formulation, when determining the required pipe diameter 

based on the volume flow rate. If the HP capacities determined from the optimization model are 

used as input parameters as described in Section 3.3.5, auxiliary electricity consumption can be 

included. The description of how auxiliary power consumption was included in the model for 

design and off-design conditions can be found in the following.  

Auxiliary power consumption in design conditions 

For fan power, a value of 2 % of the heat source capacity in design conditions and full load 

operation was assumed. This is slightly lower than the value of 3 % suggested in [125], assuming 

that the fan efficiency has improved since then.  

Auxiliary power consumption for pumps was modelled according to [129]. The pump has to 

overcome a certain pressure while pumping water from one location to the other. This total 

pressure can be expressed as the total pumping head 𝐻tot, which is based on the height 

difference between the locations, the static head 𝐻stat, the pressure loss when the water passes 

through the system, the dynamic head 𝐻dyn and the pressure difference ∆𝑝𝑤, between the two 

locations, as shown in Eq. (40). Pressures were converted into meters for this calculation (1 kPa 

= 0.102 m).  

𝐻tot = 𝐻stat + 𝐻dyn + ∆𝑝𝑤 (40) 

The dynamic head was calculated considering the basic Darcy Weisbach equation:  

𝐻dyn =
(𝐾fittings + 𝐾pipe)𝑣𝑤

2

2𝑔
 

(41) 

The velocity was given as a maximum value that should not be exceeded during operation. The 

loss coefficient 𝐾fittings is based on fittings used along the pipe network, such as bends, inlets, 

valves, etc. The loss coefficient 𝐾pipe is related to the pipe length 𝐿pipe and its properties:  

𝐾pipe =
𝑓fr𝐿pipe

𝑑pipe
 (42) 
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The pipe diameter 𝑑pipe was calculated considering the maximum velocity and the design volume 

flow rate of the heat source or the heating supply media, depending on whether the HP is located 

next to the heat source or the DH network. The design volume flow rate was calculated based on 

the design capacity.  

𝑑pipe
2 =

4�̇�𝑤
3600𝑣𝑤𝜋

 
(43) 

If groundwater was considered as the heat source, the design volume flow rate of the heat source 

was divided by the maximum allowable volume flow rate for each borehole. This would result in 

a maximum diameter for each borehole as well as a certain number of boreholes. The calculation 

was then performed for each borehole.  

The friction coefficient 𝑓fr was calculated based on a modified version of the Colebrook White 

equation [129]:  

𝑓fr = 0.25 [log (
𝑘rough

3.7𝑑pipe
+
5.74

Re𝑤
0.9
)]

−2

 
(44) 

The roughness factor 𝑘rough is a standard value based on the pipe material used. The Reynolds 

number was calculated with the kinematic viscosity 𝜈𝑤 as follows: 

Re𝑤 =
𝑣𝑤𝑑pipe

𝜈𝑤
 (45) 

The auxiliary power consumption in design conditions Paux,𝑤,𝑑 was then calculated, considering 

the pump efficiency and the number of pipes (Nopipe = 1 except for groundwater):  

Paux,𝑤,𝑑 =
Nopipe�̇�𝑤𝐻tot𝜌𝑤𝑔

3600𝜂pump

1

1000

1

1000
 

(46) 

These calculations were performed for the water intake pipes as well as for the water outlet pipes.  

Auxiliary power consumption in off-design conditions 

According to the method presented in [125], the power consumption for variable speed fans and 

pumps is proportional to the load factor in part-load operation as follows:  

𝑃aux,𝑛 = Load𝑛
2.8𝑃aux,𝑑 (47) 

This relation as implemented for operation in off-design conditions, i.e. when the volume flow rate 

of the heat source changed compared to the value in design conditions. It was required to linearize 

this equation, which was done by an approach presented by Soroudi [127] and illustrated in Figure 

16. 
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Figure 16: Linearization of auxiliary power consumption in part-load operation (inspired by [127]) 

  

The load of the power curve was divided into 100 equal intervals k representing each 1 % load. 

For each interval, the slope sk was calculated as illustrated in the figure (black line). The values 

at interval k were calculated as follows:  

Load𝑘+1 = ΔLoad𝑘 + Load𝑘 (48) 

Load𝑘 = (𝑘 − 1)ΔLoad𝑘 (49) 

𝑃aux
𝑘+1 = (Load𝑘+1)3𝑃aux,𝑑 (50) 

𝑃aux
𝑘 = (Load𝑘)3𝑃aux,𝑑 (51) 

Furthermore, a variable 𝑙𝑛
𝑘 was defined for each interval, ranging between zero and the interval 

length ΔLoad𝑘 (illustrated with k=10 intervals in Figure 16). The value of the actual load was then 

calculated by summarizing the variable 𝑙𝑛
𝑘 until the kth interval as shown: 

Load𝑛 =∑𝑙𝑛
𝑘

𝑘

 (52) 

Finally, the value of the auxiliary power consumption for a certain hour was determined by:  

𝑃aux,𝑛 =∑𝑠𝑘𝑙𝑛
𝑘

𝑘

 (53) 

The auxiliary power consumption, the load and 𝑙𝑛
𝑘 were implemented as variables, while the 

remaining parts were parameters.  
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3.4 Performance indicators 

This section is based on [P1] and [P2].  

Different indicators were calculated in order to evaluate the systems analysed with the 

optimization model. The indicators are based on technical, economic and environmental 

parameters. The indicators are stated for the use of HPs, but were also applied to the case of 

cooling considering the required adjustments, e.g. evaporator capacity as cooling supply capacity 

instead of condenser capacity as heating supply capacity.  

3.4.1 Technical indicators 
An average COPavg was calculated for the entire year taking the arithmetic mean of the COPHP,𝑛,𝑝 

for all hours over the year for each HP using a different heat source p. The COPavg does neither 

take into account the duration when a HP was in operation, i.e. heat demand variations, nor the 

load. 

A seasonal COP of HPs (SCOPHP) was therefore introduced, taking into account the operating 

hours of HPs: 

SCOPHP,𝑝 =
𝑄cond,HP,tot,𝑝

𝑃HP,tot,𝑝
=
∑ 𝑄cond,𝑛,𝑝
𝑁
𝑛=1

∑ 𝑃𝑛,𝑝
𝑁
𝑛=1

 
(54) 

The SCOPHP,𝑝 was calculated as the ratio of total generated heat 𝑄sink,HP,tot,𝑝 and total consumed 

electrical energy 𝑃HP,tot,𝑝 over the entire year of each HP using another heat source.  

Similarly to Eq. (54), a SCOP of the DH system (SCOPSys) was calculated by considering the total 

supplied heat (generated heat minus storage heat loss) and consumed electrical energy of all 

production units of the system. Similarly, a SCOPc of each refrigeration plant and a SCOPSys,c of 

the DC system was calculated as the ratio of total supplied cooling and consumed electrical 

energy.   

The SCOP of the DC HP was calculated, without the benefit of supplying DC. In the same time, 

the SCOPc of the DC HP was calculated without the benefit of supplying DH.  

A system SCOPH+c was defined as the total supplied heat and cooling divided by the total 

consumed electrical energy from HPs, chillers and free coolers, as shown in Eq. (55). 

SCOP𝐻+𝑐 =
𝑄Heat + 𝑄DC

𝑃HP,tot + 𝑃CH,tot + 𝑃free,tot
 (55) 

For the system SCOPH+c, the electricity consumption was counted only once, considering the 

simultaneous supply of heating and cooling by the DC HP. This parameter has been used before 

to evaluate the simultaneous supply of heating and cooling, such as in Staicovici [130]. It is difficult 

to define a theoretical limit of this parameter, as it is done by a Lorenz or Carnot cycle for a HP 

cycle. However, it still serves the purpose of comparing the performance of different options of 

supplying DH and DC with each other. 

Full load hours (FLH) represent the number of hours a production unit would operate at its full 

design capacity during the year. FLH𝑝 were defined as the ratio of generated heat 𝑄sink,𝑛,𝑝 for a 

production unit p and hour n and the design capacity �̇�sink,𝑝,𝑑, accumulated over the year: 

FLH𝑝 = ∑
𝑄cond,𝑛,𝑝

�̇�𝑑,cond,𝑝

𝑁

𝑛=1

 
(56) 



 

 

Optimal Integration of District Heating, District Cooling, Heat Sources and Heat Sinks 41 

The annual hourly variation of the Lorenz efficiency ηL was determined for each heat source based 

on Eq. (57), considering the COP and the Lorenz COPL found in Eq. (73).  

𝜂𝐿 =
COP

COP𝐿
 (57) 

3.4.2 Economic indicators 

The levelized costs of heat (LCOH) included all costs of producing the heat divided by the annual 

production of heat Qa,p, as shown in Eq. (58). The sum over all HPs resulted in the total LCOH. 

Similarily, the levelized costs of cooling (LCOC) was determined considering also the free coolers. 

LCOHHP,𝑝 =
𝐶el,𝑎,𝑝 + 𝐶𝑚,𝑎,𝑝 + 𝐶HP,𝑎,𝑝 + 𝐶DH,𝑎,𝑝

𝑄𝑎,𝑝
 (58) 

The annual operating costs of the HP were calculated as the sum of the annual O&M costs and 

the costs for annual electricity consumption, including electricity taxes and tariffs, divided by the 

annual heat production: 

𝑐el,𝑚,𝑝 =
𝐶el,𝑎,𝑝 + 𝐶𝑚,𝑎,𝑝

𝑄𝑎,𝑝
 (59) 

The net present value (NPV) was calculated using the total capital investment (TCI) and 

discounted cash flows (CFs), as shown in Eq. (60) [131]. The TCI was based on the investment 

costs of HPs, storage, piping and/or the DH network. The CFs were calculated based on the 

maximum price, RHP, the HP operator could receive for selling heat. This price would be limited, 

e.g. by the next more expensive production unit such as a natural gas boiler. The annual O&M 

costs of the HP operation and costs of annual electricity consumption were then deducted from 

that value resulting in the annual CF. 

NPV = −TCI +∑
CFlt

(1 + 𝑟)lt

LT

lt=1

= −𝐶HP,𝑝 − 𝐶st − 𝐶pipe,𝑝 − 𝐶DH +∑
RHP − 𝐶el,𝑎 − 𝐶𝑚,𝑎

(1 + 𝑟)lt

LT

lt=1

 
(60) 

The simple payback time (PBT) was calculated as shown in Eq. (61): 

PBT =
TCI

CF
=
𝐶HP,𝑝 + 𝐶st + 𝐶pipe,𝑝 + 𝐶DH

RHP − 𝐶el,𝑎 − 𝐶𝑚,𝑎
 (61) 

3.4.3 Environmental indicators 

The total generation of CO2 by consumed electricity of the HPs was calculated by considering the 

total annual electricity consumption multiplied by the CO2 emission factor for electricity production, 

e.g. based on national or regional level, annually or hourly values.  

If it was considered to replace a current production unit by HPs, then the equivalent amount of 

heat generated by the current production unit was used to calculate the amount of CO2 emissions 

from that unit, considering the emission factor of the used fuel and the efficiency of that plant.  

The ratio between these two, the carbon-ratio, compared greenhouse gas emissions from 

producing heat with a HP and the current production unit. 



 

 

42 Optimal Integration of District Heating, District Cooling, Heat Sources and Heat Sinks 

The CO2 emissions per unit heat were calculated by dividing the annual CO2 emissions by the 

annual supply of heating of each production unit. The CO2 emissions per unit cooling were 

calculated accordingly.   
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4. Economics of large-scale heat pumps  

This chapter is based on [C2] and was extended by considering also DC HPs.   

4.1 Introduction 

As it was shown in the literature review in Section 1.3.2, detailed knowledge about the investment 

costs of large-scale HPs using different heat sources is missing. The purpose of this study was 

to gain a better understanding of the economics of large-scale HPs, to use the results for energy 

system models, like the one developed in Chapter 3, and to provide this information to DH 

companies. This may help to increase the penetration of large-scale HPs on the market, which 

would result in a more efficient use and integration of RES in smart energy systems. 

4.2 Methods of allocating investment costs of large-scale heat pumps 

The investment costs of large-scale HP projects were analysed. The total investment costs were 

divided into different categories to identify cost correlations for each of them, depending on the 

heat source and HP capacity. The developed cost correlations from each category were combined 

and verified by comparing the resulting correlations with the known total investment costs of 

existing HPs and results from literature. 

4.2.1 Selection criteria 

The criteria for selecting HPs were that they are vapour compression machines, are connected 

to DH, use a natural refrigerant, have a thermal capacity above 0.2 MW and were built or are 

planned to be built in Denmark. These criteria were chosen to align with environmental obligations 

[4] and power-to-heat solutions for an efficient integration of energy systems [30,31]. Denmark 

was chosen as the only country, because many HPs using natural refrigerants have been installed 

and data was available. The installation costs for other countries may vary, which could impact 

and distort the developed cost correlations. Furthermore, other countries may have different 

incentive/subsidy-schemes, which may change the economic feasibility and complexity ratio. The 

mix of data with different boundary conditions was not desired.  

4.2.2 Data acquisition 

Information about investment costs were collected for 26 built HP projects and four planned 

projects mainly from [49,132], personal communication with a consultant firm [48], from [86] and 

direct communication with DH companies that have large-scale HPs installed. Additional 

information about twelve offers for HP units using industrial excess heat as heat source was 

provided by Bühler et al. [133]. The considered investment costs included both purchase and 

installation of equipment and consulting services. Besides investment costs, information were 

gathered about the type of heat source, installed thermal capacity, inlet and outlet temperatures 

of heat source and heating supply, COP and refrigerant.  

4.2.3 Cost fraction categories 

Data about the investment costs of large-scale HP projects were collected for the categories as 

stated in Table 2. 

 

 

 

 



 

 

44 Optimal Integration of District Heating, District Cooling, Heat Sources and Heat Sinks 

Table 2.  Collection of investment costs for the following cost fraction categories 

Total  HP Heat 

source 

Construction 

(buildings; 

connections and 

piping inside the 

building) 

Electricity (electrical 

installations; connection 

to electrical grid; control 

system; transformers) 

Consulting Others 

All electricity-related investment costs were summarized as one group, because it was not always 

clearly distinguished between the individual costs for the different HP projects. Some of these 

costs are fixed, while others depend on the installed capacity. In Denmark, two types of 

connections to the electrical grid are usually used to connect large-scale HPs. One costs between 

80,000 € and 110,000 €, which gives the operator of the grid the freedom to shut down the HP 

for frequency control. The second option is more expensive and does not give the grid operator 

such possibility. The costs for the control system may also vary, which may be lower if a control 

system was already in place for other production plants [88]. Some projects included costs that 

were excluded for the analysis (others), because they were considered not to be part of a regular 

investment of a HP project. These were additional equipment costs, e.g. for a storage tank or a 

heat exchanger for direct heat exchange. Other excluded costs were related to the DH side such 

as DH transmission pipes, pumps and connections, which were assumed to be established before 

the investment of the HP or known by the DH company.  

4.2.4 Development of cost correlations 

The investment costs of the different HP projects were analyzed in Matlab [116], to create linear 

relations between costs and thermal capacity of the HP. The choice of a linear relationship was 

made to ease implementation of the correlations for later use, such as the case of linear 

optimization of energy plant investments. Cost correlations were developed for each cost fraction 

category as well as for the total investment costs. In addition, the coefficient of determination (R2) 

and the confidence intervals with one standard deviation of the mean (68 %) were calculated. If 

data of sufficient quantity and quality were available, a heat source based correlation was created 

for the individual groups. Data was not available from all HP projects for all cost fraction 

categories. Therefore, only HP projects with known costs were considered for the individual 

categories. In addition, some outliers were excluded in some of the categories, because of very 

project-specific costs, which is explained in more detail below. A range of offers for only the HP 

unit, using industrial excess heat as heat source, were available [133]. For these it was assumed 

that the heat source investment costs were 16 % of the total investment costs, as it was found by 

Grosse et al. [53]. The heat source costs could then be determined by the HP offers and the 

developed cost correlations for the other cost fraction categories.   

4.2.5 Estimation of investment costs for different heat sources 

The developed cost correlations of all categories were combined to estimate the total investment 

costs of the HP projects for different heat sources. This was done for the following heat sources: 

flue gas, industrial excess heat, groundwater, sewage water, air and DC. The resulting cost 

correlations of the total investment costs were then compared to the known total investment costs 

of HP projects. Specific cost intervals for HP projects depending on the heat source and capacity 

were derived. The developed cost correlation of each cost fraction category was further used to 

estimate the unknown costs of a HP project. This allowed an estimation of the total investment 

cost if only one or few of the cost fractions were known, such as the investment costs of the HP 

only, or when one of the cost fractions was missing. Estimating all unknown cost fractions allowed 
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comparing the total investment costs for HPs using different heat sources for all HP projects of 

the investigated heat sources. 

4.2.6 Breakdown of total investment costs 

The mean value of the costs of each category was determined based on all HP projects for the 

five mentioned heat sources. Thereby, the contribution of each cost fraction to the total investment 

costs were identified, which allowed breaking down the total investment costs by each category 

for the different heat sources. 

4.3 Results of allocating investment costs of large-scale heat pumps 

Based on the gathered data, it was observed that large-scale HPs in Denmark have been built 

within the last decade from 2009 on. The HP capacities varied between 0.3 MW and 10 MW. 

Seven different heat sources were identified: flue gas, industrial excess heat, groundwater, 

sewage water, air, solar and DC. The majority of the 42 HPs was found to utilize ammonia as the 

refrigerant. Few exceptions exist, where either CO2 or a mixture of ammonia and water were 

used. The COP varied between 3.1 and 5.3 with one exception of 6.3. The mean COP of all HP 

projects was 4.4. The heating supply temperature of the HPs varied between 60 °C and 90 °C, 

except for HPs using flue gas as heat source, where the heating supply temperature varied 

between 42 °C and 52 °C. The results of the analysis are presented in separate sub-sections 

together with the developed cost correlations and breakdown of the total investment costs. The 

list of HPs is shown in Table 3. 

 



 

 

46 Optimal Integration of District Heating, District Cooling, Heat Sources and Heat Sinks 

Table 3: Collected and correlated (italic) data of large-scale heat pump projects supplying district heating in Denmark 

# Location Heat source Status Year Capacity 
[MWth] 

COP Refrigerant Temp.  
Heat 

supply 
[°C] 

Temp. 

Heat 
source 

[°C] 

Total 
investment 

costs, not 
including 

others (%) 

Heat 
pump 

costs 
(%) 

Heat 
source 

costs 
(%) 

Construction 
costs (%) 

Electricity-
related 

costs (%) 

Consulting 
cost (%) 

Others 
(%) 

1 Sig Air built 2017 0.8 3.6 Ammonia 64 Ambient  100     43     8     27     20     3     

2 Tønder Air built 2017 4.4 3.5 Ammonia 70 Ambient  100     45     17     17     18     2     9    

3 Ringkøbing Air built 2017 4.4 4.5 Ammonia 70 Ambient  100     58     22     10     9     1     2    

4 

Høje 

Taastrup 

District 

cooling built 2016 2.3 3.1 Ammonia 75 −1 

 100     48     0      6     38     7     2    

5 Skejby 
District 
cooling built  10.0  Ammonia 90  

 100     59     0       12     27     2     

6 Industry Excess heat offer 2012 1.2 4.6 
Ammonia/ 
water 85 45 

 100     60     16     7     9     8     

7 Skjern  Excess heat built 2012 4.0 5.0 Ammonia 70 43  100     44     10     15     27     6     41    

8 Bjerringbro  Excess heat built 2013 3.7 4.6 Ammonia 67 18  100     39     16     15     22     8     63    

9 Industry Excess heat offer 2014 3.0 5.0 Ammonia 85 44  100     52     16     11     15     6     

10 Industry Excess heat offer 2014 1.3 3.7 Ammonia 85 30  100     50     16     10     13     11     

11 Industry Excess heat offer 2014 3.7 5.3 Ammonia 85 45  100     53     16     11     16     5     

12 Industry Excess heat offer 2014 6.6 3.5 Ammonia 80 32  100     42     16     15     23     4     

13 Industry Excess heat offer 2014 6.8 4.5 Ammonia 70 32  100     45     16     14     21     4     

14 Industry Excess heat offer 2014 6.5 4.3 Ammonia 80 32  100     49     16     13     19     3     

15 Industry Excess heat offer 2014 6.7 4.7 Ammonia 80 32  100     52     16     12     17     3     

16 Industry Excess heat offer 2014 6.8 4.8 Ammonia 70 32  100     59     16     9     14     2     

17 Industry Excess heat offer 2014 8.2 4.8 Ammonia 85 39  100     47     16     14     21     3     

18 Skjern Excess heat built 2015 1.4 3.9 Ammonia 70 33  100     43     16     12     16     13     

19 Randers Excess heat built 2016 1.0 6.3 Ammonia 60 30  100     40     16     12     15     17     

20 Løgstør  Excess heat planned  0.9      100     39     16     11     15     18     

21 Industry Excess heat offer  8.1 4.7 Ammonia 85 37  100     52     16     12     17     3     

22 Industry Excess heat offer  4.0  Ammonia    100     61     16     8     12     3     

23 Bjerringbro Flue gas built 2010 0.8 5.1 Ammonia 45 40  100     33     33     0       33     0       

24 Brande Flue gas built 2010 0.7 4.2 Ammonia 52 40  100     45     9     21     25     0       
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# Location Heat source Status Year Capacity 
[MWth] 

COP Refrigerant Temp.  
Heat 

supply 

[°C] 

Temp. 

Heat 

source 
[°C] 

Total 
investment 

costs, not 

including 
others (%) 

Heat 
pump 

costs 

(%) 

Heat 
source 

costs 

(%) 

Construction 
costs (%) 

Electricity-
related 

costs (%) 

Consulting 
cost (%) 

Others 
(%) 

25 Bjerringbro Flue gas built 2011 0.5 5.2 Ammonia 42 40  100     40     10     0       50     0       

26 Vinderup Flue gas built 2011 0.7 5.2 Ammonia 48 40  100     58     12     6     23     0       

27 Hundested Flue gas built 2012 0.8 4.8 Ammonia 48 40  100     36     9     30     25     0       

28 Vejen Flue gas built 2013 1.1 5.2 Ammonia 52 40  100     46     10     19     25     0       

29 Skårup Flue gas built 2014 0.3      100     49     9     21     22     0       

30 Frederikssund Flue gas built 2014 0.9      100     44     10     20     26     0       

31 Spjald Flue gas built 2015 0.4      100     53     8     18     21     0  

32 Rye  Groundwater built 2015 2.0 4.0 Ammonia 75 9  100     48     27     10     9     7     

33 Broager  Groundwater built 2017 4.0 4.2 Ammonia 75 11  100     28     50     7     10     4     

34 
Farstrup-
Kølby Groundwater planned  0.8 4.0  78  

 100     28     37     12     8     16     

35 Dronninglund  Groundwater planned  3.0 4.0 Ammonia 75 9  100     49     26     0       21     4     

36 Rødkærsbro 
Sewage 

water built 2017 1.5 4.6 Ammonia 70 22 

 100     52     21     3     10     14     21    

37 Kalundborg  
Sewage 
water built 2017 10.0 4.5 Ammonia 72 25 

 100     55     4     14     21     5     34    

38 Brædstrup  Solar/storage built 2012 1.2 3.2 Ammonia 80 10  100     10     31     14      45  

39 Marstal  Solar/storage built 2012 1.5 3.1 CO2 75 10        

40 Gram  Solar/storage built 2015 0.9 4.5  70 15  100          

41 Løgumkloster  Solar/storage built 2015 1.3 5.3 
Ammonia/ 
water 60 23 

 100         21     

42* Tårnby 
District 

cooling planned 2018 6.1     

100 60 0 9 28 3  

* This project was added at a later point.    
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4.3.1 Heat pump investment costs 

The HP investment costs for the investigated HP projects for different thermal capacity can be 

found in Figure 17. The number of each data point corresponds to one HP project. If a number is 

not shown, no costs for this category were available. Also shown are: the developed cost 

correlations for HP projects for any heat source except flue gas and HP offers, entitled “all\gas, 

offer” and for flue gas only entitled “gas”, the corresponding R2-values, the confidence interval 

and excluded data points. The number in parenthesis behind the R2-value gives the number of 

considered data points for the correlation. In addition, a cost correlation, fref, from Grosse et al. 

[53] was included, which was based on reference project information and manufacturer estimative 

offers. As shown, the variation of HP investment costs is large, but can be estimated by a linear 

correlation depending on the thermal capacity of the HP. The R2-value for the correlation is quite 

high and based on twelve HP projects of different thermal capacity. An additional correlation was 

created for HPs based on flue gas, because their application differs. Specifically, the flue gas 

temperature after heat recovery is at 40 °C, approx. 20 °C to 30 °C higher than for the other heat 

sources. Furthermore, the HPs are located before the boiler with heating supply temperatures at 

around 50 °C, which is lower than the typical DH supply temperatures. Consequently, the 

temperature lift, the HP has to overcome, is much smaller resulting in the installation of single 

one-stage HPs that are simpler and cheaper than HPs based on other heat sources [49]. The 

points 2 and 3 (on top of each other) were excluded, because these HPs can be operated 

electrically or by a gas motor. The gas motor, the gear box and their integration result in additional 

costs, which make these HPs more expensive than the others. The points 4 and 5 were excluded, 

because these HPs are used to supply both DH and DC. It is expected that these HPs are more 

expensive, which may be due to the very low heat source temperature, which is cooled from −1 

°C to −8 °C [49] and the resulting large temperature lift. Instead, a separate correlation was 

created based on only DC HPs. Apart from points 4 and 5, information about another DC HP were 

found and marked as number 42 [86]. The investment costs were stated as 5 Mio. €. The costs 

for the building, connection to the DH network and consulting were not included in this amount. 

The electricity-related investment costs might be included, because they were not specified 

further. Therefore, this amount accounting for DC HPs was deducted, compare the next Section 

4.3.3. As a result, the correlation for DC HPs is displayed in orange. It shows that the slope of the 

DC HP correlation is very similar to the slope of the correlation from the remaining HPs. The main 

difference is the initial investment costs, which are 0.93 Mio. €.  

 

Figure 17: HP investment costs 
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4.3.2 Construction costs 

The construction costs for the investigated HP projects are shown in Figure 18 (a). Points 23, 25, 

35 and 41 were excluded, because the HPs were placed in an existing building, resulting in 

negligible construction costs. The construction costs increased with HP capacity independent of 

the heat source, because the heat source should not impact the size of the building. The R2-value 

is high and the confidence interval rather narrow. The construction costs for the HP project from 

point 2 were higher, because the building had to be built fast. For the same kind of HP (point 3), 

a building was erected much cheaper, because it was modular based and done in-house. It is 

further expected that the construction costs could be reduced even more, if a combination of steel 

beams and sandwich panels will be used for the building. This indicates a potential cost reduction 

for future projects [134].   

4.3.3 Electricity-related investment costs 

The electricity-related investment costs for the investigated HP projects are presented in Figure 

18 (b). The R2-value is high, however, the confidence interval is wider than for the construction 

costs. The HP projects with a thermal capacity below 2 MW and for point 3 have all the cheaper 

connection to the electrical grid, as explained in Section 4.2.3. In addition, many of these HPs 

were built at already existing production sites, which results in few additional costs related to the 

control system. Furthermore, no additional transformer or changes to the transformer were 

required. All this indicates that HP projects below a thermal capacity of 2 MW have low costs 

related to electrical works. Larger HPs require their own control system and changes to the 

transformer or a larger transformer. Points 4 and 5 were excluded. These are HP projects based 

on DC. They are both more expensive than the remaining projects, which may be due to the more 

advanced control system and the more expensive connection to the electrical grid. Therefore, a 

separate correlation only based on these two points was created.   

 

Figure 18: (a) Construction costs for HPs; (b) Electricity-related investment costs for HPs 

4.3.4 Consulting costs 

The consulting costs of twelve HP projects were known, which were very different from each 

other. The minimum and maximum values were 0.01 Mio. € and 0.32 Mio. €, respectively. A 

general trend was not found. Therefore, the consulting costs were assumed to be the mean, 0.15 

Mio. €. The consulting costs may depend on the consulting company hired and how their services 

are charged, e.g. based on a fixed price for installed HP capacity or the actual hours spent on the 

project. Both possibilities offer different advantages and risks. The consulting costs for air-source 

HPs were generally lower than for other projects. No consulting costs for HP projects based on 

flue gas were known, because the HP installations were often part of a main project, which 
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included e.g. a gas engine or a gas boiler. The consulting costs were covered by the main projects 

[135]. Therefore, its value was assumed to be zero for flue gas.     

4.3.5 Heat source investment costs 

The heat source investment costs are shown in Figure 19. Cost correlations were created for five 

different heat sources. Dividing the HP projects by heat sources resulted in few HP projects for 

each heat source. Therefore, the cost correlations presented here may be seen as first estimates. 

 

Figure 19: Heat source investment costs for HPs using different heat sources 

The costs of flue gas for the different projects are in good agreement, even though the R2-value 

is not high. The HP from point 23 utilizes flue gas from a gas motor and not from a gas boiler. 

This point was excluded, because an additional exhaust fan was installed before the heat 

exchanger at the flue gas to prevent a pressure increase in the turbocharger of the gas motor 

[49]. The number of HPs that use air as heat source was limited to three, from which two are of 

the same type. However, the investment costs were provided by the manufacturer [88] and are 

therefore considered to be of good quality. The cost increase is very steep, which may be because 

the installed heat source capacity is 25 % larger than required. This was done to ensure that one 

part of the evaporators can always be defrosted [88]. The costs of sewage water as a heat source 

are constant, based on the two HP projects. The main costs may result from the heat exchanger 

to utilize the sewage water and the required filters and CIP equipment to ensure smooth operation 

[49]. Such special equipment is required no matter which size, resulting in high costs also for 

small capacities. The cost correlation for groundwater was based on three HP projects. The costs 

of groundwater may be the most difficult to estimate, because each project may differ in the way 

groundwater is accessed and released. Groundwater may be excessed in different depth, such 

as at 30 m, 100 m or 200 m, which will have a large impact on the drilling costs. The capacity for 

each borehole is limited depending on the reservoir and flow, which requires establishment of 

several boreholes for one project. In addition, the groundwater may have to be reinjected by 

additional boreholes, may be dispersed in the ground just below the surface or may be released 

to the sea. Finally, permission for using groundwater as a heat source has to be given, too. Point 

33 was excluded, because the boreholes were 250 m deep and reinjection boreholes were 

required, which made it very costly [3,49]. The costs for establishing excess heat as a heat source 

was a fixed fraction of the total investment costs, as explained in Section 4.2.4. The cost 

correlation has a good R2-value based on eleven HP projects. The costs may vary depending on 

the industrial process and how easily a stream can be utilized. Points 16 and 22 were excluded, 
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because they were configured to achieve a very high COP resulting in higher costs than other 

HPs with similar capacity. No costs were assumed for DC as a heat source, because this 

investment was considered to be part of establishing the DC network.  

4.3.6 Estimation of total investment costs 

The total investment costs of only 16 of the investigated HP projects were known, assuming the 

consulting costs of flue gas were zero. The developed cost correlations for each cost fraction 

category were used to determine the unknown costs of a HP project to get an estimate of the total 

investment costs for all HP projects. The total investment costs for all HP projects and the 

correlation of the total investment costs for the following five different heat sources can be found 

in Figure 20: sewage water, groundwater, air, industrial excess heat, flue gas and DC. The project 

numbers in grey indicate that the total investment cost of this project is based on at least one 

correlation of one of the cost fraction categories. HPs 2 and 3 can be operated electrically or by 

gas, as explained in Section 4.3.1. Therefore, the HPs were more expensive. The correlation for 

HPs from Section 4.3.1 was used, instead of the actual costs, to show the total investment costs 

of the HP projects 2 and 3 for a regular HP. HP projects based on flue gas are cheaper than HPs 

based on other sources, because of less expensive HPs and heat source access. The cost 

correlations for the HP projects based on the four other heat sources result in a similar trend, 

even though different correlations were used for heat sources. This indicates that total investment 

costs, independent of the heat source and COP, may be below a certain threshold to be feasible. 

The groundwater and sewage water HP projects have high initial costs for small capacities. 

Sewage water HPs, however, become cheaper for larger capacities due to the constant costs for 

the heat source. The correlation underestimates the total investment costs compared to project 

37. The HP project 33 was more expensive, because the heat source investment costs were 

much higher than for the other groundwater HPs. It can further be seen that DC HP projects have 

much higher initial costs than the other HP projects. The investment cost could on the other hand 

be divided between the DH and the DC customer, which may be cheaper than having two 

separate units, one supplying heating and the other one cooling.  

 

Figure 20: Total investment costs for HPs using different heat sources 

The presented cost correlations of the total investment costs for different heat sources were 

divided by the HP capacity in order to receive the specific total investment costs (Mio. €/MW). An 

overview for different HP capacities is shown in Table 4 and in Figure 21. Ranges for the DC HP 

were not provided in the table, because they vary so much for the given ranges. The specific total 
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investment costs were high for capacities below 4 MW, due to high initial project costs. The 

specific total costs between 4 MW and 10 MW decrease only slightly, apart from the ones from 

the DC HP. 

Table 4. Specific total investment costs for HP projects depending on the heat source and HP 

capacity 

Specific costs (Mio. €/MW) Flue gas Sewage water Excess heat Groundwater Air 

0.5 MW ≤ HPCapacity < 1 MW 0.63 to 0.53 1.91 to 1.23 1.30 to 0.97 1.72 to 1.18 1.12 to 0.90 

1 MW ≤ HPCapacity < 4 MW 0.53 to 0.46 1.23 to 0.72 0.97 to 0.72 1.18 to 0.77 0.90 to 0.73 

4 MW ≤ HPCapacity ≤ 10 MW 0.46 to 0.44 0.72 to 0.62 0.72 to 0.67 0.77 to 0.69 0.73 to 0.70 

 

Figure 21: Specific investment costs for HP projects depending on the heat source 

4.3.7 Breakdown of total investment costs 

The total investment costs were broken-down for five different heat sources, as shown in Figure 

22. The HP contributed the most to the total investment costs. The cost fraction for the HP varied 

between 38 % and 56 %. Sewage water HPs and DC HPs accounted for the highest proportion 

of the total investment costs. For HPs utilizing groundwater as the heat source, the fraction related 

to HPs was only 38 %, while the heat source took an equal proportion of 35 % of the total 

investment costs. For the other four heat sources, the heat source investment costs varied 

between 12 % and 15 %, apart from the DC HP. The cost fraction for construction costs differed 

for the heat sources. It was 7 % and 9 % for the more expensive heat source projects based on 

groundwater and sewage water, respectively. For the remaining heat sources, the cost fraction 

varied between 13 % and 18 %. Electricity-related investment costs contributed with 12 % to 19 

% to the overall investment. For DC HPs, the electricity-related costs take a high proportion of 31 

%. Groundwater HPs were an exception, because other costs were relatively higher. An opposite 

trend was found for flue gas based HP projects, because of the minimum costs required for a 

connection to the electrical grid. This accounted for a higher proportion for smaller HP projects 

and resulted in a proportion of 28 %. Consulting costs were between 8 % and 12 % of the total 

investment, except for air-source HP projects with only 2 % and DC HPs with only 4 %. No 

consulting costs were assumed for flue gas, as explained in Section 4.3.4. 
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Figure 22: Breakdown of investment costs for HPs for six different heat sources 

4.4 Discussion  

The developed cost correlations were based on available data of a limited number of HP projects. 

Dividing the projects by heat source resulted in even fewer data points, which may impact the 

validity of the used statistical methods and the accuracy of the developed correlations. In addition, 

data points for some correlations were excluded, which may be subjective and details about some 

of the projects may not be known, which could influence the process of excluding data points. 

The Danish Energy Agency suggested a wide range of specific total investment costs from 0.5 

Mio. €/MW to 0.8 Mio. €/MW in 2014 [54] and from 0.8 Mio. €/MW to 1.1 Mio. €/MW in 2017 [3]. 

Usually, a decrease in costs is expected, but the opposite was the case. Such unexpected 

development happened, because, at the time of the first release, many of the existing large-scale 

HPs were based on flue gas condensation. The results have shown that those projects were 

cheaper. However, many new HP projects were built between 2014 and 2017 that were based 

on natural heat sources with a larger temperature lift between heat source and heating supply 

[136]. The HP, accessing the heat source, consulting etc. became more expensive. 

Consequently, the costs for large-scale HP projects increased. The specific cost interval could be 

narrowed down further and differentiated between heat sources and HP capacity based on the 

presented results. The breakdown of the total investment costs are overall in agreement with the 

results published by Grosse et al. [53]. They provided cost fractions of the total investment costs 

for large-scale HPs based on groundwater, flue gas and industrial excess heat. Bejan et al. [137] 

describe and estimate the breakdown for the TCI costs for thermal design projects in general, 

such as for power plants or boilers. Their estimated proportions also fit with the presented cost 

fractions for large-scale HP projects. The development of linear correlations for the later use of 

optimization may be justified by the fact that economy of scale effects for large-scale HPs are 

limited by 70 % to 90 % for an increase in capacity of 100 %, because of limited component 

capacity ranges [138]. Often, large-scale HPs are built in parallel to increase capacity [49]. The 

non-linear correlation for HPs presented by Grosse et al. [53] may take into account these effects. 

However, it was shown in Figure 17 that the economy of scale effects were minor. Figure 17 also 

showed that HP costs based on offers for similar capacity and temperature levels may vary 
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significantly. Based on the collected data for the projects, e.g. 13 and 16 as well as for 14 and 15, 

the more expensive HP offers also had a higher COP. However, a general dependency on the 

COP and/or temperature levels was not identified for all projects. The consulting costs for HP 

projects based on flue gas were assumed to be zero, due to the lack of data. A constant value 

could be added to the developed correlation of total investment costs, if more information about 

the consulting costs are known. Grosse et al. [53] stated that the consulting costs for flue gas 

based HP projects are 5 %, which is only a small fraction of the total investment costs.  

4.5 Summary 

The total investment costs of 42 large-scale HP projects were analysed and divided into costs 

related to the HP unit itself, the heat source, construction, consulting and electricity-related 

investments. Cost correlations for each of the cost fraction categories were created, which 

allowed estimation of unknown costs and the total investment costs of a HP project. As a result, 

cost correlations for the total investment costs were developed for five different heat sources: flue 

gas, air, groundwater, sewage water industrial excess heat and DC. The results showed that 

different specific total investment costs exist for large-scale HPs depending on the heat source 

and the HP capacity. The most and least expensive heat sources, depending on the capacity, 

were identified. It was shown that a considerable amount of the investment costs was placed on 

other parts than the HP itself, e.g. equipment to access the heat source, engineering works and 

others. It was further noted that the specific investment costs decrease for larger capacities, due 

to lower specific costs on e.g. permissions and connection to the electrical grid. The developed 

cost correlations may provide help during the planning process of new large-scale HP projects to 

decide among different available heat sources and to estimate the expected investment costs. 

This may align the expected and realized costs and give an indication about the feasibility of new 

HP projects. More large-scale HPs would ensure an efficient integration of RES and coupling of 

the electricity and heating sector, which is required for future smart energy systems.  
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5. COP estimation of heat pumps and chillers based 
on thermodynamic modelling  

5.1 Introduction 

The development of a thermodynamic HP model is presented for design and off-design 

conditions. Afterwards, a description of a thermodynamic model for electrical chillers, similar to 

the one for HPs, follows. Furthermore, heat load, heat source and heating supply temperatures 

were varied in order to identify linear relationships for the changes in COP compared to the one 

in design conditions. Similarly, a description of how linear relationships were developed for the 

changes in the cooling COPc due to varying cooling load, heat sink and cooling supply 

temperatures is presented. These relationships may be used in linear optimization models for 

energy planning for the given design conditions, as the one developed in Chapter 3. 

5.2 Methods 

5.2.1 Thermodynamic heat pump model for design conditions 

This section is based on [C3].  

A thermodynamic HP model was developed in the software Engineering Equation Solver (EES), 

version 10.478 [139] considering the different state points of the heat pumping process, as 

indicated in Figure 24 (b). The model is based on mass and energy balances for all the 

components. A two-stage HP with open intercooler was modelled, which ensures lower pressure 

ratios and discharge temperature out of the compressor than a single-stage HP. Ammonia was 

chosen as refrigerant, because it has neither global warming nor ozone depletion potential [2]. 

Two-stage HPs with ammonia as refrigerant have been widely used in DH in Denmark [49]. An 

overview of the HP cycle is shown in Figure 23. 

 

Figure 23: Two-stage ammonia HP with open intercooler 
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In the design model, the dimensioning temperatures were used as input in order to calculate the 

thermal conductance, i.e., UA-values, of the evaporator and condenser units, as shown in Eq. 

(62) to Eq. (65).  

UA𝑒 =
�̇�𝑑,evap

∆𝑇LMTD,𝑒
 (62) 

UASC =
�̇�𝑑,SC

∆𝑇LMTD,SC
, UAcond =

�̇�𝑑,cond
∆𝑇LMTD,cond

, UADSH =
�̇�𝑑,DSH

∆𝑇LMTD,DSH
 

(63) 

UAcond,tot = UASC + UAcond + UADSH (64) 

�̇�𝑑,cond,tot = �̇�SC + �̇�cond + �̇�DSH (65) 

The dimensioning capacity was used to calculate the needed displacement rate of the 

compressors for design conditions, which are specified in Table 5.  

Table 5.  Design conditions for HP dimensioning  

Parameter Value Unit Parameter Value Unit 

Heating capacity 16 MW Air inlet temperature −12 °C 

DH Supply/return 

temperature 

65/40 °C Seawater inlet temperature 4 °C 

Superheat 0 K Groundwater inlet temperature 10 °C 

Compressor heat loss factor 0.05 - Sewage water inlet temperature 11 °C 

Built-in volume ratio (all/air) 2.0/2.8 - DC inlet temperature 16 °C 

Isentropic efficiency, ηis,max 0.80 - Seawater temperature difference 3 K 

Volumetric efficiency 0.90 - DC temperature difference 10 K 

Pinch point temperature 

differences 

5 K Other heat source temperature 

differences 

6 K 

The compressors were assumed to be screw compressors. The heat exchangers were modelled 

as counter-flow configuration. The heat transfer process on the condenser was modelled as three 

parts consisting of de-superheating, condensing and sub-cooling, each satisfying the energy 

balances between the refrigerant of the HP and the DH water. A compressor heat loss factor of 5 

% of the heat load in design conditions was added, as proposed in [O2] and shown in Eq. (66). 

𝑓𝑞 =
0.05

Q̇ �̇�𝑑⁄
 (66) 

The isentropic efficiency of the compressors was modelled by a relation developed for screw 

compressors [2], which takes into account the pressure ratio (𝑝HiP 𝑝LP⁄ ), the built-in pressure ratio 

(𝜋 = 𝛽𝜅) and the polytrophic exponent 𝜅, as shown in Eq. (67). Thereby, losses due to the 

mismatch between built-in pressure ratio and the actual pressure ratio were considered. The built 

in volume ratio was optimized to maximize the isentropic efficiency at design conditions. 

ηis = ηis,max
(𝑝HiP 𝑝LP⁄ )(𝜅−1) 𝜅⁄ − 1

𝜋(𝜅−1) 𝜅⁄ −
𝜅 − 1
𝜅

𝜋−(1 𝜅⁄ )(𝜋 − 𝑝HiP 𝑝LP⁄ ) − 1
 (67) 
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The intermediate pressure was optimized for design conditions to maximize COP. Properties of 

the different state points, such as temperature, enthalpy or entropy were determined in EES. An 

overview of the modelled HP cycle for design conditions is shown in Figure 24 as a temperature-

heat load (T-�̇�) diagram (a) and a pressure-enthalpy (p-h) diagram (b) for sewage water as the 

heat source. The de-superheating (DSH), condensing (Cond) and sub-cooling (SC) part as well 

as the pinch point temperature difference (PP), DH supply (DHs) and return (DHr) temperature 

and state points are indicated. The refrigerant was sub-cooled by the DH return temperature down 

to a temperature difference of 5 K.  

 

Figure 24: T-�̇� diagram (a) and log(p)-h diagram (b) for HP cycle using sewage water as heat 

source 

5.2.2 Thermodynamic heat pump model for off-design conditions 

This section is based on [C3].  

The HP model was modified to allow calculations in off-design conditions, meaning when the heat 

source and sink temperatures varied. In off-design, the UA-values of the evaporator and the 

displacement rates of the compressors were kept constant. The UA-values of the condenser unit 

(DSH, Cond, SC) were decreased for part-load of variable speed compressors according to Eq. 

(68) [125]. 

UA

UA𝑑
= (

Q̇

�̇�𝑑
)

0.8

 (68) 

The intermediate pressure, the condensing temperature and the evaporation temperature were 

free variables instead of input parameters, as it was the case in the design model. Furthermore, 

the low-pressure (LP) and high-pressure (HiP) compressor speeds (rpm) were synchronized and 

could vary in off-design conditions, due to variations in heat load, heat source and heating supply 

temperature.  

Considerations for HPs with large seasonal variation in heat source temperature 

The pressure ratios changed considerably over the year for HPs that use a heat source with large 

temperature variations during the year. This is the case for ambient air as the heat source, as 

shown in Figure 25 for a polytrophic exponent of 1.5 for ammonia and a built-in volume ratio of 

2.8. As shown, the isentropic efficiency decreases considerably for pressure ratios below the one 

at design conditions (𝜋 = 2.81.5 = 4.69). This would result in very low isentropic efficiencies of the 

compressor during summer periods, when the heat source temperature increases and the DH 

supply temperature decreases. A different control or design may be chosen for this case. 
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Therefore, the relation from Eq. (67) was not used for the air-source HP. Instead, a constant 

isentropic efficiency of 0.80 was assumed representing a best-case scenario.  

 

Figure 25: Isentropic efficiency as a function of the pressure ratio, based on Eq. (67) 

Variation of heat load, heat source and heating supply temperatures 

The heat load, the heat source temperatures and the heating temperature were varied for each 

heat source in order to investigate how the COPs would differ from the design values. Linear 

relations were developed to allow their use in the optimization model. The parameters were 

changed, as stated in Table 6 and Table 7.  

Table 6: Variations of heat load and heating supply temperature 

Heat load, % Heating supply temperature, °C 

6 to 100 55 to 70 

Table 7: Variations of heat source inlet temperature 

Parameter Air GW Sew Sea DC 

Heat source inlet temperature, °C −12 to 32 0 to 25 11 to 26 0 to 25 8 to 23 

5.2.3 Thermodynamic modelling of chillers 

The same approach used for HPs was also used to model chillers in design and off-design 

conditions. Instead of a two-stage HP with open intercooler, a one-stage chiller was modelled due 

to the lower temperature lift between the cooling supply and the heat sink compared to the case 

of heating. The cooling capacity was chosen to be 10 MW, the DC supply and return temperature 

was 6 °C and 16 °C, respectively. The design temperatures of the different heat sinks were 

chosen according to summer conditions. An overview can be found in Table 8.  

Table 8.  Design conditions for Chiller dimensioning  

Parameter Value Unit Parameter Value Unit 

Cooling capacity 10 MW Air inlet temperature 35 °C 

DC Supply/return 

temperature 

6/16 °C Seawater inlet temperature 22 °C 

Superheat 0 K Groundwater inlet temperature 10 °C 

Compressor heat loss factor 5 - Sewage water inlet temperature 25 °C 

Built-in volume ratio 

(GW/Sea/Sew/Air) 

1.8/2.0/ 

2.2/2.7 

- Heat sink temperature difference 6 K 

Isentropic efficiency, ηis,max 0.80 - Pinch point temperature 

differences 

5 K 

Volumetric efficiency 0.90 -   
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Variation of cooling load, heat sink and cooling supply temperatures 

The cooling load, the heat sink temperatures and the cooling supply temperature were varied for 

each heat sink in order to investigate how the COPc would differ from the design values. Linear 

relations were developed to allow their use in the optimization model. The parameters were 

changed as presented in Table 9 and Table 10. For air, the changes of parameters were done 

with the design isentropic efficiency of the compressor and with the efficiency calculated 

according to the polynomial found in Eq. (67). The DH network was not considered as a heat sink. 

The COPc would be the COP−1 of the HP using the DC network as a heat source. 

Table 9: Variations of cooling load and cooling supply temperature 

Cooling load, % Cooling supply temperature, °C 

6 to 100 12.25 to 16 

Table 10: Variations of cooling supply temperature 

Parameter Air GW Sew Sea 

Heat sink inlet temperature, °C 5 to 35 6.5 to 14 10 to 25 1 to 22 

5.3 Results 

5.3.1 Design conditions of HPs and chillers 

The HP COPs and other design parameters can be found in Table 11. The COP is the highest 

for the heat source with the highest design temperature, which is the DC network in this case, 

followed by sewage water, groundwater, seawater and ambient air, as stated in Table 5. 

According to �̇� = UA Δ𝑇LMTD for the heat source stream, the UA-value of the evaporator changes 

according to the heat source temperature and temperature difference, as stated in Table 5. 

Consequently, the UA-value is the lowest when using the DC network as heat source, followed 

by ambient air, groundwater, sewage water and seawater. The displacement rates are similar for 

the water-based heat sources and much larger for the use of ambient air. Both parameters, UA-

value and displacement rate, give an indication of the required equipment size. The pressures 

and pressure ratios are reasonable values.  

Table 11: Design parameters for heating 

Parameter Air GW Sew Sea DC Unit 

COPd 2.88 3.85 3.91 3.68 3.96 - 

UAe 1408 1584 1592 1860 1337 kW/K 

UAcond,tot 1204 1237 1238 1233 1240 kW/K 

Displacement rates (LP/HiP) 7.15/2.60 3.52/1.77 3.42/1.75 3.85/1.85 3.32/1.71 m3/s 

Pressure ratios (LP/HiP) 3.92/4.54 2.49/2.96 2.43/2.92 2.64/3.11 2.40/2.85 - 

Intermediate pressure 6.52 10.29 10.43 9.74 10.69 bar 

The COPs for cooling and other parameters for design conditions can be found in Table 12.  

Table 12: Design parameters for cooling 

Parameter Air GW Sew Sea Unit 

COPc,d 4.24 10.4 5.68 6.28 - 

UAe 879 879 879 879 kW/K 

UAcond,tot  1198 1134 1176 1168 kW/K 

Displacement rate 2.32 2.08 2.22 2.19 m3/s 

Pressure ratio 4.01 1.96 3.05 2.80 - 
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The COPc,d of the chiller when groundwater was used is the highest, because of the very low 

groundwater temperature, even during design conditions in summer. The other design 

parameters have similar values. The displacement rate for the use of groundwater is smaller 

compared to the rates when the other heat sinks are used. The pressure ratio of ambient air is 

higher, due to the high temperature lift between the DC network and the heat sink to overcome.  

5.3.2 COP linearization for varying heat load, heat source and heating supply 
temperatures for heat pumps 

Varying the heat source temperature, the heating supply temperature and the heat load was done 

for HPs using ambient air, groundwater, sewage water, seawater and DC as the heat source. 

Variation of the heat load 

The COP did not change significantly independent of the heat source for a load from 100 % down 

to 25 %, as shown in Figure 26. The COP for a load of 25 % is only 2 % lower as in design 

conditions. For smaller loads, the COP decreases drastically. The COP for a load of 6 % is 16 % 

lower than the COP at design conditions for the water-based heat sources and the COP is 5 % 

lower for the use of ambient air. Considering the compressor polynomial for the air-source HP did 

not have a significant impact, because the isentropic efficiency decreased only by a few percent.  

 

Figure 26: COP for changes of the heat load 

Two effects counter-balance each other during part-load operation, as shown in the following for 

the groundwater HP. On the one hand, the heat loss increased for part-load, according to Eq. 

(66). This has a negative impact on the COP, especially during small loads. An overview can be 

found in Figure 27. The heat loss factor becomes very large for part-load operation lower than 25 

%, which explains the strong decrease in COP. 

 

Figure 27: Heat loss factor during part-load operation 
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On the other hand, the decrease of the condenser UA-value for an operation with variable speed 

controlled compressors is lower than the decrease of the UA-value for an on-off operation, see 

Eq. (68). This reduces the logarithmic mean temperature difference and influences the resulting 

temperatures according to Eq. (63). Therefore, the COP improves in part-load. An overview can 

be found in Figure 28.   

 

Figure 28: Relative UA-Value of the condenser during part-load operation 

Variation of the heat source inlet temperatures  

Variation of the heat source inlet temperature resulted in the COPs shown in Figure 29. The COP 

varied linearly for the water-based heat sources. The groundwater curve could be well 

approximated by a piecewise linear function with one line defined for temperatures above the 

dimensioning temperature of 10 °C and one below 10 °C. For ambient air, the COPs were quite 

different when using the compressor polynomial or a constant isentropic compressor efficiency. 

Using a constant isentropic efficiency of the compressor resulted in an almost linear relationship 

for ambient air temperatures from −12 °C up to 18 °C and from 18 °C to 32 °C.  

 

Figure 29: COP for changes of the heat source inlet temperature 

If the compressor polynomial was used, the COP for higher ambient temperatures was much 

lower and more difficult to approximate by linear functions. If the air temperature was much higher 
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than for design conditions, the operating pressures of the compressors were affected, as shown 

in Figure 30. The pressure of the evaporator and the intermediate pressure increased accordingly. 

Since the ambient temperature became so high, a two-stage HP is not well suited anymore. One 

possibility could be to operate only a single compressor during summer conditions or to operate 

the compressors in parallel instead of in series.  

 

Figure 30: Pressure levels for varying ambient temperatures 

Since the intermediate pressure increased considerably, the high-stage screw compressor did 

not operate in its optimal design region anymore, which is shown in Figure 31. The high-pressure 

compressor efficiency has a sharp decrease, which has a strong impact on the COP of the HP. 

Figure 30 and Figure 31 indicate that a better intermediate pressure control should be 

implemented. This could result in more similar pressure ratios and therefore in achieving higher 

isentropic efficiencies of the high-stage compressor. The result could be COPs similar to the ones 

obtained without the use of the compressor polynomial.  

 

Figure 31: Isentropic efficiencies of the compressor of the air-source HP for varying ambient 

temperatures 

Variation of the heating supply temperature  

The impact on the COP of varying the heating supply temperature is shown in Figure 32. As 

shown, the COP increased linearly for all heat sources for decreased heating supply 

temperatures.  
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Figure 32: COP for changes of the heating supply temperature 

Linearization of changes to COP 

Based on the observations made in the previous sections, the changes of COP compared to the 

one at design conditions were assumed to be linear. The values stated in Table 13 were derived 

for changes of heating supply temperature, heat source inlet temperature and part-load operation 

for linear changes of COP, as shown in Eq. (69) and Eq. (70). The coefficients a and b represent 

the slope of the lines in Figure 29 and Figure 32. The coefficients a, c and d are illustrated in 

Figure 33 based on ambient air. The coefficient c represents the difference between the COP in 

design conditions for the linear slope below 18 °C and for the one above 18 °C. The coefficient d 

is the intercept of the ordinate. The change of COP for part-load operation between 25 % and 100 

% was very small. This is indicated by the low values of coefficient e, representing the slope of 

the lines in Figure 26. 

COPoff = COP𝑑 + 𝑎(𝑇source,𝑖 − 𝑇source,𝑖,𝑑) − 𝑏(𝑇supply,𝑜 − 𝑇supply,𝑜,𝑑) + 𝑐 + 𝑒(Load − 1) (69) 

𝑐air = 𝑎𝑇source,𝑖,𝑑 + 𝑑 − COP𝑑 , 𝑐GW = COP𝑑 − 𝑎𝑇source,𝑖,𝑑 − 𝑑 (70) 

Table 13: Parameters for change of heat source and heating supply temperature 

Para 

meter 

Air (no 

polynomial, 

−12 °C ≤ Tair 

≤ 18 °C) 

Air (no 

polynomial,  

18 °C < Tair 

≤ 32 °C) 

GW 

(0 °C ≤ TGW  

<10 °C) 

GW  

(10 °C ≤ TGW  

≤ 25 °C) 

Sew Sea DC 

a 0.0408 0.0650 0.0238 0.0553 0.0562 0.0529 0.0148 

b 0.0122 0.0122 0.0283 0.0283 0.0290 0.0262 0.0274 

c 0 −0.7529 0.0361 0 0 0 0 

d 3.3157 2.9021 3.5719 3.2943 3.2882 3.4676 3.7329 

e 0.0856 0.0856 0.0744 0.0744 0.0755 0.0948 0.0650 
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Figure 33: Illustration of coefficients used for linearization based on ambient air 

5.3.3 COPc linearization for varying cooling load, heat sink and cooling supply 
temperatures for chillers 

The heat sink inlet temperature, the cooling supply temperature and the cooling load were varied 

for chillers that use either ambient air, groundwater, sewage water or seawater as the heat sink. 

A chiller using the DH network as a heat sink was already described in Section 5.3.2 in form of a 

HP that uses the DC network as the heat source.  

Variation of the cooling load 

The COPc for part-load operation for the different heat sinks can be found in Figure 34. For all 

heat sinks, the slopes increase linearly for a reduced cooling load. The higher the design COPc, 

the higher was also the increase in performance, varying from 13 % to 32 % improvement for the 

smallest load of 6 %. The increase in performance may be explained by the improved UA-value 

for variable speed controlled compressors, which was explained in Section 5.3.2. The compressor 

heat loss influences the required capacity of the heat sink, but does not have an impact on the 

COPc. Using a compressor polynomial or not did not have an impact during part-load operation 

for air as the heat sink.  

 

Figure 34: COPc for changes of the cooling load 



 

 

Optimal Integration of District Heating, District Cooling, Heat Sources and Heat Sinks 65 

Variation of the heat sink inlet temperatures  

The impact on COPc for varying heat sink inlet temperatures are shown in Figure 35. As shown, 

the performance improves for decreased heat sink temperatures, because of a smaller 

temperature lift between the heat sink and the cooling supply. For groundwater and sewage water, 

the trend is close to linear. For seawater, the slope may be assumed to be linear for temperatures 

above and below 9 °C. For ambient air, the change of heat sink inlet temperature has a strong 

impact on the isentropic efficiency of the compressor. The compressor would not be operated at 

its design conditions, as explained in Section 5.3.2. If no compressor polynomial was used, the 

COPc is much higher for lower heat sink temperatures, which are very different from the design 

temperatures.  

 

Figure 35: COPc for changes of the heat sink inlet temperature 

Variation of the cooling supply temperature  

The influences on the COPc for the change of cooling supply temperature for the different heat 

sinks is shown in Figure 36. The slopes are linear and have a small decrease for lower cooling 

supply temperatures.  

 

Figure 36: COPc for changes of the cooling supply temperature 
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Linearization of changes to COPc 

The variations of cooling load, heat sink inlet temperature and cooling supply temperature have 

shown linear relations between the COPc and these parameters. Similar to the case for HPs in 

Section 5.3.2, the COPc in off-design operation could be determined based on Eq. (71) and Eq. 

(72), as well as the parameters found in Table 14. 

COP𝑐,off = COP𝑐,𝑑 − 𝑎(𝑇source,𝑖 − 𝑇source,𝑖,𝑑) + 𝑏(𝑇supply,𝑖 − 𝑇supply,𝑖,𝑑) + 𝑐 − 𝑒(Load − 1) (71) 

𝑐 = −𝑎𝑇source,𝑖,𝑑 + 𝑑 − COP𝑐,𝑑 (72) 

Table 14: Parameters for change of cooling load, heat sink and cooling supply temperature 

Para 

meter 

Air (no 

polynomial, 5 °C 

≤ Tair < 17 °C) 

Air (no polynomial,  

17 °C ≤ Tair ≤ 35 °C) 

GW  Sew Sea 

(1 °C ≤ Tsea 

< 9 °C) 

Sea 

(9 °C ≤ Tsea 

≤ 22 °C) 

a 0.5819 0.1752 0.5062 0.2631 0.6388 0.3191 

b 0.0557 0.0557 0.1830 0.0732 0.0897 0.0897 

c −7.566 0 0 0 −4.096 0 

d 17.041 10.200 15.558 12.075 16.024 13.137 

e 0.5946 0.5946 3.5671 0.9948 1.4082 1.4082 

5.4 Discussion  

The COP linearization only depends on the COP in design conditions and the coefficients derived. 

Thereby, these linearizations can be used in energy planning models. However, these coefficients 

are only valid for certain temperature ranges of the source, sink and supply streams. Furthermore, 

the coefficients apply to a specific HP design, which means that they cannot simply be generalized 

to other HP designs and applications. The linearizations were based on a limited number of heat 

sources and heat sinks. If necessary, the same approach may be used to include more heat 

sources/sinks. 

The same design temperature differences were chosen for all heat sinks. For ambient air, a large 

temperature difference could have been chosen. This could decrease the size of equipment. 

5.5 Summary 

The linearization of changes to COP and COPc allows estimating the performance of the 

described HP and chiller application based on the COP in design conditions and the presented 

coefficients for five different heat sources and heat sinks, respectively. Consequently, COP 

estimations in off-design operation over a year can be performed easily and with sufficient 

accuracy in energy planning models, when the load, the source or sink temperatures vary 

compared to design conditions.  
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6. Comparison of COP estimation methods used for 
energy planning 

This chapter is based on [C3]. 

6.1 Case study 

In Chapter 5, the COP of a HP was calculated based on a thermodynamic model and linear 

relations were derived based on the COPs calculated in design conditions. In the following, four 

other COP estimation methods are presented that are not based on a thermodynamic HP model. 

The COP estimations were compared to the thermodynamic HP model by calculating the hourly 

COP of HPs based on four different heat sources over one year. Furthermore, the different COP 

estimations were implemented in the optimization model described in Chapter 3.   

This investigation was applied to the case study area of “Future Nordhavn” with the focus of 

supplying only heat and no cooling. The relative load duration curve is shown in Figure 6. The 

maximum hourly peak demand was assumed to be 20 MW resulting in an annual heat production 

of 51 GWh. A dependency of DH supply temperatures on outdoor temperature Tamb was 

determined in [P1], based on measurements for the area of Nordhavn [140], which is described 

later in Section 7.2.2. The temperature-dependency was assumed to increase to a maximum of 

85 °C during cold periods. This maximum temperature corresponds to the pressure and 

temperature limitations of state-of-the-art ammonia compressors for HPs [141]. This dependency 

was further simplified for the sake of clarity of the results, as shown in Figure 37. Constant 

temperatures were assumed in winter and summer. A linear trend was assumed for April and 

November. The return temperature was assumed to be constant at 35 °C.  

 

Figure 37: DH supply temperature based on Pieper et al. [142] and simplified 

The considered heat sources were ambient air, groundwater, seawater and sewage water and 

are described in detail in Section 2.3. Design conditions for every HP using each heat source 

were defined for dimensioning purposes in Section 5.2.1. Design conditions for heat sources were 

represented by a typical winter day with lowest occurring temperatures during the year for the 

heat source.  

6.2 Methods 

The same thermodynamic HP model for design and off-design conditions was used as described 

in Section 5.2.1 and Section 5.2.2, respectively. The only differences were the DH supply and 
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return temperatures as well as that compressor heat loss and part-load behaviour were not 

considered. Consequently, the built-in volume ratios changed to 2.2 for all water-based HPs and 

to 3.0 for air-source HPs. The compressor speed could still vary in off-design conditions, due to 

variations in heat source and heating supply temperature.  

6.2.1 Other HP COP estimation methods  

Four other HP COP estimation methods are described in the following. Design parameters for 

two of the applied COP estimation methods were based on the results of the thermodynamic HP 

model. This was done to allow a fair comparison of the different estimation methods and to the 

thermodynamic HP model. If such model was not available, guesses must be made for the COP 

estimations based on reference values found in literature or from suppliers. Those values could 

differ considerably from the actual ones.   

Constant COP 

The COPs calculated based on the thermodynamic HP model for design conditions were used as 

constant COPs for the HPs of the different heat sources.   

Constant Lorenz efficiency 

This estimation was based on the COP of a Lorenz cycle, which was multiplied by a constant 

Lorenz efficiency, as shown in (73). A Lorenz cycle takes the inlet (i) and outlet (o) temperatures 

of heat source (C) and heating supply (H) into account, as shown in (74). The constant value of 

the Lorenz efficiency was determined based on the design conditions of the thermodynamic 

model. 

COP𝜂 = 𝜂𝐿,𝑚COP𝐿 = 𝜂𝐿,𝑚
�̅�𝐻

�̅�𝐻 − �̅�𝐶
  (73) 

�̅�𝐻 =
𝑇𝐻,𝑜 − 𝑇𝐻,𝑖

ln (
𝑇𝐻,𝑜
𝑇𝐻,𝑖

)
 ,   �̅�𝐶 =

𝑇𝐶,𝑖 − 𝑇𝐶,𝑜

ln (
𝑇𝐶,𝑖
𝑇𝐶,𝑜

)
 

(74) 

Constant exergy efficiency 

Thermal exergy was the only exergy part considered, which can be expressed for a stream of 

matter j, as shown in (75). The exergy efficiency of the HP model, 𝜀𝑚, was calculated as the ratio 

of exergy product and exergy fuel, as shown in (76). Both the exergy product and the exergy fuel 

depends on the purpose of the system, its operating conditions and integration into the 

environment (dead state) [137].  

�̇�𝑗 = �̇�𝑗(ℎ𝑗 − ℎ0) − �̇�𝑗𝑇0(𝑠𝑗 − 𝑠0) (75) 

𝜀𝑚 =
�̇�𝑃

�̇�𝐹
 (76) 

For the HP, the exergy product was considered as the exergy of the supplied heat to the DH 

network. The exergy fuel was considered as the electrical work for operating the compressor. The 

dead state temperature was set as the heat source inlet temperature during operation. Therefore, 

the dead state temperature may vary for every hour during the year and each heat source. The 

exergy part that occurs below the dead state was neglected, as the installation was assumed to 

return this stream to the ambient. The exergy efficiency for a HP was then calculated as shown 

in (77) [76]. 
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𝜀𝑚 =
�̇�𝐻(ℎ𝐻,𝑜 − ℎ𝐻,𝑖) − �̇�𝐻𝑇0(𝑠𝐻,𝑜 − 𝑠𝐻,𝑖)

�̇�
=

�̇�𝐻𝑐𝑝(𝑇𝐻,𝑜 − 𝑇𝐻,𝑖) − 𝑇0�̇�𝐻𝑐𝑝 ln (
𝑇𝐻,𝑜
𝑇𝐻,𝑖

)

�̇�
 

(77) 

The exergy efficiency can be expressed as a function of the Lorenz efficiency, when substituting 

(73) and (74) into (77), as shown in (78). 

𝜀𝑚 =

�̇�𝐻 − 𝑇0�̇�𝐻𝑐𝑝 ln (
𝑇𝐻,𝑜
𝑇𝐻,𝑖

)
(𝑇𝐻,𝑜 − 𝑇𝐻,𝑖)

(𝑇𝐻,𝑜 − 𝑇𝐻,𝑖)

�̇�
=

�̇�𝐻 (1 −
𝑇0
�̅�𝐻
)

�̇�
= 𝜂𝐿,𝑚

�̅�𝐻 − 𝑇0

�̅�𝐻 − �̅�𝐶
 

(78) 

The COP can be calculated rearranging (78), as shown in (79). Using this estimation of COP 

based on constant exergy efficiency resulted in very similar values compared to the case of 

constant Lorenz efficiency. The constant value of the exergy efficiency was determined based on 

the design conditions of the thermodynamic model. 

COP𝜀 =
𝜀𝑚

1 −
𝑇0
�̅�𝐻

= 𝜀𝑚
�̅�𝐻

(�̅�𝐻 − 𝑇0)
 

(79) 

Jensen et al. COP estimation for design conditions 

Another COP estimation method was presented by Jensen et al. [79]. They derived a generic 

equation for the COP analytically for design conditions of a single-stage HP cycle, as shown in 

(80).  

COP𝐽 =

(

 
 
COP𝐿

1 +
𝛥�̅�refr,𝐻 + 𝛥�̅�pp

�̅�𝐻

1 +
𝛥�̅�refr,𝐻 + 𝛥�̅�refr,𝐶 + 2𝛥�̅�pp

�̅�𝐻 − �̅�𝐶

𝜂is,𝑐 (1 −
𝑤is,evap

𝑤is,compr
) + 1 − 𝜂is,𝑐 − 𝑓𝑞

)

 
 
  (80) 

Equation (80) depends only on temperatures of the heat source and heating supply (COP𝐿, �̅�𝐻 and 

�̅�𝐶) as well as characteristics of the compressor (isentropic efficiency 𝜂is,𝑐 and heat loss factor 𝑓𝑞), 

the heat exchangers (entropic pinch point temperature difference 𝛥�̅�pp ≈ 𝛥𝑇pp) and certain 

characteristics of the refrigerant (𝑤is,𝑒 𝑤is,𝑐⁄ , 𝛥�̅�refr,𝐻 and 𝛥�̅�refr,𝐶). Approximations were proposed 

by Jensen et al. [79] for 𝑤is,𝑒 𝑤is,𝑐⁄ , 𝛥�̅�refr,𝐻 and 𝛥�̅�refr,𝐶 using ammonia as the refrigerant. Other 

input parameters may be found in Table 5 based on design conditions. 

6.2.2 Economic input parameters 

The different COP estimation methods were used as input parameters in the optimization model 

focusing on DH supply. The economic input parameters can be found below. A more thorough 

description of these parameters can be found in Section 9.2.3. 

Year 2018 was used as the reference year. Hourly electricity prices for the region DK2 were taken 

from Nord Pool [143]. Electricity taxes, system and transmission fees were applied. Distribution 

fees were applied for the network of Radius, using a weighted mean value of the triple tariff for 

simplicity [144]. The public service obligation (PSO) was neglected, as it will be phased out by 

2022 [145]. Further, the electricity tax will be reduced by 100 DKK/MWh from 2019 if electricity is 

used to produce heat for DH [3]. Investment costs and O&M costs were obtained from different 

references. The investment costs were annualized assuming a discount rate of 4 % and a lifetime 
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of piping, the HPs and the storage of 30 years, 25 years and 20 years, respectively [146]. Only 

part of the investment was taken into account for equipment that had a longer lifetime than the 

HPs. In case additional DH piping was required to allow the use of certain heat sources, a 

maximum velocity of 2 m/s was assumed. For the case of sewage water a heat loss of 5 % was 

assumed for the additional 2 km DH pipe. An overview of the input parameters can be found in 

Table 15 to Table 17. 

Table 15.  Electricity costs 

Parameter Value Unit Ref. 

Nord Pool average price 2018 46.20 €/MWhel [143] 
Electricity tax 41.34 €/MWhel [3] 
Transmission and system tariff 10.74 €/MWhel [147] 
Distribution tariff 13.11 €/MWhel [144] 

Total 111.39 €/MWhel  

Table 16.  Investment costs of DH pipes and storage 

Parameter Investment costs Unit Pipe length Unit Ref. 

DH pipe (sew) (505+3.1 �̇�𝐻) €/m 2000 m [148] 

DH pipe (sea) (505+3.1 �̇�𝐶) €/m 200 m [148] 

Storage 205+0.087 𝑉st T€   [149] 

Table 17.  Investment costs and O&M costs 

Technology Investments, M€ Ref. O&M costs, €/MWh O&M costs, €/MW/a Ref. 

HP (air) 0.183+0.677 �̇�𝐻 [150] 1.0 2000 [49,146] 

HP (gw) 0.500+0.640 �̇�𝐻 [150] 2.0 2000 [49,146] 

HP (sew) 0.478+0.550 �̇�𝐻 [150] 1.3 2000 [49,146] 

HP (sea) 0.478+0.550 �̇�𝐻 [150] 1.3 2000 [49,146] 

6.2.3 Performance indicators 

The different COP estimation methods were compared to the thermodynamic HP model in terms 

of their deviations in COP. In addition, the different COP estimation methods were implemented 

in the optimization model and the results of the optimizations were compared with each other. 

Evaluated parameters were the HP capacity for each heat source, the SCOP considering storage 

losses and the LCOH.  

6.2.4 Scenario analysis for the comparison of COP estimation methods in the 
optimization model 

The COP of the thermodynamic HP model was changed by ±20 % in order to investigate the 

influence of varying COP on the LCOH of the optimization results.  

The constant COPcon was changed by ±20 % to show what the impact on the optimization would 

be, if a different value than the COP for design conditions was chosen. In addition, the SCOP 

based on heat demand variations was used as constant COPcon, which would represent the best 

possible guess one could make when choosing a constant COPcon.  

For the same reason, the Lorenz efficiency was decreased by 20 %, since it already had high 

values. Furthermore, the Lorenz efficiency was assumed to be 0.5 for all heat sources, which was 

a value used in literature [43,72]. 

For the Jensen et al. COP estimation method, the coefficients for the two approximations 

proposed by Jensen et al. [79] for 𝑤is,𝑒 𝑤is,𝑐⁄ and 𝛥�̅�𝑟,𝐻 were varied by ±20 %. 
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6.3 Results  

6.3.1 Results of the thermodynamic HP model 

The dimensioning values of the HP design model for the different heat sources are shown in Table 

18. As shown, the COPs were the highest for the heat sources with the highest source 

temperature. The Lorenz efficiency was higher for lower heat source temperatures. The exergy 

efficiencies were slightly below the Lorenz efficiency, as expected. The optimal intermediate 

pressure and built-in volume ratio as well as the displacement rates were very different for using 

ambient air compared to using the other heat sources.  

Table 18.  Dimensioning values of HP in design conditions 

Parameter Air GW Sew Sea Unit 

COP 2.72 3.42 3.46 3.29 - 

Lorenz efficiency 0.61 0.54 0.53 0.56 - 

Exergy efficiency 0.58 0.51 0.50 0.55 - 

UAe 1329 1488 1496 1747 kW/K 

UAc,tot  878 933 934 929 kW/K 

Displacement rates (LP/HP) 6.49/3.21 3.35/1.52 3.25/1.50 3.66/1.60 m3/s 

Pressure ratios (LP/HP) 2.8/8.3 2.7/3.7 2.7/3.7 2.9/3.9 - 

Intermediate pressure 4.63 11.24 11.45 10.62 bar 

The hourly COPs over the year for the HPs based on the four different heat sources calculated 

with the thermodynamic HP model may be found in Figure 38.  

 

Figure 38: Hourly COPs for HPs calculated with thermodynamic model 

As shown, the COPs were generally higher from April to November, due to decreased DH supply 

temperatures and for most heat sources increased inlet temperatures, except for groundwater. 

The COP of the air-source HP fluctuated more during summer, because of the changes in ambient 

temperature. The COP of the sewage water HP was always higher than for the other water-based 

HPs. The groundwater HP resulted in higher COPs in winter than the seawater HP. On the 

contrary, the seawater HP COP was higher during summer, because of the warmer source inlet 

temperature.  

6.3.2 COP deviations of the estimation methods 

For each hour, the COP of the four different estimation methods was compared to the 

thermodynamic HP model. The hourly deviations of COP are shown in Figure 39. 
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Figure 39: Deviation of COP estimation methods compared to the thermodynamic HP model 

For the water-based HPs, each of the four COP estimation methods resulted in very good 

estimations of COP during winter compared to the thermodynamic model, because the conditions 

from December until April were very similar to the design conditions. The Jensen et al. estimation 

method for design conditions (Jensen) underestimated the COP slightly during this period, likely 

because it was developed for one-stage HP cycles, while a two-stage HP was modelled here. 

The deviations for the different methods increase during summer when the operating conditions 

differ considerably from the design conditions.  

Using a constant COP (Constant) based on design conditions resulted in an underestimation of 

COP of up to −20 % for sewage water and seawater HPs in summer. The deviation was reduced 

by approximately 50 % for the groundwater HP. However, for the air-source HP, the deviations of 

the COPs were up to −40 % in summer and −15 % to −20 % in winter. This may be explained by 

the design conditions set at −12 °C for Denmark, while the lowest occurring temperature in 2018 

for the area of Nordhavn was −8.6 °C.   

The COP calculated with the Lorenz method (Lorenz) deviates considerably during summer from 

the one obtained from the thermodynamic model. For the use of ambient air, deviations in COP 

of up to 60 % were observed. Considering that ideal isentropic efficiencies of the compressors 

were assumed for the thermodynamic model, the deviation could be even larger. If sewage water 

and seawater HPs were used, the COP deviated more than 20 % during some periods. Using a 

constant Lorenz efficiency throughout the entire year would result in an overestimation of COP 

for heat sources with seasonal temperature variations. The chosen Lorenz efficiency, based on 

design conditions, may be too high, since these conditions occur only rarely during the year and 

because the Lorenz efficiency decreases with smaller temperature lifts, so if the ambient 

temperature increases and/or the DH temperature decreases.  

The COP calculated with a constant exergy efficiency resulted in very similar values compared to 

using the Lorenz method, as expected and described earlier. Due to this similarity, the method 

based on constant exergy efficiency was not analysed further.  

The deviations of the Jensen et al. method are below 10 % during summer for all heat sources. 

The deviations are even lower when the heat source temperature does not vary, as for 
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groundwater. Therefore, the Jensen et al. method gives good approximations of COP throughout 

the year. In particular, the deviation in summer will have a smaller impact, since the heat demand 

is typically lower.  

6.3.3 Comparison of optimization model results  

The results of using the different COP estimation methods in the optimization model may be found 

in Table 19 as well as typical values for some of the parameters for implemented large-scale HPs 

in Denmark.  

Table 19.  Results of optimization using different COP estimation methods 

Parameter Model Constant Lorenz Jensen et al. Ref. [49] Unit 

Heat source Sea Sea/GW Air/GW Sea   

HP capacity 15.4 10.4/5.0 11.1/5.0 15.4  MW 

Storage capacity 32.2 32.2 28.4 32.2  MW 

Seasonal COP 3.4 3.3 3.7 3.4 3.5 to 4.5 - 

LCOH 45.2 46.9 44.0 45.3 42 to 49 €/MWhh 

O&M costs 31.7 32.9 29.7 31.8 25 to 32 €/MWhh 

As shown, using the different estimation methods resulted in a similar total HP capacity, which is 

77 % to 81 % of the hourly peak demand. The remaining load was supplied by discharging the 

storage, which had sufficient heating capacity. The hot water storage tank would approximately 

have a volume of 564 m3, if completely filled with 85 °C warm water.  

The selected heat source depended on the COP estimation method. A 10.4 MW seawater HP 

and a 5.0 MW groundwater HP was the optimal choice based on the constant COP method. Using 

the Lorenz method for determining COP resulted in the use of a 11.1 MW air-source HP and a 

5.0 MW groundwater HP. The choice for air in this case originated from the large overestimation 

of COP. Using the Jensen et al. method resulted in the same selection of heat source (seawater) 

as if the COP was calculated using the thermodynamic model.  

The SCOP was very similar for most of the estimation methods, since the overestimation during 

summer was less significant when the low heat load was considered. The Lorenz method was an 

exception, which resulted in a high SCOP of 3.7.  

The difference in COP is reflected in the economic parameters, e.g. the LCOH were higher when 

the Constant COP method with lower COPs was used and lower when the Lorenz method was 

used having higher COPs. A difference in LCOH of 1 €/MWhh would be a loss or gain of 51,000 

€ for the 51 GWh annual heat supply. The impact on the economic parameters could be even 

larger, if the chosen efficiencies and COPs would have been determined without the use of the 

thermodynamic model.  

6.3.4 Scenario analysis 

The LCOH and its individual contributions are shown in Figure 40 for changes of hourly COP of 

the thermodynamic model. The LCOH changed by −11 % and 17 %, while the COP was changed 

by ±20 % for each hour. As shown, the COP has an effect only on the electricity costs and 

associated taxes and tariffs. The piping costs to access the seawater were also affected, because 

a change in COP required different volume flow rates of the heat source and consequently smaller 

or larger pipe diameters. The investment costs of the HP and the storage as well as the 

maintenance costs remained unchanged. Therefore, the effect on the LCOH due to changes in 

COP may be limited. 



 

 

74 Optimal Integration of District Heating, District Cooling, Heat Sources and Heat Sinks 

 

Figure 40:  LCOH for optimization based on thermodynamic HP model with 0.8 COPm (a), 

COPm (b) and 1.2 COPm (c) 

The results of the optimization when varying input parameters of the different COP estimation 

methods are shown in Table 20.  

Table 20.  Results of scenario analysis 

Parameter 0.8 

COPcon 

1.2 

COPcon 

SCOP  0.8 ηL ηL=0.5 0.8 cJ 1.2 cJ 

Heat source Sea/GW Sea/GW Sea  Sea/Air Sew Sea/GW Sea/GW 

HP capacity, MW 10.4/5.0 10.4/5.0 15.4  11.9/3.8 16.4 10.4/5.0 10.4/5.0 

Storage, MW 30.0 33.2 33.2  28.8 32.7 32.2 31.6 

Seasonal COP, - 2.6 4.0 3.4  2.9 3.4 3.5 3.2 

LCOH, €/MWhh 55.2 41.6 45.4  51.3 47.4 45.1 47.9 

O&M, €/MWhh 41.3 27.5 31.8  37.4 32.4 31.1 33.9 

As shown for the constant COP, the most economical heat source and HP capacity remained 

unchanged for variations of ±20 %. However, the SCOPs changed considerably and therefore 

also the O&M costs and consequently the LCOH. For a SCOP of 2.6 and 4.0, the LCOH changed 

by 18 % and −11 %, respectively. Such a difference may have a significant impact on the decision 

of investing into HPs compared to alternative supply options and in which heat source.  

If the SCOP of the thermodynamic model was used as constant value over the year, the 

optimization results were very similar to the ones obtained when using the thermodynamic model. 

However, this would require knowledge about the expected heat demand and COPs over the 

year.  

With a decreased Lorenz efficiency, the optimal solution was a 11.9 MW seawater HP and a 3.8 

MW air-source HP, which was different than the initial found optimum using this method. If the 

Lorenz efficiency was assumed 0.5 for all HPs, the most economical solution would look again 

quite different and be based on a large sewage water HP.  

If the coefficients used for the approximations were varied by ±20 %, the optimal choice of heat 

source would switch from seawater to a mix of seawater and groundwater. The deviations in 

SCOP were smaller than for the scenario analysis of the other estimation methods. This would 

result in similar economic parameters than before. Consequently, the Jensen et al. method may 

be less sensitive to a wrong choice of input parameters than the use of the constant COP method 

or the constant Lorenz efficiency method.   
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6.4 Discussion 

The aim was to investigate how using different COP estimation methods in an energy planning 

tool would affect the optimization results. Therefore, the most economical solution found should 

be rather seen as an indication. A detailed scenario analysis on the economic input parameters 

was not performed.  

The optimum seemed flat, so that different combinations of HP capacities and heat sources could 

result in a solution close to the optimum. This may be seen by the different optimal choices of 

heat source depending on the used estimation method and the performed scenario analysis.  

The piping costs may have a significant impact, as shown in Figure 40 for the seawater HP. 

Therefore, a sewage water HP was not selected as the most economical solution, even though 

the SCOP was the highest. Using sewage water required a 2 km long pipe. Furthermore, a heat 

loss of 5 % was added. If sewage water could be accessed without additional piping, investment 

costs could be reduced. Furthermore, the heat loss would be avoided resulting in lower operating 

costs. This would decrease the LCOH by around 5 €/MWhh [151].  

Part-load operation of the HPs was not represented in the energy planning model, the COP 

estimation methods and therefore also not in the thermodynamic model. Auxiliary electricity 

consumption for powering fans or pumps was not considered.  

Other COP estimation methods were not applied due to the lack of coefficients for the required 

temperature range, e.g. [77]. The thermodynamic model was of a two-stage HP with open 

intercooler and ammonia as refrigerant. A polynomial for screw compressors was applied to 

represent losses due to a mismatch in pressure ratio. Therefore, the results may be limited to 

these kinds of applications and could be different for others. The deviations of COP were 

compared to the thermodynamic model, which may calculate different COPs than a real plant. 

The chosen constant COPs and efficiencies were based on the design conditions of the 

thermodynamic model. Deviations in COP would be even larger, if less optimal guesses were 

made. 

The considered dead state temperature did not differ considerably from the entropic mean 

temperature of the heat source, �̅�𝐶, because it was chosen to be the heat source inlet temperature. 

Furthermore, the temperature difference between heat source inlet and outlet was assumed to 

be 5 K. Therefore, the exergy efficiency and Lorenz efficiency were very similar.  

The linearization of COP is a simplification compared to a thermodynamic HP model. However, it 

was shown that changes of heat source, heating supply and load can be assumed linear or 

piecewise-linear. This makes it possible to implement such COP estimation in energy planning 

tools for calculating the COP for off-design conditions.   

6.5 Summary 

The hourly COPs based on four different estimation methods were compared to the COPs 

calculated by a thermodynamic HP model for four heat sources for one year. The COPs were 

used in an energy planning tool to investigate the impact of using different COP estimation 

methods on the most economical solution for a new development district. 

It was found that using a constant COP based on design conditions underestimated the COP 

considerably if the operating conditions are very different to the design conditions. This was the 

case especially in summer and if ambient air was used as heat source. The economic parameters, 

obtained using a constant COP, were very dependent on the choice of constant COP.  If the 

constant COP was chosen less optimal, the economic parameters changed considerably. If the 

SCOP was used as constant value, similar results were obtained as for the thermodynamic model.  
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Using a constant Lorenz efficiency resulted in very large deviations in COP of up to 60 % in 

summer, when ambient air was used. Deviations of 20 % were seen for using sewage water and 

seawater. Consequently, ambient air played an important role for the economic optimum. If the 

Lorenz efficiency was assumed to be 0.5 for all HPs, the optimum HP capacity was based on 

sewage water.  

Using a constant exergy efficiency resulted in similar deviations as for the case of assuming a 

constant Lorenz efficiency.  

Using the Jensen et al. COP estimation method for design conditions resulted in good COP 

approximations with deviations of less than 10 % in summer and, for the water-based HPs, less 

than 2 % in winter.  

Using the Jensen et al. method in the energy planning tool resulted in solutions very close to the 

ones obtained using COPs from the thermodynamic model. Furthermore, this method was less 

sensitive to uncertainties in input parameters than the other two estimation methods. Using a 

constant COP, a constant exergy or constant Lorenz efficiency can result in wrong investment 

decisions if wrong assumptions on COP and efficiencies are made. 
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7. Planning of a new DH area based on performance 
optimization 

This chapter is based on [P1]. 

7.1 Case study 

Combining a number of HPs with different heat sources might lead to an overall improvement in 

system performance, because of changing characteristics of the heat sources during the year. 

Thereby, the heat source resulting in the highest HP performance may always be used at a given 

time. This may be an advantage compared to the use of a single heat source and will be 

investigated in detail in the following. Such improvement may be seen as a theoretical maximum. 

Therefore, the purpose of this investigation was to  

 Compare the overall system performance considering seasonal and hourly variations in 

COP and heat demand or assuming the use of a constant COP during the year. 

 Investigate how the variation in the COP on an hourly basis influences the choice of using 

different heat sources for HPs to supply heat to a DH network.  

 Analyse how a given heat demand and varying DH supply temperatures affect the 

seasonal performance of HPs based on different heat sources.  

 Investigate the potential benefit of using a combination of heat sources for HPs within 

one energy system compared to the use of a single heat source.  

 Identify the optimal proportion of different heat sources used by HPs to supply heat to a 

DH network. 

The optimization model described in Chapter 3 was used for this investigation. Investments and 

auxiliary electricity consumption were not included. Seawater, groundwater and air were 

considered as heat sources for HPs, and an electric peak load unit and short-term storage were 

included in the model.  

7.1.1 System description 

The heat demand considered for this study was based on the case study “Existing Nordhavn” 

described in Section 1.2.1 for the already developed part of Nordhavn by 2017 and the 

construction phase stage II and III starting in 2018. 

Four different cases were defined in order to compare the three heat sources with each other as 

shown in Figure 41. The case in which HPs were based on a combination of heat sources, 

hereafter referred to as the multiple heat source case, was compared to three reference cases, 

each using only one of the three heat sources. The reference cases were: the groundwater case, 

the seawater case and the air case using these heat sources only individually. The total HP 

capacity for all four cases was the same, as illustrated using example capacities in Figure 41. The 

multiple heat source case represents a best practice, which may indicate the level of the 

theoretical maximum, that may be achieved when combining HPs with different heat sources by 

exploiting them at the most beneficial times.  
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Figure 41: System layout considering four different HP cases 

The investigated system could be a relevant scenario for a new development area far from current 

DH networks, where expansion of existing DH networks may not be economically feasible, e.g. 

[152]. Purely electrified DH systems could become relevant for the integration of high shares of 

RES in the electricity sector, such as wind and solar energy. Input parameters used for the 

production units and storage are shown in Table 21.  

Table 21.  Specifications of system parameters 

Input parameter Unit Value 

Total HP capacity % of hourly maximum peak demand 80 

Storage capacity MWh 15 

Storage heat loss factor % of stored heat 0.1 

Electric peak load boiler capacity % of hourly maximum peak demand 20 

COPpeak, el. - 1 

Lorenz efficiency - 0.5 

Total pipe heat loss factor [153] % of total heat supply 5  

7.2 Methods 

7.2.1 COP estimation method used 

The COPs of the HP units were calculated based on a Lorenz cycle multiplied by a constant 

Lorenz efficiency, as described in Section 6.2.1. The same approach was used in other studies  

[51,54,72]. A Lorenz cycle may be seen as a simplified way to calculate the COP of a HP without 

modelling it in detail, but it allows the results to be independent of specific component and system 

parameters. The purpose of the developed model was to use it in the planning stage for a new-

developed area. This makes it possible to account for varying COP and to assess the potential of 

multiple heat sources. A detailed HP model was not used, because it would limit its applicability 

to a specific HP design with a configuration that might be different from case to case.  

7.2.2 DH supply and demand 

Measured supply and return temperatures of a building in Nordhavn depending on the ambient 

temperature for 2017 are shown in Figure 42 [140]. The supply temperatures reached as low 

temperatures as 65 °C in summer, but also temperatures up to 95 °C for very cold ambient 

temperatures. Supply temperatures below 70 °C and 80 °C occurred in 26 % and 79 % of the 

time during the year, respectively. Only during short periods the supply temperature was higher. 

DH design temperatures were assumed to be 90 °C and 35 °C for the supply and return 

temperature, respectively. A weather compensation curve was created based on the temperature 



 

 

Optimal Integration of District Heating, District Cooling, Heat Sources and Heat Sinks 79 

measurements, as indicated in Figure 42. The supply temperature [°C] as a function of ambient 

temperature is shown in Eq. 81: 

𝑇s,𝑛 = max {
70                                   

 min {
−2 ∗ 𝑇𝑎𝑖𝑟,𝑛 + 90

90                         
    (81) 

 

Figure 42: DH supply and return temperatures based on measurements in 2017 [140] 

For cold ambient temperatures, the supply temperature was kept high and the return temperature 

low to supply a high heat demand. For ambient temperatures between 0 °C and 10 °C, the heat 

demand became lower. Therefore, the supply temperature was decreased to reduce heat losses 

until the minimum temperature was reached while still ensuring no risk of legionella bacteria. The 

return temperature was kept constant at the mean value of the measurements of 35 °C. 

It was assumed that the investigated area consisted only of residential buildings complying with 

the Danish Building Regulation 2015 [154]. The SH demand was calculated, as in Foteinaki et al. 

[155], for a specific apartment located in Nordhavn with 130 m2 floor area using the software IDA 

Indoor Climate and Energy, version 4.7 [156]. The Danish Design Reference Year (DRY) for the 

region of Copenhagen was used as input to represent typical weather conditions [117]. The 

simulation was performed on an hourly basis for an entire year and resulted in a SH demand of 

22.0 kWh/m2/a.  

DHW consumption was based on a daily tapping profile for an European family with shower use 

consuming 100 l at 60 °C [157]. The coincidence of hot water use was based on a normal 

distribution with a standard deviation of 60 min for the given profile for the total number of 5151 

apartments. By doing so, the DHW consumption accounts for differing inhabitant behaviour. An 

overview of the differences in DHW consumption for the entire area is shown in Figure 43. Hourly 

consumption was preferred to use instead of a constant one, since this will identify the actual 

hours of peak demand. The dark columns in Figure 43 indicate DHW consumption for full 

coincidence of hot water tapping. The light columns consider a tapping profile with basic 

assumptions for the standard deviation of tapping. In addition, seasonal variations of DHW 

consumption were taken into account, based on Frederiksen and Werner [158]. Their findings 

were based on measurements in Swedish residential multi-dwelling buildings. The relative hot 

water flow demand for every month considered for the calculations in this study may be seen from 
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Table 22. The DHW demand profile was used to represent the entire area, which resulted in a 

DHW demand of 16.1 kWh/m2/a.  

The maximum peak demand was 12.4 MWh/h. Pressure losses and the electricity consumption 

of auxiliary equipment such as pumps were neglected.  

 

Figure 43: Daily distribution of DHW demand for entire area based on normal distribution 

(Gauss) and tapping at the same time (Sum) 

Table 22.  Monthly relative hot water flow demand [158] 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Factor 1.1 1.1 1.1 1.1 0.9 0.85 0.7 0.75 1.0 1.0 1.1 1.1 

7.2.3 Heat sources 

Media properties of all heat sources were calculated for each hour using EES [139]. For all heat 

sources a temperature glide between inlet and outlet of 5 K was assumed [43]. Design conditions 

were specified such that source inlet temperatures of 4 °C, 9 °C and −12 °C were assumed for 

seawater, groundwater and air, respectively. A seawater inlet temperature of 4 °C was selected, 

because this temperature allows a 5 K temperature glide without the risk of freezing, as explained 

in Section 2.3. An inlet temperature of −12 °C was used for air, because this is the Danish design 

temperature for heating and cooling systems in buildings [159].  

Seawater 

Seawater temperatures were considered as described in Section 2.3. 

Groundwater 

Groundwater was assumed to be accessed at around 100 m depth, where the temperature is 

fairly constant during the year: between 8 °C and 10 °C  [54]. Its value was assumed to be 9 °C. 

In addition, no influence of the groundwater temperature by return water was considered, since 

the return water was assumed to be released to the sea. The extraction of groundwater was close 

to the sea and thereby, seawater would naturally flow back to the groundwater reservoir over 

time. Reinjection of groundwater may be required at locations inland to avoid water level decrease 

or salinity incursions.  

Ambient air 

For air, hourly data for the DRY was used to represent typical conditions for the area of 

Copenhagen [117] as shown in Figure 44. 
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Figure 44: Ambient air temperature for the region of Copenhagen based on the DRY 

7.2.4 Performance indicators  

The results of the performance optimization were compared in terms of their COPs, calculated for 

the HPs individually as well as for their implementation in the system. The SCOP over the year 

considering the heat supply as well as the average COPavg were compared. Additionally, the 

number of equivalent FLH during a year are shown. A description of the performance indicators 

can be found in Section 3.4. 

7.2.5 Scenario analysis  

A scenario analysis was performed to investigate how the model results change under different 

conditions. 

Change of heat source proportion   

The optimal proportion of seawater, groundwater and air for the multiple heat source case was 

found using linear programming. The proportion of each heat source was varied in order to identify 

an acceptable combination that would still result in a high system performance. 

Low-energy building requirements   

The total energy consumption of the supplied area was 38.1 kWh/m2/a, which is slightly above 

the limit of 30 kWh/m2/a required by the Danish Building Regulation 2015 [154]. The Danish 

Building Regulation 2020 requires an even lower annual energy demand for residential buildings 

of 20 kWh/m2/a [160]. The DHW demand is unlikely to decrease. Therefore, the SH demand was 

varied. The developed model was applied for near-future low-energy buildings by reducing the 

hourly SH demand by 50 % to investigate how this would affect the performance and FLH of HPs 

for the different cases. The total annual energy consumption turned out to be 27.1 kWh/m2/a. 

Warm and cold climates   

The model was applied to typical climate conditions near Copenhagen, Denmark. The 

temperatures of heat sources might change for different climate zones. Therefore, the model was 

applied to a warm and a cold region by varying the heat source temperatures and the SH demand 

as shown in Table 23. The DH supply temperatures were adjusted according to the ambient air 

temperatures using the same weather compensation curve as in Figure 42. The maximum hourly 

peak demand varied, according to the changes in SH demand, to 8.1 MWh/h and 17.2 MWh/h for 

the warm and cold region, respectively.  
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Table 23.  Variation of heat source temperatures and SH demand for warm and cold climates 

Climate region Groundwater Seawater Air SH demand 

Cold TGW −2 °C Tsea,h −3 °C Tair,h −5 °C �̇�Heat,SH∙1.5 

Warm TGW +2 °C Tsea,h +3 °C Tair,h +5 °C �̇�Heat,SH∙0.5 

Change of temperature glide of heat source and total HP capacity   

The temperature glide of the heat sources between evaporator inlet and outlet was reduced from 

5 K to 3 K. This would result in no limitation in extractable heat flow rate of seawater in winter, 

because the minimum seawater temperature was above 2 °C and the acceptable temperature at 

the evaporator outlet was −1 °C. The total HP capacity was fixed at 80 % of the hourly peak 

demand. This value was varied, in addition, between 0 % and 100 % to determine which effect it 

might have on the different heat source cases investigated. The capacity of the electric peak load 

boiler was changed accordingly.  

Change of storage capacity and Lorenz efficiency  

The storage capacity was varied between 0 MWh and 15 MWh and the Lorenz efficiency was 

changed by ±20 % to 40 % and 60 % to investigate how these variations would change the 

seasonal performance of the system for the four different cases.  

7.3 Results of the performance optimization 

First, the characteristics of the three heat sources are presented by comparing the extractable 

heat flow rates during the year according to design specifications and by an analysis of hourly 

changes in COP for each HP using a different heat source. Afterwards, the operation of the 

multiple heat source case is shown for different times of the year, which indicates the changing 

prioritization of heat sources depending on the outside conditions. Performance indicators of the 

multiple heat source case are then presented and compared with the ones of the three reference 

cases based on single heat sources. Finally, the results of the scenario analysis are shown.  

7.3.1 Extractable heat flow rates 

The total HP capacity was 9.9 MW representing 80 % of the peak demand, as stated in Table 21. 

According to Eq. (25), the design volume flow rates for the three reference cases using 

groundwater, seawater and air were: 1156 m3/h, 1103 m3/h and 795 m3/s.  

Based on the design volume flow rates it was possible to determine the maximum extractable 

heat flow rate of each heat source in every hour using Eq. (26). The differences in heat flow rates 

during the year and the daily average heat demand are shown in Figure 45.  

The maximum extractable heat flow rate of the groundwater (green) is constant during the entire 

year, since the temperature, specific heat and density do not vary. The heat flow rate of the air 

(orange) varies slightly during the year depending on temperature-dependant changes in specific 

heat and density. The extractable heat flow rate is lower than for the groundwater due to the lower 

design COPd for air, i.e. more of the heat demand is covered by the power consumption of the 

HP. The heat flow rate of the seawater (blue) is constant from mid-March until mid-January. 

During parts of the cold heating season, however, the seawater heat flow rate drops from 6.4 MW 

down to 4.2 MW in the middle of February. Because the lowest values of seawater heat flow rate 

occur in periods of high heat demand, the seawater HP cannot supply what it was designed for 

during periods when it is needed the most. The reason for the decrease in extractable heat flow 

rate is the lower limit of seawater temperature at the evaporator outlet, which was set at −1 °C. 

Accordingly, the temperature glide becomes very small for seawater temperatures below 4 °C.  
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Figure 45: Average daily heat demand and extractable heat flow rates for each heat source for 

every hour 

7.3.2 COP of HPs for different heat sources 

The hourly values for the COPHP,j,n determined by Eq. (73) for a HP based on seawater, 

groundwater or air, and the daily average heat demand are shown in Figure 46. As shown, the 

hourly COPs for the HPs using different heat sources were low in winter and higher in summer. 

The COPs however differed for different heat sources used.  

The groundwater HP showed the highest COP from mid-December until April. The COP fluctuated 

only slightly depending on the changes in DH supply temperature, since the groundwater 

temperature was constant. The COP was therefore constant during summer for minimum DH 

supply temperatures. The arithmetic mean COPavg,gw was 3.36 and was the lowest compared to 

the COPavg based on the other two heat sources. 

The hourly COP of the air HP fluctuated the most during the year. The highest values occurred 

during summer with a few considerable peaks above 5 due to high ambient temperatures. During 

winter the COP of the air HP was low when the ambient air was cold and decreased below 2.5 

during some hours. Fluctuations of the COP were observed not only during the year, but also on 

a daily basis. Its minimum was 36 % lower and its maximum 75 % higher than the arithmetic mean 

COPavg,air at 3.49.  

The COP of the seawater HP followed a similar trend during the year than the one of the air HP, 

but with smaller amplitude and without daily variations. The reason was that changes in seawater 

temperature were much smaller than those of ambient air [117]. It was further noted that the COP 

of the seawater HP was the largest during the autumn months until mid-November, because the 

seawater temperature at 10 m depth was affected at a later point in time by colder ambient 

temperatures. The minimum COP of the seawater HP was 22 % lower and the maximum COP 

was 25 % higher than the arithmetic mean COPavg,sea at 3.52. 

By comparing the arithmetic mean COP values, it may be noted that the COPs of the air and 

seawater HP are higher than the one from the groundwater HP. However, the seasonal 

performance of the HPs may still differ, since the operating hours of HPs were not taken into 

account. The next step was to evaluate HP performance in terms of how well it was able to fulfil 

heat requirements.  
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Figure 46:  COPHP,j,n of HPs based on individual heat sources and daily average heat demand 

As shown in Figure 46, the daily average heat demand was high from November until April with 

a few significant peaks. On the other hand, the heat demand was very low from May to October, 

when only heat for DHW had to be supplied. Thus, seawater and air could only be used to a 

limited extent in summer, which was when they had a high COP. During winter, groundwater 

would be the best heat source to use, because of its high COP. This result indicates an optimum 

for using several heat sources.  

7.3.3 The multiple heat source case 

The optimum combination of heat source proportions and resulting HP capacities for the multiple 

heat source case are shown in Table 24.  

Table 24.  Optimal heat source proportions and HP capacities for the multiple heat source case 

Parameter Groundwater Seawater Air Total 

Heat source proportion, % 63 14 23 100 

HP capacity, MW 6.2 1.4 2.3 9.9 

The HP capacities were found using linear programming to minimize total electricity consumption 

over the entire year. Accordingly, the highest COP of the individual HPs for every hour was 

chosen to meet the characteristic heat demand over the year. The capacity of the groundwater 

HP was considerably higher than those of seawater and air HPs, so that it could supply most of 

the heat demand very efficiently in winter. On the other hand, the capacities of the seawater and 

air HPs were smaller but still sufficient to cover the DHW demand during summer and partly during 

spring and autumn.  

The operation of the HPs for the multiple heat source case is shown in Figure 47 for four 

characteristic weeks during the year. The generation of heat based on the different HPs and the 

discharging of the storage is indicated by colours. In addition, the hourly COPs and heat demand 

are shown. The scale of the ordinate of the subplots differs to visualize the operation better during 

periods of low heat demand. The operation for the entire year can be found in [P1]. 
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Figure 47: Operation of HPs for the multiple heat source case during four weeks 

The week in March represents the typical operation of the HPs during winter conditions. The 

groundwater HP was preferred because of its high COP. Its capacity was appropriate, because 

the HP was operated at full capacity at many hours for this period. The groundwater HP was also 

used to charge the storage, which is indicated by the green bars overshooting the heat demand 

in certain hours. Peak demands could then be fulfilled by discharging the storage. The seawater 

and/or air HPs were used in addition during very high peak demands from 11th until 15th of March, 

because the storage capacity limit was reached before. 

The week in April represents the typical operation of the HPs during spring. The days between 

the 25th and 30th of April were warmer than the ones before, so that the COP of the air HP 

exceeded the one of the groundwater and seawater HPs during daytime. During night-time, 

however, the COP of the groundwater HP was sometimes still higher. In addition, the groundwater 

HP was also required, because the SH demand during spring resulted in higher peak demands 

than in summer when only DHW was needed. The capacity of the air HP was not large enough 

to cover these peak demands entirely. Consequently, both HPs were in operation depending on 

the ambient conditions and required heat supply. The groundwater HP was either used directly 

during peak hours or by the means of storage. The seawater HP was not in operation.  

The week in August shows the characteristic operation of the HPs in summer. The COP of the air 

HP was much higher than for the other HPs on sunny days like the 20th of August. The air HP 

was in operation at almost all times at full load to cover the DHW demand. The capacity of this 

HP was appropriate, because no additional HP with lower COP had to be used. The peak 

demands were covered by storage that was charged using the air HP as well. The maximum 

capacity of the air HP during summer was lower than the design capacity, because the COP in 

summer was higher than for design conditions. This resulted in less electricity consumption, but 

more heat source usage, which was limited by its design volume flow rate. When the temperature 

in the night dropped for colder days in summer, the COP of the air HP decreased below the one 
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of the seawater HP. Consequently, the latter one was in operation during these periods to cover 

peak heat demands. The groundwater HP was not used at all due to its lower COP.  

The week in October shows how usual operation of the different HPs was during autumn. The 

outdoor temperatures were already so low so that the COP of the air HP dropped below the one 

of the seawater HP, since it takes longer until the cold temperatures affect the seawater at 10 m 

depth. The seawater temperatures were still above the one of groundwater for this period, as 

shown in Figure 9. Consequently, the seawater HP was operated mostly at full load. The air HP 

was used to cover the peak demands directly or to charge the storage during daytime. The 

groundwater HP was still not in use.  

Deciding which of the different HPs should be in operation could be based on temperature 

sensors for the different heat sources. The groundwater and the seawater temperature are fairly 

constant on daily basis and the air temperature could be measured and also be forecasted for the 

next day or hours. This would make it possible to decide on an operation schedule well in 

advance.  

7.3.4 Performance indicators  

The multiple heat source case is compared to the three single heat source cases, based on the 

performance indicators, as shown in Table 25. The parameters shown are: the arithmetic mean 

COPavg, SCOPHP of the HPs based on the hours of operation, SCOPSys of the entire system 

including peak load unit where applicable, and the FLH of each HP and electric peak load unit.  

Table 25.  Comparison of performance indicators for different heat source cases 

Parameter Multiple heat source  

case (GW/sea/air) 

Groundwater 

case 

Seawater 

case 

Air 

case 

Average COPavg, -  3.41 3.36 3.52 3.49 

SCOPHP, - 3.32 3.22 3.13 2.97 

FLH HP, h 3139/2226/1846 2707 2707 2711 

FLH peak boiler, h 0 0 1 0 

SCOPSys, - 3.32 3.22 3.13 2.97 

The arithmetic mean values, COPavg, for using groundwater, seawater and air were 3.36, 3.52 

and 3.49, respectively. The resulting average COP for the multiple heat source case based on 

the capacities of the individual HPs was 3.41.  

The SCOPHP decreased significantly by 11 % and 15 % when only seawater and air were used 

as heat sources compared to the arithmetic mean COPavg, which does not consider a varying heat 

demand. Such a large decrease was not observed for the groundwater case (4 %) or the multiple 

heat source case (3 %).    

The SCOPHP and the SCOPSys were similar, because the peak load boiler was not in operation 

apart from a very short time in the seawater case to compensate the reduction in extractable heat 

flow rate during some cold periods.  

The number of FLH was fairly constant for the reference cases. For the multiple heat source case, 

the FLH varied for the different HPs, because the HP with highest COP was always preferred 

over the other two, which changed for the heat sources during the year. Even though, the 

groundwater HP was not in operation during five months, the FLH were still higher than for the 

groundwater case, because the capacity was well chosen. Peak demands could be supplied by 

the additional use of the seawater HP.  

Overall, it can be seen that the multiple heat source case had the highest SCOPSys of 3.32. The 

performance of the groundwater case was not far from this optimum, but still 3 % lower. The 
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seawater case had a reduction in system performance by 6 % while the difference for the air case 

was even larger (11 %). This indicates that a combination of heat sources can yield in better 

system performance. Thereby, locally constrained heat sources may not be seen as obstacles, 

since they can be complemented by other heat sources and even keep the performance high. 

The results also show that groundwater was the preferred single heat source to use if no 

constraints exist in extracting it.  

7.3.5 Scenario analysis 

The proportion of each heat source   

The effect on SCOPSys of varying the proportion of each heat source for the multiple heat source 

case is shown in Figure 48. Each point at the ternary diagram represents one combination of HP 

capacities for the three heat sources. The colours indicate the SCOPSys of the system. The three 

reference cases based on a single heat source are shown in the corners.   

 

Figure 48: Variation of heat source proportions 

It may be seen from Figure 48 that an optimum region exists that improves the system 

performance compared to the reference cases. For achieving high system performance, the 

groundwater HP capacity should be between 50 % and 80 %, while the seawater HP capacity 

may be between 0 % and 35 % and the air HP capacity between 5 % and 40 %. It may be seen 

that it is advantageous to include an air HP in a system with a capacity large enough to cover the 

DHW demand, in this case around 20 % of the total HP capacity resulting in 2 MW.  

Low-energy building requirements 

The results of supplying heat to near-future low-energy buildings with reduced SH demand by 50 

% can be seen in Table 26. 
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Table 26.  Change of FLH and SCOPSys for supplying heat to low-energy buildings 

Parameter Multiple heat source  

case (GW/sea/air) 

Groundwater 

case 

Seawater 

case 

Air 

case 

FLH HP, h 3442/2858/2060 2933 2933 2938 

Change in FLH HP, h  303/632/214 226 226 227 

SCOPSys, - 3.38 3.26 3.20 3.08 

The optimum proportion of heat sources for the multiple heat source case changed to 56 %, 11 % 

and 31 % for groundwater, seawater and air, respectively. This resulted in an improvement of 2 

% in SCOPSys compared to the case with 100 % SH demand. This improvement was higher than 

for the groundwater case, so that the difference in system performance between these two cases 

increased from 3.0 % to 3.6 %. The SCOPSys of the air case improved with 4 % more than for the 

other cases, because the COP of the HPs using air were lower in winter when the SH demand 

was reduced. In addition, the increase in FLH was also higher for the multiple heat source case 

than for any of the reference cases, which indicates that the heat sources were used in a better 

way. 

The DHW demand contribution to the total annual energy consumption changed from 42 %, for 

the existing but new buildings, to 59 % for near-future low-energy buildings. The results of the 

changes in SCOPSys indicate that HPs based on heat sources with a better COP in summer than 

in winter increase in performance when the proportion of DHW of the total energy consumption 

increases.   

Overall, it can be said that a combination of heat sources used by HPs to supply heat might be 

more beneficial for future-low energy buildings with a flatter heat demand profile over the year so 

that the advantages of different heat source characteristics can be exploited more.  

Warm and cold climate conditions  

The changes in SCOPSys for the warm and cold climates are shown in Table 27. 

Table 27.  SCOPSys for warm climate 

Climate Parameter Multiple heat 

source case 

Groundwater 

case 

Seawater 

case 

Air 

case 

Warm SCOPSys, - 3.78 3.55 3.55 3.56 

Cold SCOPSys, - 3.05 3.00 2.11 2.62 

For the warm climate, the optimum proportion of heat sources for the multiple heat source case 

changed to 58 %, 2 % and 40 % for groundwater, seawater and air, respectively. This indicates 

that seawater played a minor role, because of the high air temperatures, and would probably be 

completely avoided in reality. This may be seen by the high proportion of air. The SCOPSys of the 

multiple heat source case increased significantly by 14 % and became by far the best performing 

case. The reference cases also improved in performance, but they all reached a maximum 

SCOPSys of 3.55 to 3.56, which was 6 % less than for the multiple heat source case. Seawater 

and air became competitive heat sources compared to groundwater.   

For the cold climate, the optimum proportion of heat sources for the multiple heat source case 

changed to 74 %, 18 % and 8 % for groundwater, seawater and air, respectively. The multiple 

heat source case and the groundwater case had a similar SCOPSys. The system performance of 

the air case decreased to 2.62. The SCOPSys of the seawater case dropped significantly by 33 %, 

because of the minimum seawater temperature at the evaporator outlet of –1 °C, which limited 

the extractable heat flow rate during the winter. Therefore, the electric peak load boiler capacity 
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had to be 60 % of the peak demand in order to obtain a feasible solution. In addition, the electric 

peak load boiler had to be in operation for 679 FLH causing the SCOPSys to decrease so much, 

which would be equivalent to 2037 FLH, when compared to the initial capacity. A different design 

volume flow rate could have been used for seawater in cold climates. 

Change of temperature glide of heat source and total HP capacity  

The design volume flow rate of seawater increased by 68 % to 1856 m3/h for a temperature glide 

of 3 K compared to using a glide of 5 K. The changes in SCOPSys and heat supply by the electric 

peak load boiler of the seawater case are presented in Figure 49, together with the results of 

varying total HP capacity.  

 

Figure 49: Heat supply of electric peak load boiler (dashed) and SCOPSys (solid) as a function of 

total HP capacity 

The change in temperature glide did not influence the multiple heat source case considerably, 

because the seawater HP was operated in only few hours during periods, in which the extractable 

heat flow rate was limited, as shown in [P1].  

The effects of varying the installed total HP capacity are shown in Figure 49 in terms of SCOPSys 

and supplied heat of the electric peak load boiler over the year, since the capacity of the electric 

peak load boiler changed according to the installed total HP capacity. The heat supply by the 

electric peak load boiler increased for smaller total HP capacity. The air case and the seawater 

case required the largest amount of heat supplied by the electric peak load boiler compared to 

the multiple heat source case and the groundwater case. The supplied heat increases at 

significant rates for total HP capacities below 50 %. Consequently, the SCOPSys values for all 

cases drop drastically, because the COP of the electric peak load boiler is 1. Therefore, also the 

COSPSys equals 1 for all cases if all heat was supplied by the electric peak load boiler resulting in 

26,790 TWh/a.  

The SCOPSys values of the reference cases approached their maxima once the total HP capacity 

is 70 % of the hourly peak demand. The SCOPSys already stabilised for total HP capacities above 

60 %, which could be seen as a minimum design criteria to achieve high performance. The 



 

 

90 Optimal Integration of District Heating, District Cooling, Heat Sources and Heat Sinks 

multiple heat source case improved its performance even further for larger total HP capacity, 

because the different heat sources can be used to a higher degree during the periods when they 

are the most beneficial.  

The case of using seawater as heat source with a temperature glide of 3 K resulted in an improved 

SCOPSys close to the one of the groundwater case, because the electric peak load boiler was not 

required during periods, in which the extractable heat flow rate was otherwise limited. This result 

indicates that an economic optimum exists between an increase in performance and larger 

components required for the increased design volume flow rate.  

Change of storage capacity and Lorenz efficiency 

The reduction in storage capacity lowered the SCOPSys of the systems, but not considerably for 

a total HP capacity of 80 % of the hourly maximum peak demand. Changing the Lorenz efficiency 

by ±20 %, affected the SCOPSys of all four different cases in the same way. The performance 

differences between the cases remained the same. 

7.4 Discussion 

The results of hourly COPs of HPs using seawater or air show that they vary considerably during 

the year. Assuming a simple mean COP during the year will not predict the actual performance 

unless the expected heat demand and changes in ambient conditions are taken into account. 

Thereby, an accurate mean value could be determined, which was lower than the arithmetic mean 

that was used e.g. in [62].  

Seasonal changes in COP of HPs integrated into the DH network of Copenhagen using seawater, 

sewage water or drinking water were analysed by Bach et al. [74]. Their calculated COPs of the 

seawater HPs follow a similar trend throughout the year as the ones calculated in the present 

study. They stated that the overall changes in COPs do not influence the results of monthly heat 

production much compared to a scenario assuming constant COPs, because the changes in 

COPs are small. However, the difference between their calculated minimum and maximum COPs 

for seawater HPs is smaller than the one calculated for this study, which may be explained by 

their use of a two-stage compression HP model using ammonia as refrigerant to calculate COPs, 

differences in DH forward and return temperatures as well as in seawater temperatures. They 

further discussed that calculation of hourly COPs may be relevant for air HPs, which was shown 

in the present work.  

The presented results were based on typical weather conditions for Copenhagen and residential 

buildings complying with the Danish Building Standard 2015 [154]. The outcome varied if applied 

to warmer or colder regions, or if other types of buildings, such as near-future low-energy 

buildings, were considered. Consequently, the benefit of combining the use of different heat 

sources within one energy system may become more significant in the future.  

The arithmetic mean COPavg as the decision criterion may result in the wrong choice of heat 

source. This was shown by the comparison of COPavg and SCOPHP, as presented in Table 25. 

For the COPavg, the order of highest performance was: seawater, air and then groundwater. This 

order differed for the SCOPHP as groundwater became the most efficient heat source to use and 

air the least efficient one. This is why a careful selection must be made depending on the expected 

heat demand in order to identify the most suitable heat source.  

Lund and Persson [56] showed that the geographical availability of groundwater to DH networks 

and to the total heat demand in Denmark is the largest compared to seven other potential low-

temperature heat sources. They did not state the share of the DH demand covered by the 

individual heat sources. This has been answered by the present study showing that groundwater 

was the most efficient heat source and covered the highest share of the heat demand. 
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The results show that calculating the COPs of HPs on hourly basis is required, if a number of 

different heat sources is used in an energy system. One heat source was preferred over others, 

but this changed during the year in order to always choose the heat source that resulted in highest 

SCOPSys. Changing the prioritization of heat sources will not be possible, if a fixed COP during 

the entire year is assumed. Therefore, the SCOPSys will result in a lower value. A need for different 

heat sources is very likely to happen in the Greater Copenhagen area, if a HP capacity of 300 

MW should be met by 2035 [20]. Capacity limitations of heat sources and local constraints of 

exploiting them may limit the availability and usage of only one heat source. Future energy 

systems based on large-scale HPs may consist of decentralised units using different heat 

sources. Therefore, it is important to identify how to plan and operate such units.  

It was shown in Figure 47 and [P1] that for the multiple heat source case, the seawater HP was 

not in operation for two months from mid-March and that the groundwater HP was not in operation 

for five months from mid-May until mid-October. This indicates that these heat sources could be 

used to provide free cooling if this was required and a DC network in place. In the same time, the 

DC network could be used as another heat source for a HP that provides heating and cooling at 

the same time. The optimal integration of heat sources could be determined by an optimization 

including DC as an additional heat source and available cooling capacity of groundwater and 

seawater depending on the operation of the HPs.  

An assumption of the model was that the COP was independent of the HP load and operating 

conditions. Accounting for the dependency of the COP on the load or calculating the COP based 

on a detailed HP model could overcome the problem. However, the intension was to apply the 

developed model for energy planning purposes to any location with expected heat demand and 

temperatures of heat source and heating supply and not to restrict the results by a certain HP 

configuration or refrigerant. This was preferred over a detailed HP model, which design might 

change from case to case. In addition, the possible benefit of part-load behaviour depends on the 

installed capacity of the HP unit. Large-scale HPs based on natural refrigerants, which are used 

in e.g. Denmark [49], are limited by a maximum capacity of e.g. 8 MW [161]. Consequently, such 

HPs were installed in parallel or in series [49,162]. A HP model may be used after a new 

development region has been evaluated based on the current model, which can identify the most 

suitable heat sources and the required HP capacities. 

No pressure losses nor auxiliary electricity consumption for pumps or fans were included. This 

would decrease the performance and may differ for heat sources resulting in a different 

prioritization. 

A constant temperature glide of 5 K between inlet and outlet of heat source was assumed. This 

limited the extractable heat flow rate of heat sources during summer when a larger temperature 

glide may be available. This was accepted since the highest heat demand occurred in winter and 

the air source HPs were large enough to cover the DHW demands in summer.  

Short-term storage was modelled to store a certain amount of heat in form of useful energy. Heat 

loss was assumed not to influence the temperature significantly. In reality, accumulator tanks are 

normally used to store heat for short periods. The water temperature in such storage tanks is 

usually stratified and heat loss would result in reduced temperatures. This effect will, however, be 

minor from a system perspective. 

Other heat sources such as solar energy, geothermal energy or industrial waste heat as well as 

capacity limitations and cooling requirements were not analysed. Including these could lead to a 

higher system performance and could give an indication about the most advantageous heat 

sources out of an even wider range. Heat sources and heat sinks could complement each other, 
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also when some are limited in capacity, to still satisfy a larger heating and cooling requirement 

efficiently.   

Analysis of investment costs was omitted. This should be included in the model for life time cost 

calculations, which are crucial for decisions on whether or not to invest in a system based on a 

combination of heat sources or on one single heat source. 

If a few more of the listed limitations are addressed in the model, it could be used as a valuable 

assessment tool at an early energy planning stage to identify which heat sources or combinations 

of those might be best suitable for a certain area in terms of performance and economics. Such 

a system could be more efficient than HP solutions we are looking at today and could lead to a 

higher market penetration of large-scale HPs.  

7.5 Summary 

In the present study, the heat sources: groundwater, seawater and air were evaluated when used 

by HPs to supply heat to a DH network. A multiple heat source case combining the different heat 

sources with each other was analysed in detail and compared to three reference cases using the 

heat sources individually. The analysis was performed in the context of a case study for a large 

urban development district in Copenhagen. The investigated system was composed of HPs, an 

electric peak load boiler and short-term storage. Linear programming was used to optimize the 

seasonal performance of the system on an hourly basis.  

The results show that the COP of seawater and air HPs varied greatly during the year. Inclusion 

of the heat demand determined the SCOP of HPs and helped to determine the solution with the 

highest overall system performance. It was shown that the SCOP of the seawater and air HPs, 

when considering heat demands, was 11 % and 15 % lower than the arithmetic mean COP. Using 

groundwater as a heat source the difference was only 3 %. This shows the importance of including 

variations in heat demand and source temperatures when planning HPs using heat sources with 

fluctuating profiles. In addition, it was shown that seawater as a heat source was limited by the 

minimum outlet temperature allowed.  

The results show further that a maximum system performance may be achieved for HPs based 

on a combination of different heat sources, compared to using only one heat source. In this way, 

the heat source resulting in highest performance for each period was preferred to use. 

Groundwater was the prioritized heat source during winter, air the one in late-spring and summer, 

seawater the one during colder summer days and autumn.  

A HP of same total capacity as the multiple heat source case using either groundwater, seawater 

or air would result in a reduction in system performance by 3 %, 6 % and 11 %, respectively.  

It was further shown in the scenario analysis that the system performance depended on the 

proportion of the different heat sources, the climate region, total installed HP capacity and which 

building type was supplied. Especially, in the future it is expected that the potential benefit of 

combining different heat sources within one energy system may increase. A total HP capacity of 

at least 60 % of the maximum hourly peak demand was recommended to achieve high system 

performance. If a combination of heat sources shall be considered, the groundwater HP capacity 

should be within 50 % to 80 % of the total HP capacity.  
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8. Planning of a new DH area based on economical 
optimization 

This chapter in based on [P2]. 

8.1 Case study  

The city of Tallinn, Estonia, was considered as case study to demonstrate the functionality of the 

developed optimization model from Chapter 3. The developed model was used to investigate the 

feasibility of implementing large-scale HPs for supply to the DH network in Tallinn. 50 % of the 

heat demand from Tallinn in 2017 was considered fossil-free, because it was based on burning 

biomass and waste in CHP plants [33]. The remaining heat was supplied by five natural gas fired 

boilers. Currently, one more biomass based CHP plant is under construction, which will result in 

a production capacity of non-fossil fuels of 220 MW in 2019 [163]. The implementation of large-

scale HPs may consequently be limited due to the already existing newly installed renewable 

production, but it could, on the other hand, result in a cheaper, more efficient and more 

sustainable heat supply than using natural gas fired boilers. Therefore, the potential for replacing 

heat production from natural gas boilers by large-scale HPs was investigated. Short-term storage 

was not included for this analysis, because the DH network of Tallinn does not have any. This 

point is further discussed in Section 8.4. 

Supply temperature limitations of the HPs were considered by disregarding hours with supply 

temperatures above 85 °C, which is currently the limit for large-scale HPs that use ammonia as 

refrigerant [164]. This limitation could be addressed by considering various implementation 

schemes for large scale HPs in CHP systems [45]. Hourly measurements of supply and return 

temperature of the DH network in 2016 were used for the calculations [165]. The load duration 

curve and supply temperatures for the DH network of Tallinn are shown in Figure 50. 

 

Figure 50: Load duration curve and DH supply temperature, based on data for 2016 [163,165] 

It shows that the hourly peak demand was 660 MW, but this can be up to even 100 MW higher 

for very cold periods [165]. The baseload was covered by the biomass and waste CHP plants. 
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The remaining heat, produced by the natural gas boilers, was used to determine the potential 

hourly heat supply by HPs. The potential heat supply of HPs was hence limited to 4500 hours per 

year for small HP capacities and would decrease for larger capacities, due to the characteristic 

shape of the load duration curve. Considering the temperature constraint for HPs, the maximum 

heat supply was reduced to 4000 h. 

8.2 Methods 

8.2.1 COP estimation method used 

The COP of a HP was estimated by the approach from Jensen et al. [79], presented in Section 

6.2.1. 

8.2.2 Potential locations and heat sources for HPs in Tallinn DH 

Different locations, potential heat sources, capacity limitations and distances to the existing DH 

network were identified, which may be seen in Figure 51 and  

 

 

 

Table 28 and are explained in the following subsections. It was decided to focus on waste heat 

and natural heat sources. Industrial excess heat was not considered. Furthermore, it was decided 

to use available space and buildings at owned property from the utility company, which would 

reduce the investment costs. Further, a case #13 was added, which considered a groundwater 

HP located up to 100 m from the DH network anywhere in the city without potential savings on 

the property and building. 

It was assumed that for HPs located near a CHP plant, the capacity fee for the transport of 

electricity could be avoided, because the CHP plant could supply the HP directly. Furthermore, it 

was assumed for case #12 that 2/3 of the 30 % heat loss in the 12 km transmission pipe could be 

avoided, if the HP was placed close to the area of Maardu. 

 

Figure 51: Possible locations for large-scale HPs and DH network of Tallinn 
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Table 28: Possible locations for large-scale HPs, limitations and distance to DH network 

# Location Heat source Limitation Distance to 

DH (km) 

1 Biomass CHP Groundwater 2 MW 0 

2 Sewage plant  Sewage water 4000 – 14000 m3/h 2.5 

3 Boiler house Ambient air 10 MW 0 

4 Boiler house Groundwater 1 MW 0 

5 City centre Seawater No limit 0.2 

6 Boiler house Lake water 1200 m3/h 0.3 

7 Boiler house Groundwater 1 MW 0 

8 Boiler house Ambient air 10 MW 0 

9 Biomass CHP River water 6000-25000 m3/h 0.6 

10 Biomass CHP Ambient air 24 MW 0 

11 Biomass CHP Groundwater 6 MW 0 

12 Maardu Seawater Local heat demand 2.0 

13 100 m from DH Groundwater 6 MW each 0.1 

8.2.3 Design conditions of heat sources and heating supply 

The design conditions for the different heat sources are shown in Table 29. A lower temperature 

difference was assumed for surface water to avoid freezing problems and to dimension the 

equipment accordingly. 

Table 29: Heat source inlet temperatures for design conditions 

Heat source parameter Unit Air Groundwater Seawater River Lake Sewage 

Inlet temperature °C −21 7 4 4 4 7 

Temperature difference K 6 6 3 3 3 6 

The design temperatures of the heating supply were 85 °C for the supply temperature, and 40 °C 

for the return temperature. The forward temperature corresponds to the limit for the supply 

temperature given by pressure and temperature limits of state-of-the-art ammonia compressors 

for HPs [141]. 

8.2.4 Heat sources 

Ambient air 

Ambient air was analysed by use of hourly data for 2016 [165]. By considering known dimensions 

of existing evaporators installed at two large-scale air-source HPs in Denmark [134], the 

technology was limited by the available space at the boiler houses (#3 and #8). At the CHP plant 

(#10), dry coolers are already installed for cooling purposes in summer. It was assumed that they 

could be used in winter as heat source for the evaporators of the air-source HP, since they contain 

a glycol-water mixture. The installed capacity was converted for the heat source, using Eq. (24) 

and considered as the limitation. It was further taken into account that 25 % of that capacity is not 

used in winter, because of de-icing. Using the existing equipment would result in a cost reduction 

of the investment for case #10, as shown in Table 31. 
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Groundwater 

In Estonia, the groundwater temperature at a depth of 25 m to 75 m is 6.5 °C to 7 °C [166–168]. 

A constant value of 7 °C was assumed. No additional details about the groundwater availability, 

usage and flows for the location of Tallinn were known. The largest HPs based on groundwater 

in Denmark have a capacity of 4 MW [49]. This requires a large amount of groundwater, which is 

difficult to extract and reinject without compromising the long term stability. This is why the 

practical limit for groundwater HPs may be at around 5 MW to 6 MW [101]. Furthermore, an 

analysis for an area in Copenhagen, Denmark, has shown that pumping 50 m3/h of water 

influences the groundwater level temporary by 0.5 m at a distance to the pumping location of 

approximately 900 m [100]. Therefore, the limits of the groundwater HP capacities were estimated 

between 1 MW and 6 MW, according to the size of owned property for the cases #1, #4, #7, #11 

and #13. 

Seawater 

Seawater temperatures are measured around the coastline of Estonia by the Estonian Weather 

Service [169]. Hourly data for 2016 were provided for the station in Pirita for a depth of 1.5 m. The 

seawater temperature may be more constant and a few degrees Celsius warmer during winter at 

lower depths. However, the seawater near Tallinn has a depth of approximately 10 m, which 

means that large temperature increases in winter were dismissed. The minimum measured 

seawater temperature was −0.1 °C, which is close to the freezing point of seawater in the Baltic 

Sea, which was estimated to be −0.5 °C, due to the salinity content of 15 ‰ to 25 ‰ as reported 

in [115]. This would limit the heat that can be extracted based on a design with a certain heat 

source temperature difference between inlet and outlet of the evaporator, as mentioned in Section 

3.2.5. 

River water 

The Pirita River flows near the CHP plant east of Tallinn (#9). The monthly average water 

temperatures and minimum volume flow rates - obtained from [170] - were used as input and 

limitation on the heat source side. Also here, a minimum allowable water temperature out of the 

evaporator was assumed, which would limit the potential heat to extract during periods with very 

cold water temperatures. 

Lake water 

The biggest lake near Tallinn is Lake Ülemiste. One existing boiler house is located 300 m away 

from the lake. A HP could be placed here using surface water as heat source (#6). The lake is 

used as the largest water reservoir for Tallinn with 88 % of the water supply coming from that lake 

[171]. Therefore, changes in water temperature or contamination by any means are not desired. 

A potential use as heat source was still investigated by allowing a maximum cooling of the lake 

by 2 K as a result of the returning water of the HP. The water volume was calculated based on 

the surface area and average depth resulting in approximately 23.6 million m3. Assuming a 

maximum operation of 2500 h and a cooling of the water by 3 K, the average volume flow rate for 

the heat source could be 1200 m3/h. This limits the capacity of the source to 6 MW. Average 

monthly water temperatures were used based on a lake with similar characteristics found in [170] 

and a minimum water temperature was also considered. 

Sewage water 

A large sewage water treatment plant is located northwest from Tallinn, which could serve as 

potential heat source for HPs. Since the biological treatment process of the waste water is 

sensitive to changes in temperature, it was decided to investigate using the cleaned sewage water 
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after the cleaning process as heat source, before it is sent to the sea [103]. The utility company 

AS Tallinna Vesi provided daily data of temperature and volume flow rate for one year [172]. The 

volume flow rate was only measured for the untreated water. However, the same volume flow 

rate was assumed for the cleaned water, even though this is not the case in reality. The treated 

water is pumped and stored in separate buffer tanks, afterwards pumped in another well and 

later self-flowing into the sea [103]. The daily volume flow rate was evenly distributed over the 

hours.  

8.2.5 Economic input parameters 

The O&M costs of HPs were based on [49,146]. The correlations for the investment costs for the 

HPs were based on [C2]. An overview of both is shown in Table 30. The investment costs are 

based on linear correlations with respect to the installed heating capacity. Equipment costs and 

building costs could be saved for the installation of HPs at some locations, which were deducted 

as shown in Table 31. Due to the location in the city centre, the construction costs for case #5, 

were set twice as high. No correlations were available for large-scale HPs using seawater, river 

water or lake water. The same costs as for a sewage water HP were assumed, since the 

installation may require similar type of equipment. 

Table 30: Investment and O&M costs based on [C2] and [49,146] 

Parameter Unit Air Groundwater Seawater River Lake Sewage 

Investments, fixed T€ 188 505 484 484 484 484 

Investments, variable T€/MW 677 640 550 550 550 550 

O&M, fixed €/MW/yr 2000 2000 2000 2000 2000 2000 

O&M, variable €/MWh 1.0 2.0 2.0 1.3 1.3 1.3 

Table 31: Savings and additional costs for investment costs of HPs based on [C2] 

Savings T€ T€/MW Applicable case # 

Construction 21.77 84.31 1, 3, 4, 5, 6, 7, 8 

Heat source 0.06 127.38  10 

The investment costs of installing DH pipes was known for different nominal pipe sizes [163]. A 

linear correlation between costs and volume flow rate was developed based on a maximum 

velocity of 2 m/s, similar to Eq. (4). The required pipe diameter and the resulting heating capacity 

were then calculated. The cost correlations for installing DH pipes inside the city centre of Tallinn 

and further out are shown in Eq. (82) and Eq. (83), respectively. Eq. (83) was used for cases #9 

and #12. For case #6, the heat source volume flow rate was used as dimensioning parameter for 

the costs, since the HP would be placed at the boiler house and not directly at the lake. 

𝑐DH,TLL = 478 + 0.79 �̇�DH          (€/m) (82) 

𝑐DH,rural = 283 + 0.56 �̇�DH          (€/m) (83) 

The lifetime of the DH pipes and the HPs were assumed to be 30 years and 20 years, respectively 

[49,163]. A discount rate of 4 % was applied for calculating the annualized investment costs.  

The optimization was performed from a private economic perspective, including energy taxes and 

transmission fees for electricity. Hourly day-ahead electricity prices for 2016 for Estonia from Nord 

Pool [143] as well as the current taxes and tariffs for Estonia/Tallinn from 2018 were applied, as 

shown in Table 32. An estimate for the transmission costs was made, since these costs depend 

on the kind of consumer, considered here to be the DH supply company located in Tallinn. It was 
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assumed that the CHP plants could provide the electricity directly for the HPs located nearby. 

Therefore, the transmission fee was neglected for cases #1, #9, #10 and #11. 

Table 32: Electricity taxes and tariffs for Tallinn 

Parameter Value Unit 

Nord Pool annual average price for 2016 33.06 €/MWh 

Energy tax 4.47 €/MWh 

Renewable energy tax 8.90 €/MWh 

Transmission fee 18.63 €/MWh 

Total 65.06 €/MWh 

The price of DH is regulated in Estonia and is limited for each larger production unit, which will be 

evaluated regularly by the Estonian Competition Authority. The production price includes the 

LCOH, considering costs for fuel, electricity, depreciation, salaries and maintenance. The LCOH 

for one of the natural gas boilers used was 46.85 €/MWh for winter 2018 [173]. An overview of 

the input parameters for the natural gas boiler, which was replaced by HPs, may be found in Table 

33. In addition, the emission factors are given for natural gas and the national electricity mix of 

Estonia [174,175]. The factor for electricity is rather large compared to values found in other 

countries, e.g. Denmark: 0.2 tonCO2/MWhel. The main reason for it is the use of power plants 

based on oil shale, which amount to a share of 80 % of the gross electricity generation in 2016 

[176].  

Table 33: Input parameters for natural gas boiler and emission factors based on [173–175] 

Parameter Value Unit 

LCOHNG 46.85 €/MWh 

Boiler efficiency 0.93 - 

CO2 emissions from NG 0.198 tonCO2/MWh 

CO2 emissions from electricity 0.95 tonCO2/MWhel 

8.2.6 Performance indicators  

The results of this study were evaluated based on different performance indicators - technical, 

economic and environmental indicators. An overview can be found in Section 3.4. Considered 

were the Lorenz efficiency, the SCOP, FLH, the LCOH, the NPV, PBT and the carbon ratio.  

8.2.7 Scenario analysis  

A scenario analysis was performed for the case study of Tallinn by increasing the hourly electricity 

price from Nord Pool by 20 €/MWh in order to see how the economic parameters of the initial 

found optimum would change. This would show how sensitive the found solution is to changes in 

electricity price, which are difficult to predict over the lifetime of the plant. 

In addition, the investment costs were increased by 30 % to see how the new found solution 

would differ from the initial found solution in terms of optimum HP capacities and heat sources as 

well as economic parameters. 

8.3 Results of the economic optimization  

The results of the optimization are presented by showing the determined temperature profiles and 

Lorenz efficiencies for different heat sources as well as the optimum HP capacities, heat sources 

to be used and HP operations found by the model. These are shown together with technical, 

economic and environmental parameters. 
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8.3.1 Heat source temperatures 

The temperatures of the different heat sources are shown in Figure 52. As it may be seen, the 

temperatures vary over the year for most heat sources, except for groundwater. In winter, sewage 

water and groundwater have the highest temperatures, followed by lake water, river water and 

seawater, and lastly at the lowest temperatures ambient air. The trend is different during summer. 

However, due to the existing baseload, little or none HP operation was expected during summer. 

 

Figure 52: Heat source temperatures 

8.3.2 Lorenz efficiency of HPs over the year 

The Lorenz efficiency was calculated for each heat source and for every hour, taking changes in 

temperature of heat source and heating supply into account, as shown in Figure 53 and  

Table 34. It may be seen that the Lorenz efficiency ηL varies over the year and for the different 

heat sources. The values vary the most for ambient air, i.e. between 0.50 and 0.61. For surface 

water, the variation is between 0.53 and 0.60. For groundwater and sewage water the Lorenz 

efficiency varies less. This shows that the Lorenz efficiency may depend on the heat source 

temperature.  

Furthermore, the Lorenz efficiency is higher during the winter months, with colder heat source 

temperatures and higher DH supply temperatures, than in summer, which may also be seen from 

Eq. (80). A higher Lorenz efficiency does not mean that the COP is also higher, since the Lorenz 

COPL may be higher for the other heat sources. The results indicate further that assuming a 

constant Lorenz efficiency over the entire year and the same value for every heat source may 

influence the results of the optimization, if the heat source temperature varies considerably. 

 

Figure 53: Lorenz efficiency over the year of HPs based on different heat sources 
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Table 34: Minimum and maximum hourly Lorenz efficiencies 

Parameter Air GW Sew Sea Lake River 

Minimum hourly Lorenz efficiency 0.50 0.55 0.52 0.54 0.54 0.53 

Maximum hourly Lorenz efficiency 0.61 0.58 0.58 0.60 0.60 0.60 

8.3.3 Optimization results 

The results of the optimization are shown in Table 35. It was found to be optimal to install 122 

MW HP capacity for the DH network in Tallinn consisting of sewage water (46 MW), river water 

(31 MW), ambient air (24 MW), seawater (13 MW) and groundwater (6 MW and 2 MW) HPs. The 

table also compares the results to typical values for Danish conditions. 

The SCOP was 3.3, while it varied between 3.0 and 3.4 depending on the heat source. The 

number of FLH was 2670 h, which is lower than the maximum potential of 4000 h. The total annual 

production of heat by the HPs was 325 GWh. Compared to the total heat production of Tallinn by 

DH, the HPs would reach a share of 16 %, while the share of natural gas would be reduced from 

50 % to 34 %.  

However, this does not mean that the heat supply will become more sustainable, which is shown 

by the carbon-ratio. Since the carbon-ratio is above one, more CO2 emissions would be emitted 

by the HPs compared to natural gas boilers. This happens, because the national electricity mix in 

Estonia has a quite high emission factor for CO2. If the CO2 emission factor of electricity would 

decrease from 0.95 tonCO2/MWhel to 0.7 tonCO2/MWhel, the HPs would become more 

sustainable than using natural gas boilers. Using similar technology assumptions for a Danish 

case, the carbon-ratio was found to be 0.3. 

Table 35: Results of optimization 

Parameter Unit #1 #2 #9 #10 #11 #12 Total Denmark 

[49] 

Heat source 

 

GW Sew River Air GW Sea Mix 

 

HP capacity MWth 2 46 31 24 6 13 122 

 

Heat production GWhh/yr 7 114 80 68 21 35 325  

Power 

consumption 

GWhel/yr 2 34 24 22 6 11 99  

Seasonal COP - 3.3 3.4 3.3 3.0 3.3 3.3 3.3 3.5 to 4.0 

Full load hours h 3466 2495 2556 2814 3479 2810 2670 3000 to 

6000 

Levelized costs 

of heat 

€/MWhth 31.2 38.5 31.5 30.5 29.7 37.3 34.3 42 to 49 

Cost of heat 

excluding 

investment 

€/MWhth 15.0 20.5 15.5 16.5 15.0 20.8 18.0 25 to 32 

Cost of electricity €/MWhel 47.0 66.4 48.2 47.4 47.0 66.2 56.0 90 to 100 

Net present value M€ 1.4 11.9 15.9 14.5 4.7 8.8 57.1  

Simple payback 

time 

yrs 7.2 9.6 7.2 6.5 6.5 6.6 7.7 4 to 8 

Carbon ratio - 1.4 1.3 1.4 1.5 1.4 1.4 1.4 0.3 

The costs of electricity differ for some of the heat sources, since the transmission fee could be 

avoided for the HPs located near the CHP plants (#1, #9, #10 and #11). This also has an impact 
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on the costs of heat for the individual plants. Therefore, the HPs located near CHP plants were 

preferred for the operation due to the cost savings, even though they might not be the most 

efficient ones, see SCOP for sewage water HP. The HPs were operated according to their 

operational costs for every hour, after the investment was made. The LCOH were calculated as 

34.3 €/MWh on average. This number corresponds to the minimum price the HP owner would 

need to pay off O&M and investment costs over the lifetime of the plants. This was 12.6 €/MWh 

cheaper than the levelized costs of using the natural gas boiler. The operational cost itself, 

considering O&M costs and electricity costs, was 18.0 €/MWh. The remaining part of 16.3 €/MWh 

accounted for the investment costs of the HPs and the DH piping. 

If the HP owner would be able to receive the same amount for selling the heat as they would get 

by using the natural gas boiler, the simple PBT would be 7.7 years and the NPV with discounted 

cash flows would be 57.1 million € for the entire investment. 

The costs of heat found through the optimization were lower than the ones currently found in 

Denmark [49], which was mainly because of the lower costs for electricity. The ambient conditions 

in Estonia are colder than the case for Danish conditions and the DH supply temperatures are 

higher, resulting in lower COP for the HPs than in Denmark. Considering the lower electricity 

costs, the PBT is similar as for Danish cases. 

Load duration curve of HPs 

The load duration curve of the HPs is shown in Figure 54. It may be seen that the two groundwater 

HPs were almost always operated at full load, due to their low operating costs. However, for the 

remaining 500 h another heat source was preferred, due to changes in COP of the heat sources. 

It is further shown that the river water and also the seawater HP have a significant drop in heat 

supply during 1500 h, shown here from 1000 h to 2500 h. This is due to the low water 

temperatures in February and December, as shown in Figure 52. The four HPs using groundwater 

(two locations), river water and ambient air were preferred due to their low operating costs, 

resulting from avoiding the capacity fee of electricity. 

 

Figure 54: Load duration curve of HPs 

8.3.4 Scenario analysis 

The hourly electricity price was increased by 20 €/MWh in order to see how the economic 

parameters of the found optimum would change. The results shown in Figure 55 indicate 

increased costs of 14 % to 40 %, an increased PBT of 13 % and a reduced NPV of 44 %. Such 

an increase in electricity price is possible, since the average electricity price in 2018 increased to 
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46 €/MWh compared to 33 €/MWh in 2016 [143]. The found optimum would still result in a positive 

business case, which shows the robustness of the solution to changes on the electricity market. 

 

Figure 55: Change of economic parameters for increased electricity price 

If the investment costs for the HP project as well as the DH piping costs were increased by 30 %, 

the same HP capacities would be proposed by the model apart from using river water as heat 

source. This heat source was completely removed from the new solution. The missing heat supply 

would be compensated by the remaining HPs, which resulted in higher utilization shown by an 

increase in FLH of 16 %, as shown in Figure 56. 

 

Figure 56: Change of parameters for increased investment costs 

It may be further seen in Figure 56 that the LCOH increased by 8 % due to the increase in 

investment costs. The NPV decreases considerably by 30 %, while the PBT increases by 16 % 

to 8.9 years. 

The change in operation of the HPs and how the HP based on river water was compensated is 

shown in Figure 57, which shows the load duration curves for the HPs based on the new solution 

with increased investment costs. Each of the HPs supplied heat nearly equivalent to full load 

operation for most of the time, except the seawater HP. This was due to the limitation in 

extractable heat from the heat source during periods with very cold seawater temperatures close 

to the freezing point. The heat supply decreased due to the lower temperature difference. 
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Figure 57: Load duration curve for increased investment costs of 30 % 

Both the changes in electricity price and investment costs have shown that the found solution is 

robust to changes in costs. However, special care should be taken for the river water HP, since 

an increase in investment costs of 30 % would result in an unfeasible solution for this particular 

HP. It was found that the investment costs for the HPs and DH piping should not increase more 

than 15 % in order to be able to use river water as heat source. In this case, the HP capacity for 

using river water decreased to 21 MW and the NPV to 9.4 million €. 

8.4 Discussion 

The COP of the HP was calculated by an estimation method developed for design conditions of 

a single stage HP by Jensen et al. [79], which is an approximation. Even though the deviation in 

COP is expected to be small, it could have an impact on the results.  

The Lorenz efficiencies calculated based on the COP estimation method varied depending on the 

variation in heat source temperature. Using this COP estimation method may therefore be a better 

approximation of COP than using a constant COP as in previous studies [62–65,69,177] or a 

cycle with constant Lorenz efficiency [43,72], if the heat source temperature varies considerably. 

This was also shown by Pieper et al. [178], who investigated the impact of using different COP 

estimation methods in energy planning. 

Lorenz efficiencies between 50 % and 60 % were found, which is in the same range as found for 

existing large-scale HPs located in Denmark [3]. Improvements of the COP estimation method by 

expanding it for off-design conditions could result in smaller deviations compared to a 

thermodynamic model. 

A constant isentropic compressor efficiency was assumed over the year. As it is shown in [2], the 

efficiency of compressors may vary for changes in pressure ratios, because heat source and/or 

heating supply temperatures change. Such consideration could further improve the accuracy. 

No scenario analysis of the input parameters found in Eq. (80) of the COP estimation method was 

performed. 

In total, 122 MW of HP capacity was proposed for Tallinn, which has 400,000 inhabitants. The 

area of Greater Copenhagen has about 3 times more inhabitants and is suggested to benefit from 

a HP capacity in the magnitude of 300 MW by 2035 [20]. Bach et al. [74] investigated the 

possibilities of integrating large-scale HPs into DH for the area of Greater Copenhagen from a 

technical and private-economic perspective. The outcome of the study showed that 2500 to 3000 

FLH of HP operation can be achieved for their investigated scenarios when connected to the 
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transmission grid of the DH network. The presented study for Tallinn suggest 2670 FLH, which is 

thus in the same range. 

A sensitivity study not included in this paper considering inclusion of a thermal storage in the 

system showed that thermal short-term storage would decrease the LCOH slightly. This 

happened, because the HPs operation could be controlled better to varying electricity prices by 

decoupling the heat demand and the heat supply by a few hours. This is in agreement with other 

studies about the inclusion of thermal storage, e.g. [179]. An impact on the optimal choice of heat 

source and HP capacity was not found. Therefore, thermal storage was not included in the 

analysis. 

The proposed HP capacities and heat sources were based on the assumption that the capacity 

fee could be avoided for HPs built next to a CHP plant. If that is not applicable, the optimum 

solution may look differently. 

A large share of the proposed HP capacities would be concentrated at two existing biomass CHP 

plants (61 MW, #9, #10, and #11). This could result in hydraulic issues or capacity limitations, 

when a large part of the production units is located at one location. On the other hand, the sewage 

water treatment plant is located at a very different location, and a 46 MW HP placed there could 

counterbalance such issues. Alternatively, further constraints could be applied to the optimisation 

problem in order to take capacity limitations into account. 

The results showed that treated sewage water could serve well as a heat source for large-scale 

HPs, because the temperature of the water is higher than other available heat sources. This was 

also stated by [50]. A size of 46 MW seems reasonable and possible, since a HP of 40 MW also 

using treated sewage water as heat source and ammonia as natural refrigerant was recently built 

in Sweden [104]. Another example of a large-scale ammonia HP exists in Drammen, Norway, 

which has a capacity of 13 MW, a COP of 3.05 and uses seawater as heat source [180]. 

The CO2 emissions were calculated based on the national electricity mix, which would currently 

result in higher CO2 emissions if HPs were installed compared to existing natural gas boilers. As 

calculated, the CO2 emission factor of electricity would have to decrease from 0.95 tonCO2/MWhel 

to 0.70 tonCO2/MWhel for HPs to have lower greenhouse gas emissions than natural gas boilers. 

In 2014, 14 % of Estonia’s electricity supply came from RES. In 2017, this value increased to 16.9 

% [181]. In Estonia’s National Development Plan of the Energy Sector until 2030[182], it is stated 

that the share of RES in the final electricity consumption shall be above 50 % in 2030. Therefore, 

it is expected that the CO2 emission factor will further decrease, so that HPs will become more 

sustainable within the next decade.  

The CO2 emission calculations could look differently, if CO2 emission factors were known on 

hourly basis or for Tallinn only. The electricity for the HPs connected to the biomass CHP would 

have zero CO2 emissions. However, if this had been assumed, the national factors would have 

been affected negatively. 

The investment and O&M costs of HPs were based on Danish conditions. Some of the costs 

might be different when applied to Estonia, such as construction costs. Other costs like the HP 

itself may be similar, however some offsets can apply to individual contributions. The scenario 

analysis has shown that the results to a large extent are robust to an increase in investment costs. 

8.5 Summary 

A novel modelling framework was presented, in which energy planning was combined with 

seasonal variations of heat source temperatures and HP COP as well as capacity limitations of 

the heat sources and technical constraints were taken into account. Using this modelling 
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approach, the most suitable heat sources and optimal HP capacities were identified for the best 

economic solution of integrating large-scale HPs into the DH network of Tallinn. 

Based on the results, it is recommended to install 122 MW HP capacity based on sewage water 

(46 MW), river water (31 MW), ambient air (24 MW), seawater (13 MW) and groundwater (6 MW 

and 2 MW). The HPs would be able to supply 16 % of the total heat demand of Tallinn. The HPs 

would currently result in more CO2 emissions than providing the same heat with natural gas 

boilers, because the national electricity generation depends heavily on oil shale. However, 

considering the national development plans of Estonia’s energy sector, the electricity supply in 

2030 will be based on more than 50 % of RES. Consequently, HPs will then be a more sustainable 

solution than natural gas boilers. The LCOH based on HPs were 27 % cheaper than if the existing 

natural gas boilers were used. The scenario analysis showed that the solution is robust to 

changes in electricity prices and investment costs.  

The results of applying the novel modelling approach showed that considerations of capacity 

limitations and seasonal variations of HP characteristics are important during the energy planning 

phase. 
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9. Planning of a new DH & DC area based on 
economic optimization 

9.1 Case study  

The developed optimization model from Chapter 3 was applied to the case study “Future 

Nordhavn”, as described in Section 1.2.1, which includes the additional development area 

Levantkaj that will be built until 2035. The supply and return temperatures of the DH network were 

assumed to be constant all year at 65 °C and 40 °C, respectively. This represents the supply of 

LTDH. The DC network was assumed to be operated at 6 °C supply temperature and 16 °C return 

temperature, as it is done for other DC networks in Copenhagen [35]. Those temperatures were 

also chosen as design values for dimensioning purposes.  

9.1.1 Heating and cooling demand  

Hourly measurements for 2018 of the heat demand of the existing area of Nordhavn were used 

as input parameters, as shown in Figure 6. The measurements were scaled up accordingly in 

order to meet the hourly peak heat demand of 40 MW including the next development stage. As 

a result, the annual heat demand added up to 100 GWh.  

No measurements of the cooling demand were available in this area and for this resolution. 

Therefore, hourly values were used from the software tool “Fjernkøl 2.0” [84]. In the software, 

nine different hourly cooling demand profiles were provided based on the combination of low, 

medium and high values for internal loads and g-values of windows. Internal loads could result 

from e.g. lightning, occupants and equipment. A low g-value represents a low solar transmittance 

of windows. Profile 7 was selected considering a low g-value of 0.40 and a high internal load of 

40 W/m2. This could represent office buildings, as suggested by Jacobsen [183]. Office buildings 

are expected to be the highest contributor to the DC demand in the area of Nordhavn. The cooling 

load profiles only represent comfort cooling. The cooling demand profile was scaled up to meet 

the hourly peak demand of 10 MW. This included adding a constant base load of 1 MWh/h, which 

resulted in an annual share of 55 % base load of the entire cooling demand. This is consistent 

with the findings of Swedblom et al. [184], who found that baseload represented on average 56 

% of the cooling demand. An overview of the heating and cooling demand over the year can be 

found in Figure 58.   
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Figure 58: Heating and cooling demand for “Future Nordhavn” 

9.1.2 Heat sources and heat sinks 

This section in based on [C3]. 

The considered heat sources and heat sinks were ambient air, groundwater, seawater, sewage 

water and the DC/DH network. Design conditions for every HP using each heat source were 

defined for dimensioning purposes. Design conditions for heat sources were represented by a 

typical winter day with lowest occurring temperatures during the year for the heat source. For the 

heat sinks, a typical summer day with highest occurring temperatures was considered for design 

conditions. An overview can be found in Table 36. A detailed description of the heat sources can 

be found in Section 2.3. If the DC network was used as a heat source, a condition was that the 

heating and cooling demand had to match considering the COP, as explained in Section 3.2.7. 

Table 36: Design conditions of heat sources and heat sinks 

Purpose Heat source/sink parameter Unit Air GW Sea Sew DC 

DH Evaporator inlet temperature °C −12 11 4 11 16 

DH Evaporator outlet temperature °C −18 5 1 5 6 

DC Condenser inlet temperature °C 35 10 22 25 40 

DC Condenser outlet temperature °C 41 16 28 33 65 

9.2 Methods 

9.2.1 Optimization options used 

The case study was used to demonstrate different functionalities of the developed optimization 

model presented in Chapter 3. The optimization model was used to identify the optimal supply of 

only DH first. This solution was analysed in more detail by applying the alternative optimization 

options, as described in Section 3.3. First, the economic optimal HP capacities, heat sources, 

storage capacity and operation of production units were identified to satisfy the DH demand. Then, 

alternative solutions besides the economic optimum were investigated further by varying the 

production capacities, as described in Section 3.3.5. In the following, the impact of including 

auxiliary power consumption, as described in Section 3.3.6, was analysed.  

Afterwards, the optimization model was used to identify optimal production capacities and 

operation to supply both DH and DC. This was done in several steps assuming first a separate 

supply of DH and DC as a reference case (see Case I in Figure 13). In the following, a 

simultaneous supply of DH and DC was considered by the use of a DC HP, described in Section 
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3.2.7, representing Case II in Figure 13. As a final step, the simultaneous supply of DH and DC 

was modelled by allowing also shared investment costs between DH and DC production units, as 

described in Section 3.2.3, representing Case III in Figure 13. 

9.2.2 COP estimation method used 

The COPs of HPs and chillers were modelled based on the results of the COP estimations due 

to variations in heat source and sink temperatures described in Section 5.3.2 and Section 5.3.3. 

An overview can be found in Table 13 and Table 14. Since the COP for part-load operation down 

to 25 % did not change significantly for HPs, changes in COP due to part-load operation were not 

considered. Part-load operation was also not considered for chillers. 

9.2.3 Economic input parameters  

This section is based on [C3], but has been modified to a large extent and was further expanded 

by adding the part related to DC. 

Investment costs for HPs 

The investment costs of the HPs were obtained from Chapter 4 considering the costs for the HP 

itself, the construction, consulting, electricity related investment costs and for establishing the 

access to the heat source. No investment costs associated to the heat source were assumed for 

the seawater HP. Instead, these costs were added to the piping costs as explained below. The 

investment costs for a DC HP were obtained based on three projects, as explained in Section 

4.2.5. No investment costs were associated to the heat source, the DC network, as explained in 

Section 4.3.5. The investment costs for the DC HP were divided equally between DH and DC. 

The O&M costs were assumed based on [49,122]. Values for electric boilers were obtained from 

[122]. An overview can be found in Table 37. 

Table 37: Investment costs and O&M costs for HPs and electric boiler 

Technology Investment  

costs, M€ 

Ref. O&M costs,  

€/MWh 

Ref. O&M costs,  

€/MW/a 

Ref. 

HP (air) 0.183+0.677 �̇�𝐻 [C2] 1.0 [49] 2000 [122] 

HP (gw) 0.500+0.640 �̇�𝐻 [C2] 2.0 [49] 2000 [122] 

HP (sew) 0.478+0.550 �̇�𝐻 [C2] 1.3 [49] 2000 [122] 

HP (sea) 0.183+0.550 �̇�𝐻 [185],[C2] 1.3 [49] 2000 [122] 

HP (DC) 2.136+0.541 �̇�𝐻 [49,86,101],[C2] 2.0 [49] 2000 [122] 

Electric boiler 0.060 �̇�𝐻 [122] 0.5 [122] 1020 [122] 

Investment costs for cooling plants 

The investment costs for chillers, free coolers and other additional costs were taken from [84]. A 

pinch point temperature difference of 3 K was assumed for free cooling, as explained in Section 

3.2.6. If groundwater was used for free cooling, the free cooler could only be used for pre-cooling, 

because of the temperature levels of groundwater and the DC network. Therefore, the free cooler 

would be dimensioned for pre-cooling the DC return water from 16 °C to 13 °C, while the free 

coolers of the other heat sinks could be dimensioned to cool the DC return water fully from 16 °C 

to 6 °C. This would have an impact on the heat exchanger dimension. Therefore, the free cooler 

investment costs based on groundwater were increased by 10/3 to account for the larger heat 

transfer area required due to the lower temperature difference. The electricity-related investment 

costs were derived from [C2] by converting the heating capacity into cooling capacity for each 

sink based on Eq. (84). An overview can be found in Table 38. The O&M costs were assumed to 

be 2 % of the total investment costs of the cooling plant and 3 % if groundwater was used [84].  
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�̇�𝐶 = �̇�𝐻
(COP𝑑 − 1)

COP𝑑

COP𝑑,𝑐

(COPd𝑑,𝑐 + 1)
 (84) 

 Table 38: Investment costs for cooling plant 

Technology Investment costs, M€ Ref. 

Chiller 0.268 �̇�𝐶 [84] 

Chiller (gw) 0.671 �̇�𝐶 [84] 

Free cooler 0.067 �̇�free [84] 

Free cooler (gw) 0.447 �̇�free  

Other additional costs 0.134 �̇�𝐶 [84] 

Consulting costs 0.150 [C2] 

Electrical installations 0.011+0.129 �̇�𝐻 [C2] 

Investment costs for piping 

The investment costs for piping depended on the purpose. Sewage water was accessed 2000 m 

away from the DH network. It was assumed that the HP would be placed next to the sewage 

water treatment plant and that DH pipes would be installed between the HP and the DH network. 

Reference [148] provides investment costs for DH pipes in Denmark that depend on the pipe 

diameter. A maximum velocity of 2 m/s for the water flow in pipes was assumed between the heat 

source and the DH and/or DC network. This allowed calculating the investment costs of DH pipes 

depending on the volume flow rate. An overview can be found in Figure 59. For the case of using 

sewage water, it was assumed that 5 % of the thermal energy transported between the HP at the 

sewage water treatment plant and the DH network would be lost along the 2000 m DH pipe. 

 

Figure 59: DH piping costs depending on the volume flow rate (based on [148]) 

For the remaining heat sources, the HP would be placed near the DH network. Pipes transporting 

the heat source would be required in those cases. These are typically much larger in diameter 

due to the low fluid temperatures. For groundwater as the heat source, the piping costs were 

obtained from [84]. However, the dependency of the costs on the capacity was neglected, 

because the pipe length was with 20 m very small. Therefore, the main contribution will come 

from the installation of the pipes, not necessarily from the pipe diameter. The investment costs 

for accessing seawater in Nordhavn were investigated by the local utility company HOFOR. These 

costs include the required piping costs to access the seawater in approximately 2500 m from the 

planned HP location [186].  

The investment costs for piping concerning heat sinks for DC were assumed to differ from the 

ones for heat sources and DH to some extent. For sewage water, the transported fluid, either the 

sewage water or the DC water, has a much lower temperature than the DH temperatures. For 

seawater, the estimated piping costs for the use as heat source took into account the large volume 



 

 

110 Optimal Integration of District Heating, District Cooling, Heat Sources and Heat Sinks 

flow rates.  These were required to allow a small temperature difference at the evaporator to avoid 

freezing of the cooled seawater at the outlet, e.g. 3 K. This problem does not occur, when 

seawater is used as heat sink. The volume flow rate can be much smaller, while the temperature 

difference can be a few times larger, e.g. 6 K. A comparison of the piping investment costs for 

seawater for DH and DC for the case of 2500 m pipe length, a COP of 4 for heating and a COPc 

of 8 for cooling can be found in Figure 60. The COPs were used to convert the heating and cooling 

capacity into heat source capacity using Eq. (35) and Eq. (36). For groundwater, the same costs 

were assumed as if it was used as heat source. An overview can be found in Table 39.  

 

Figure 60: Comparison of piping costs for seawater used for DH and DC (based on [84,186]) 

Table 39: Investment costs of additional piping for heat sources/sinks 

Parameter Supply Investment costs Unit Pipe length Unit Ref. 

Pipe (sew) DH (505+3.1 �̇�𝐻)𝐿pipe € 2000 m [148] 

Pipe (sea) DH 3.758+0.161�̇�𝐻 M€ 2500 m [186] 

Pipe (gw) DH/DC 403Lpipe € 20 m [84] 

Pipe (sew/sea) DC 67,114�̇�𝐶+403Lpipe € 2000/2500 m [84] 

In addition, an investment cost of 4.53 Mio. € was assumed for the DH network that has to be still 

established in the new development area. This amount did not affect the optimization. It was only 

added to the economic parameters. No costs were assumed for the DC network, because the 

pipes had already been installed.  

Shared investment costs for district heating and cooling 

For the simultaneous supply of district heating and cooling (DHC), it was assumed that certain 

investment costs could be saved, if a HP and a cooling plant would be installed that use the same 

source/sink. These were the investment costs independent of the installed capacity for piping 

(403 €/m), for electrical installations (10,850 €), for the heat source (295,690 € for sewage water, 

317,120 € for groundwater and 5.5 € for air) and 25 % of the total consulting costs of both projects 

(75,000 €). 
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Investment costs for storage 

The investment costs of storages can be found in Table 40. Costs for hot-water storage tanks 

depending on the volume were obtained based on data found in [187], which are shown in Figure 

61. The costs for cold-water storage tanks were taken from [84].  

Table 40: Investment costs of hot- and cold-water storage 

Parameter Investment costs Unit Ref. 

Hot-water storage 204,585+87.236 𝑉st € [187] 

Cold-water storage 201.34 𝑉st € [84] 

 

Figure 61: Investment costs of hot water steel tanks in Danish DH networks (based on [187]) 

Lifetime and discount rate 

All investment costs were annualized assuming a discount rate of 4 % and a lifetime of piping, 

HPs, chillers and coolers, storage and electric boilers of 30 years, 25 years, 25 years, 25 years 

and 20 years [122,188], respectively. Only part of the investment was taken into account for 

equipment that had a longer lifetime than the HPs. On the contrary, additional investments were 

required for the electrical boiler due to its shorter lifetime.  

Costs related to electricity consumption 

Hourly day-ahead electricity prices for the region DK2 were taken from Nord Pool for the year 

2018 [143]. An overview can be found in Figure 62. In 2018, the mean value was 46.20 €/MWhel, 

the minimum was −15.00 €/MWhel and the maximum was 255.02 €/MWhel. 

 

Figure 62: Hourly (black) and sorted (red) day-ahead electricity prices for DK2 for 2018 [143] 
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Electricity taxes, system and transmission fees were applied. Distribution fees valid for 2019 as 

Type B customer were applied for the network of Radius, using a weighted mean value of the 

triple tariff for simplicity [144,189]. The PSO was neglected, as it will be phased out by 2022 [145]. 

Further, the electricity tax will be reduced until 2022 to around 150 DKK/MWh, if electricity is used 

to produce heat for DH [190]. The same costs of electricity were applied for providing DC. An 

overview can be found in Table 41. 

Table 41: Electricity costs 

Parameter Value Unit Ref. 

Nord Pool average price 2018 46.20 €/MWhel [143] 

Electricity tax 20.00 €/MWhel [190] 

Transmission and system tariff 10.74 €/MWhel [147] 

Distribution tariff 13.11 €/MWhel [189] 

Total 90.05 €/MWhel  

CO2 emissions 

Hourly CO2 emissions from the electricity production of the region DK2 for 2018 were used [191]. 

An overview of the CO2 emissions can be found in Figure 63. In 2018, the mean value was 203 

kgCO2/MWhel, the minimum was 21 kgCO2/MWhel and the maximum was 516 kgCO2/MWhel. 

 

Figure 63: Hourly (black) and sorted (red) CO2 emissions from electricity production for DK2 for 

2018 [191] 

9.2.4 Input parameters for auxiliary power consumption 

In order to calculate the auxiliary power consumption, the following additional parameters found 

in Table 42 were used based on various references and assumptions, as described in the 

following. The static head of groundwater was varied between 0 and 120 m, equivalent to the full 

length of the borehole. The water level inside the borehole after test drillings is just below the 

surface. A value of 20 m was assumed to take the reduction of the water level into account during 

pumping. This value complies with the investigations of using groundwater as heat source in 

Nordhavn [100]. A pump being able to overcome a pumping head of 120 m may not be easy to 

find considering a volume flow rate of up to 70 m3/h. Due to the pressure in the groundwater layer, 

the pump may not need to overcome such head, even though it is placed at such depth. The 

pump efficiency was estimated based on performance curves of submersible pumps from a pump 

manufacturer for the given conditions [192]. The loss coefficients were based on a number of 

assumed valves, bends, inlets etc. for the piping to access each heat source [129]. Pipe properties 

were found from literature.  
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Table 42: Input parameters for auxiliary power consumption 

Parameter GW Sew Sea Unit 

Static head inlet 20 0 0 m 

Pressure difference inlet 0.5 0.5 0.5 bar 

Loss coefficient inlet 4.3 8.5 5.8 - 

Loss coefficient outlet 2.5 8.5 2.5 - 

Velocity 2 2 2 m/s 

Pipe length inlet 20 2000 2500 m 

Pipe length outlet 500 2000 500 m 

Roughness factor  0.15·10-3 0.15·10-3 0.15·10-3 m 

Kinematic viscosity  1.31·10-6 1.31·10-6 1.31·10-6 m2/s 

Maximum volume flow rate 70 - - m3/h 

Pump efficiency 0.70 0.70 0.70 - 

9.2.5 Performance indicators  

The case study was evaluated based on the SCOP of heating and cooling, the LCOH, the LCOC 

and generated CO2 emissions. A description of these indicators can be found in Section 3.4. 

9.2.6 Scenario analysis of the optimization model for future Nordhavn 

A thorough scenario analysis of different input parameters was performed for the case of 

simultaneous supply of DH and DC considering DC HPs and shared investments for the area of 

“Future Nordhavn”. The investigated parameters are listed and described in the following.  

Electric peak load boiler 

The impact on the results were investigated by including an electric peak load boiler, as explained 

in Section 3.3.1. 

Pareto frontier 

The optimal supply of DH and DC was investigated by optimizing the annual CO2 emissions and 

the seasonal system performance. This was done by two different multi-objective optimizations 

resulting in Pareto frontiers, described in Section 3.3.4. 

Discount rate 

The discount rate was assumed to be 4 % as stated in [146]. This parameter was changed to 2 

% and 6 %. The importance of this parameter on model results and how literature and economists 

disagree were highlighted in Lund et al. [193].  

Ratio of DC to DH 

The hourly peak heat demand was 40 MW, the one for cooling was 10 MW. This resulted in a 

ratio of cooling to heating peak demand of 0.25. This ratio was changed by multiplying the hourly 

cooling demand during the whole year by a constant factor of 1.5, 2.0, 3.0 and 5.0. This resulted 

in ratios of 0.375, 0.50, 0.75 and 1.25. Evaluated parameters are the production capacities, 

LCOH, LCOC and storage capacity.  

Electricity price 

The electricity price may be difficult to predict over the lifetime of the plant. The one from 2018 

was used with taxes and tariffs that will apply in the coming years. The hourly day-ahead electricity 

price was increased by 20 €/MWhel and 40 €/MWhel. This shows if the optimum selection of 

production capacity would change and how the economic parameters are influenced.  

Distance of seawater access 
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The responsible utility company estimated the investment costs of accessing seawater in 

Nordhavn at a distance of 2500 m of the plant location, as explained in Section 9.2.3.  

These costs may change, when the distance between the plant and the seawater access was 

shorter. It was assumed that the variable costs depending on the HP capacity would remain 

independent of the distance. These costs may be related to the pipe diameter or number of pipes 

needed. The constant parameter of 3.758 Mio. € may change when the pipe length will be 

reduced. It was assumed that 0.3 Mio. € are unavoidable costs that are still required, even though 

the HP location would be next to the seawater access. This value is in the same range as the 

unavoidable costs to access sewage water and groundwater, compare Section 4.3.5. This would 

result in investment costs for piping depending on the pipe length as shown in Figure 65. The 

piping costs depending on the HP capacity were still added in the optimization. The pipe length 

in the optimization was changed from 2500 m to 2000 m, 1500 m, 1000 m, 500 m and 0 m, also 

for the use of seawater as a heat sink. The distance to access sewage water remained at 2000 m. 

 

Figure 64: Investment costs depending on the pipe length for parts of the piping to access 

seawater 

Heat sources and sinks without any distance from location 

In order to identify the most suitable heat sources and sinks for an economic supply of DH and 

DC, any distance of the plant location and the access to heat sources/sinks was disregarded. 

This may be seen as an ideal case. Therefore, piping costs were disregarded. For access to 

seawater, a constant cost of 0.3 Mio. € and a variable costs depending on the HP capacity of 

0.161 Mio. € were assumed, as stated in the previous paragraph and in Section 9.2.3.   

Changed investment costs of large-scale HPs 

Cost correlations of investment costs for large-scale HPs were developed as described in Chapter 

4. As it was stated in Section 1.3.2, the Danish Energy Agency suggested specific total investment 

costs for large-scale HP projects of 0.5 Mio. €/MW to 0.8 Mio. €/MW in 2014 [54] and of 0.8 Mio. 

€/MW to 1.1 Mio. €/MW in 2017. These costs were independent of the chosen heat source. It was 

investigated how the optimization results would change, if the investment costs were chosen as 

1.1 Mio. €/MW. This was done for the case of considering the different pipe lengths as shown in 

Table 39 and for the case described in the previous paragraph without any pipes considered.  
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9.3 Results 

9.3.1 Optimal supply of DH 

The results of the optimization model applied to the DH area of “Future Nordhavn” can be found 

in Table 43.  

Table 43 Economic optimal supply of DH for “Future Nordhavn” 

Parameter GW Sew Total Unit 

Heat pump capacity 5.00 19.19 24.19 MW 

Storage capacity   871 MWh 

Seasonal COP 3.87 4.11 3.89 - 

Levelized costs of heat 38.19 35.66 37.78 €/MWhh 

CO2 emissions 58.33 53.15 56.57 kgCO2/MWhh 

The total annual cost for the DH system and the operation was 3.80 Mio. €. The groundwater HP 

capacity limit was used to its maximum of 5 MW. The remaining heat supply was based on a 

19.19 MW HP using sewage water as the heat source. This corresponds to a volume flow rate of 

the sewage water of 2046 m3/h, which is just below the minimum volume flow rate occurring 

during the year. Together, these capacities correspond to 60 % of the hourly peak heat demand. 

In addition, a large storage with a capacity of 871 MWh was required to cover peak demands and 

to operate the system economically. The storage capacity is equivalent to 22 hours of maximum 

peak load supply. The total heat supply was 105 GWh. The stated system SCOP includes the 

heat loss of the storage and distribution pipe of the sewage HP, while these losses were not 

included for the SCOP of the individual HPs. The proposed system would result in LCOH of 37.78 

€/MWhh and CO2 emissions of 56.57 kgCO2/MWhh.  

How the different components contribute to the LCOH can be found in Figure 65. As shown, a 

large proportion originates from electricity costs (26 %), related fees (16 %) and taxes (14 %). 

Another large contribution is the investment costs of the HPs with around 24 %. Even though the 

storage is large, the contribution to the LCOH is comparably small (5 %). The remaining parts 

correspond to 7 % for the expansion of the DH network, 8% for the piping to access the heat 

sources and 1 % for maintenance costs.  

 

Figure 65: Levelized costs of heat for the optimal solution supplying DH 
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9.3.2 Alternative solutions besides the economic optimum 

All possible combinations of HP capacities resulting in the same total HP capacity of 60 % of the 

hourly peak heat demand were analysed. For this, the heat source proportions were varied. The 

results are presented in Figure 66 and Figure 67, showing the SCOPSys of the system and the 

LCOH indicated by the different colours.  

The results are presented in the same way as in Section 7.3.5 in form of ternary diagrams. Four 

ternary diagrams are presented, since four different heat sources were analysed. They form a 

pyramid with the pyramid’s surfaces showing the proportions of three different heat sources. 

Proportions of all four heat sources would be the inside of the pyramids, the pyramid volume. A 

cut of the pyramid is shown so that all four sides are visible. Solutions based on a single heat 

source are shown in the corners of each of the four ternary diagrams.  

The heat source proportions of any location inside the diagrams can be identified by the coloured 

lines according to the heat source. 100 % correspond to 60 % total HP capacity of the hourly peak 

heat demand, so 24 MW. The area covered by the thick purple lines indicate groundwater HP 

capacities above the set limit in the optimization of 5 MW (equivalent to a proportion of 20 %). 

The most economical solution is indicated as a black dot. As shown in Figure 67, the optimization 

model identified the most economical solution. However, the highest SCOP would be obtained 

with only sewage water as the heat source, as shown in Figure 66.  

 

Figure 66: Seasonal COP of the system for variations of heat source proportions  
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In order to obtain a system with high performance, the sewage water proportion should be above 

40 %, the proportion of air below 25 % and the seawater and groundwater proportions be adjusted 

accordingly. In terms of LCOH, the groundwater proportion should be maximized, if possible. For 

a constraint of 5 MW groundwater HP capacity, sewage water should be used. Also, an air 

proportion of up to 30 % results in low costs. This shows that a combination of different kinds of 

heat sources can be competitive compared to the use of a single heat source.  

The investment costs to access seawater are very large independent of the capacity (2.5 km 

piping). Therefore, the solution should either be avoided, used to a large extent (proportion above 

90 %) or be used to a small extent (<10 %) in combination with sewage water (>70 %) and ambient 

air (<20 %) in order to achieve low costs. If seawater was used as the only heat source, the LCOH 

would be 39.04 €/MWh. This is only 1.26 €/MWh more expensive than the most economical 

solution. A large part of these costs is related to the piping to access seawater in 2500 m. If these 

costs could be reduced, seawater may be a cost-competitive alternative.   

 

Figure 67: Levelized costs of heat for variations of heat source proportions 

9.3.3 Auxiliary power consumption 

The LCOH of the solution considering auxiliary power consumption were 38.05 €/MWh and 

therefore only 0.27 €/MWh higher than the LCOH of the economic optimization model without it. 

This shows that the auxiliary power consumption has a minor impact. Considering the HP 

capacities of the most economical solution, the auxiliary power consumption of the groundwater 
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pumps and the pumps for transporting the DH water from the sewage water HP to the DH network 

and back is small compared to the electricity consumption of the HPs. The proportion for the 

groundwater pump is 4.3 % and for sewage water, it is only 0.9 %. The pump work of DH water 

is lower than for groundwater due to density differences.  

How the proportion of the power consumption of the groundwater pumps increases and how the 

total power consumption of the groundwater HP decreases with an increase in static head until 

the maximum depth of the groundwater borehole are shown in Figure 68. As shown, the 

proportion of auxiliary power consumption increases from 1.6 % for no static head to 13.1 % for 

a 120 m static head. As explained in Section 9.1, such high pumping head will not be required. In 

the same time, the groundwater HP was operated fewer times with a higher static head due to 

the increased auxiliary power consumption as shown in Figure 68. The total electricity 

consumption decreased from 4.83 GWh to 3.42 GWh annually for an increase in static head. 

Consequently, the LCOH increased for the worst case of 120 m static head to only 38.30 €/MWh. 

 

Figure 68: Proportion of auxiliary power consumption of groundwater pumps (blue) and total 

power consumption of groundwater HPs (red) 

9.3.4 DH & DC supply separately  

The total annual cost were 4.19 Mio. € for separate supply of DH and DC. The most economical 

supply of DH was the same as described in Section 9.2.5. Therefore, only 0.39 Mio. € are 

associated with DC. The results of the optimal supply of DC may be found in Table 44.  

Table 44: Economic optimal supply of DC for “Future Nordhavn” 

Parameter Air Total Unit 

Chiller capacity 3.55 3.55 MW 

Free cooling capacity 1.14 1.14 MW 

Cold storage capacity  55 MWh 

Seasonal COPc 10.21 10.21 - 

Levelized costs of cooling 24.52 24.52 €/MWhc 

CO2 emissions 16.97 16.97 kgCO2/MWhc 

The optimal chiller and free cooler capacities were found to be 3.55 MW and 1.14 MW, 

respectively. This corresponds to 47 % of the hourly peak cooling demand. Both units were based 

on ambient air. Together with the storage, 16 GWh of DC would be supplied annually. The SCOP 
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due to free cooling would be 10.21. Because of the low electricity consumption of the free coolers, 

the CO2 emissions are quite low. The total CO2 emissions based on electricity consumption of the 

system would be 5953 t. The SCOPH+c of the whole system considering the supply of DH and DC 

would be 4.25.  

The hourly supply of DH and DC over the whole year can be found in Figure 69 and Figure 70, 

respectively. As shown in Figure 69, the groundwater and sewage water HPs were operated to 

their full capacity almost the whole time from December to April. During some hours, the storage 

was discharged and the operation of the HPs paused. This is indicated when the area below the 

head demand was not fully filled by colours. The sewage water HP was used in combination with 

storage during the rest of the year. The sewage water HP was operated for a few hours at full 

load to charge the storage, when the COP was the highest. Then, the storage was discharged for 

the next hours until the next re-charge.  

The supply of DC is shown in Figure 70. The free cooler was dimensioned according to the 

ambient air temperature variations over the year. This resulted in a capacity that could supply the 

base load of 1 MW during the cold season from mid-November until April. During the rest of the 

year, the free cooler was only used when it was possible according to the ambient temperature. 

The energy that could be provided was limited by the design mass flow rate and the temperature 

difference between the DC return water and the ambient air temperature. The remaining part was 

supplied by mechanical cooling in combination with the cold storage. The storage was used to 

reduce the chiller capacity considerably. Thereby, the chiller was operated often in full load to 

supply a part of the cooling demand during the day and to charge the storage during the night.  
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Figure 69: Heat demand and supply for DHC without DC HP 
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Figure 70: Cooling demand and supply for DHC without DC HP 
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9.3.5 District heating and cooling supply with DC HP  

The total annual cost resulted in 4.09 Mio. € for the DHC system and their operation, which is 

100,000 € less than for the case without a DC HP. The SCOPH+c of the system is 4.47 considering 

heating and cooling supply and the total electricity consumption, which is 0.22 higher than for the 

case of separate supply of DH and DC. The total CO2 emissions based on electricity consumption 

of the system would be 5677 t. Therefore, this solution considering a DC HP is not only cheaper, 

but also more efficient and more sustainable than the separate supply of DH and DC. The results 

of the optimization are shown for the DH in Table 45 and for the DC part in Table 46.  

Table 45: DH supply with DC HP for “Future Nordhavn” 

Parameter GW Sew DC Total Unit 

Heat pump capacity 5.00 17.13 4.45 26.58 MW 

Hot storage capacity    935 MWh 

Seasonal COPh 3.87 4.06 3.96* 3.87* - 

Levelized costs of heat 38.95 38.43 21.43 36.39 €/MWhh 

CO2 emissions 59.88 55.80 22.72 51.72 kgCO2/MWhh 

*The benefit of supplying heating and cooling simultaneously was not considered. 

Table 46: DC supply with DC HP for “Future Nordhavn” 

Parameter Air DC Total Unit 

Chiller capacity 0.22 3.33 3.55 MW 

Free cooling capacity 0 0 0 MW 

Cold storage capacity   55 MWh 

Seasonal COPc 7.23 2.96* 3.02* - 

Levelized costs of cooling 69.30 26.04 27.39 €/MWhc 

CO2 emissions 25.37 30.38 30.23 kgCO2/MWhc 

*The benefit of supplying heating and cooling simultaneously was not considered. 

As shown, the groundwater HP capacity remained unchanged, while the capacity of the sewage 

water HP was reduced by around 2 MW. In addition, the DC HP was introduced with a capacity 

of 4.45 MW for heating and 3.33 MW for cooling. Consequently, the total HP capacity as well as 

the hot storage capacity increased. In addition to the DC HP, a small air source chiller of 0.22 

MW capacity supplied DC. No free cooling was required, because of the DC HP that was in 

operation instead, as shown in the yearly operation of DH and DC presented in Figure 71 and 

Figure 72, respectively. 
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Figure 71: Heat demand and supply for DHC with DC HP 
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Figure 72: Cooling demand and supply for DHC with DC HP 
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9.3.6 District heating and cooling supply with shared investments  

The total annual cost resulted in 4.08 Mio. € for the DHC system and operation considering shared 

investments. This is 16,000 € less than the case with a DC HP and 110,000 € less than the case 

without a DC HP. The SCOPH+c of the system is 4.48 considering heating and cooling supply and 

the total electricity consumption, which is similar to the one of the system with DC HP. The total 

CO2 emissions based on electricity consumption of the system would be 5681 t, which is also 

similar to the amount with DC HP. Based on the assumptions on what investment costs could be 

saved, the benefit is comparably small. Due to the savings in investment costs, a groundwater 

chiller was considered instead of one based on ambient air. The annual operation are not shown 

here, because they look very similar to the ones found in Figure 71 and Figure 72. 

Table 47: DH supply with shared investments for “Future Nordhavn”  

Parameter GW Sew DC Total Unit 

Heat pump capacity 5.00 16.90 4.50 26.40 MW 

Hot storage capacity    989 MWh 

Seasonal COPh 3.87 4.06 3.96* 3.87* - 

Levelized costs of heat 37.80 38.39 21.64 36.21 €/MWhh 

CO2 emissions 59.88 55.89 22.74 51.81 kgCO2/MWhh 

*The benefit of supplying heating and cooling simultaneously was not considered.  

Table 48: DC supply with shared investments for “Future Nordhavn” 

Parameter GW DC Total Unit 

Chiller capacity 0.19 3.36 3.55 MW 

Free cooling capacity 0 0 0 MW 

Cold storage capacity   55 MWh 

Seasonal COPc 10.50 2.96* 3.04* - 

Levelized costs of cooling 67.44 26.13 27.51 €/MWhc 

CO2 emissions 16.30 30.41 29.95 kgCO2/MWhc 

*The benefit of supplying heating and cooling simultaneously was not considered. 

9.3.7 Scenario analysis of the optimization model for future Nordhavn   

Considerations of including an electric peak load boiler as well as an optimization towards 

minimum CO2 emissions and maximum performance are described in the following. Afterwards, 

the results of the scenario analysis are shown for the change of different input parameters.  

Electric peak load boiler 

The results of the optimization changed when an electric peak load boiler was considered. The 

total annual cost were 4.03 Mio. € and were thereby 50,000 € cheaper than the solution without 

such peak load production unit. The SCOP of the system is 4.30 considering heating and cooling 

supply, which is 0.18 lower than the one without electric boiler. An overview can be found in Table 

49 and Table 50. As shown in Table 49, an electric peak load boiler of 6.05 MW capacity was 

suggested. When comparing the solution with the ones from Section 9.3.6, it may be seen that 

the HP using sewage water as the heat source has a decreased capacity of 1.46 MW and the HP 

based on DC has a reduced capacity of 0.45 MW. In addition, the hot water storage will become 

much smaller than previously with a reduction in capacity of 732 MWh. The new storage capacity 

is only 35 % of the one before. The LCOH of the electric peak load boiler are around four to five 

times larger than the use of HPs, because of the low COP and low operating hours supplying only 
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1.3 % of the total heat demand. Due to the low performance, the CO2 emissions during operation 

are very high. As shown in Table 50, the impact of considering a peak load unit for DH production 

has only a small impact on the DC side. The DC HP has a smaller capacity. Therefore, a chiller 

based on ambient air was suggested to use instead of one based on groundwater.  

Table 49: DH supply with shared investments considering electric peak load boiler for DH 

Parameter GW Sew DC Peak Total Unit 

Heat pump capacity 5.00 15.44 4.05 6.05 30.54 MW 

Hot storage capacity     257 MWh 

Seasonal COPh 3.87 4.07 3.96* 1.00 3.73* - 

Levelized costs of heat 35.81 36.02 19.94 148.71 35.55 €/MWhh 

CO2 emissions 61.42 56.78 22.95 244.05 55.43 kgCO2/MWhh 

*The benefit of supplying heating and cooling simultaneously was not considered.  

Table 50: DC supply with shared investments considering electric peak load boiler for DH 

Parameter Air DC Total Unit 

Chiller capacity 0.69 3.03 3.72 MW 

Free cooling capacity 0 0 0 MW 

Cold storage capacity   49 MWh 

Seasonal COPc 7.13 2.96* 3.09* - 

Levelized costs of cooling 62.50 25.44 28.61 €/MWhc 

CO2 emissions 27.18 30.70 30.45 kgCO2/MWhc 

*The benefit of supplying heating and cooling simultaneously was not considered. 

Pareto frontier: minimum costs vs. minimum CO2 emissions 

The Pareto frontier for minimizing CO2 emissions and total annual costs can be found in Figure 

73. 

 

Figure 73: Pareto frontier of annual CO2 emissions and total annual costs 

As shown, the Pareto frontier identified different solutions compromising minimum total annual 

costs and annual CO2 emissions based on electricity consumption. If the focus were to emit fewer 

CO2 emissions, then the total annual costs would increase accordingly. By increasing the annual 

costs to e.g. 4.36 Mio. € (green dot), the annual CO2 emissions would be decreased to 4840 t. 
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The changes of the new optimum (green dot) compared to the optimum described in Section 9.3.6 

(red dot) can be found in Table 51 and in Table 52. As shown, the same heat sources and heat 

sinks were chosen. However, the capacities were larger in order to operate according to the hourly 

CO2 emissions from electricity production. The result can be seen on the reduced CO2 emissions. 

Consequently, the investment costs would be larger and therefore the total annual costs. The 

performance was not influenced.  

Table 51: Absolute change of parameters for DH with reduced CO2 emissions 

Parameter GW Sew DC Total Unit 

Δ Heat pump capacity +0 +4.82 +1.14 +5.96 MW 

Δ Hot storage capacity    -33 MWh 

Δ Seasonal COPh +0 +0 +0* +0* - 

Δ Levelized costs of heat +1.68 +2.77 +1.37 +2.55 €/MWhh 

Δ CO2 emissions -6.89 -7.49 -5.64 -7.21 kgCO2/MWhh 

*The benefit of supplying heating and cooling simultaneously was not considered.  

Table 52: Absolute change of parameters for DC with reduced CO2 emissions 

Parameter GW DC Total Unit 

Δ Chiller capacity +0.04 +0.85 +0.89 MW 

Δ Free cooling capacity +0 +0 +0 MW 

Δ Cold storage capacity   +4 MWh 

Δ Seasonal COPc +0 +0* +0.03* - 

Δ Levelized costs of cooling −10.62 +1.73 +1.71 €/MWhc 

Δ CO2 emissions +0.45 −7.54 −7.37 kgCO2/MWhc 

*The benefit of supplying heating and cooling simultaneously was not considered. 

Pareto frontier: minimum costs vs. maximum performance  

The Pareto frontier for maximizing performance and minimizing total annual costs can be found 

in Figure 74.  

 

Figure 74: Pareto frontier of system performance and total annual costs 

As shown, the SCOPH+c can be improved from 4.48 to 4.63. However, the additional total costs 

of 20 Mio. € annually would not be reasonable. Instead, it may be possible to purchase HPs 

operating at higher COP for a smaller additional cost. The annual SCOP could be improved by 
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0.025 spending additional 200,000 € annually (red dot). Any further improvement seems 

unreasonable. 

Discount rate 

If the discount rate is reduced from 4 % to 2 %, the choice of heat sources and heat sinks 

remained the same. The total annual costs decreased from 4.08 Mio. € to 3.72 Mio. €.  

If the discount rate is increased to 6 %, then the selection of heat sources changed. A HP based 

on ambient air was chosen instead of the one based on sewage water. When the discount rate 

increases, the annualized investment costs become higher, compare also Eq. (3). Therefore, 

solutions based on heat sources that require higher investment costs compared to the use of heat 

sources that are cheaper to establish may have a disadvantage for high discount rates. The often 

better performance may not compensate the increased investment costs.   

Ratio of DC to DH 

An overview of how the LCOH, LCOC and storage capacity change for changes in the ratio of 

hourly peak demand for cooling to the one for heating is shown in Table 53. The reference case 

is the one with a DC to DH ratio of 0.25.  

Table 53: LCOH, LCOC and storage capacity depending on the ratio of DC to DH peak demand 

DC/DH ratio 0.25 0.375 0.5 0.75 1.25 Unit 

Levelized costs of heating 36.21 35.38 34.61 33.10 30.30 €/MWhh 

Levelized costs of cooling 27.51 27.25 26.93 26.70 26.48 €/MWhc 

Hot storage  989 798 808 769 750 MWhh 

Cold storage  55 75 96 143 237 MWhc 

As shown an increase in the DC demand would lead to lower costs for the heating as well as the 

cooling side. The cold storage capacity will increase, while the hot storage capacity will decrease. 

The reasons may be found when analysing the impact of a changed ratio of DC to DH on the 

production capacities shown in Figure 75.  

As shown, sewage water is not selected as heat source anymore for an increased DC to DH ratio. 

Instead, ambient air was chosen, because it can be used for heat pumping and cooling purposes. 

The groundwater HP capacity remains unchanged. The air cooled chiller capacity and the 

capacity of the DC HP increase for an increased ratio to cover the larger DC demand. The air-

source HP capacity decreases with an increased ratio, because the DH demand remains as its 

original level. Less capacity of this type is required, since the DC HP capacity increases. Due to 

the low costs and high efficiency, the LCOH and LCOC decrease for higher ratios, as shown in 

Table 53. The operation of the DC HP ensures a sufficient and efficient supply of DH at a constant 

level. That is why the hot water storage capacity may be reduced.  
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Figure 75: Production capacities depending on the ratio of DC to DH peak demand 

Electricity price 

It was found that the most economical solution remained the same in terms of production 

capacities of HPs and refrigeration plants differentiated by the source/sink. The LCOH increased 

from 36.31 €/MWhh to 40.86 €/MWhh and 45.51 €/MWhh for an increased electricity price of 20 

€/MWhel and 40 €/MWhel. This is equivalent to an increase of 4.6 €/MWhh for an increase of 20 

€/MWhel.The LCOC increased by 3.34 €/MWhc for an increase of 20 €/MWhel. 

Distance of seawater access 

It was found that the same heat sources and production capacities were chosen for a pipe length 

of 2000 m between the plant location and the seawater access. For pipe lengths of 1500 m and 

below, seawater was chosen instead of sewage water as the heat source for HPs. The HP 

capacity remained the same. In addition, seawater was also used as a heat sink instead of 

groundwater. If the pipe length was 0 m, the LCOH decreased slightly to 34.83 €/MWh.  

Heat sources and sinks without any distance from location 

If no piping was considered, the most economical supply of DH would be based on a 24.08 MW 

HP using sewage water and a 4.19 MW DC HP, while DC is supplied by a 0.44 MW chiller using 

sewage water as the heat sink and by the DC HP with 3.13 MW cooling capacity. The hot and 

cold storages would have a capacity of 595 MWh and 54 MWh. Groundwater was not considered 

anymore. As it was shown in Section 9.3.1, the contribution of the piping costs were 2.85 €/MWh 

out of 37.78 €/MWh, i.e. 7.5 %. The largest contribution resulted from the piping to and from the 

sewage water treatment plant. Without these costs, groundwater was disregarded and the HP 

capacity based on sewage water increased.  

Changed investment costs of large-scale HPs 

If the investment costs were changed to the same value independent of the heat source, the most 

economical supply of DH and DC was based on different heat sources and sinks than previously 

found, as shown in Table 54. Instead of choosing sewage water, ambient air was selected as the 

heat source for a 17.54 MW HP. The DC HP capacity was reduced by 33 %. The LCOH increased 

by 5.67 €/MWhh.  
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Table 54: Results for total HP investment costs of 1.1 Mio €/MW and piping 

Parameter GW Air DC Total Unit 

HP capacity 5.00 17.54 2.99 25.53 MW 

Chiller capacity 0 1.32 2.23 3.55 MW 

Levelized costs of heating 41.31 48.62 19.64 41.88 €/MWhh 

Levelized costs of cooling 0 52.09 23.11 27.27 €/MWhc 

If no piping was considered in addition, seawater was chosen as the heat source for a 15.48 MW 

HP, as shown in Table 55. Ambient air and sewage water were both disregarded. The LCOH 

were also higher than for the case of considering the investment costs of large-scale HPs based 

on the findings from Chapter 4.  

Table 55: Results for total HP investment costs of 1.1 Mio €/MW and no piping 

Parameter GW Air Sea DC Total Unit 

HP capacity 5.00 0 15.48 2.55 23.03 MW 

Chiller capacity 0 1.64 0 1.91 3.55 MW 

Levelized costs of heating 43.95 0 43.31 19.62 39.68 €/MWhh 

Levelized costs of cooling 0 43.31 0 22.61 27.25 €/MWhc 

9.4 Discussion 

As it was stated in Section 3.2.3, the regulation of using DH and DC combined has been subject 

to changes in the last years. It can be combined when exploiting synergies and for energy efficient 

cooling. How the investment costs are shared between the DH and DC side may require special 

care. Examples of such projects are Tårnby and Høje Taastrup [54,86].  

Part-load behaviour of HPs and chillers was not included in the optimization. As it was shown in 

Section 0, the COP of the HP did not change considerably for part-load operation between 25 % 

and 100 %. In addition, a minimum requirement was set of installing at least 1 MW of HP capacity 

for each heat source, when considering it as part of the optimal solution. The optimal solutions 

found in Section 9.3 were based on HP capacities between 4.45 MW and 19.19 MW.  The HPs 

required to supply heat up to 19.19 MW would be based on several units of up to maximum 8 MW 

for each unit, which is currently the limit for large-scale HPs based on natural refrigerants [161]. 

In the same time, the lowest heat demand occurred in summer in the range of a few MW. This 

would result in part-load operations above 25 % for each HP unit. Furthermore, it is shown in 

Figure 69 and Figure 71 that the HPs were operated in summer mainly on full-load during a few 

hours to charge the storage. In the following hours, the HP was not operated. Instead, the storage 

was discharged to supply the required heat.  

For chillers, it was found in Section 5.3.3 that the COPc changed for part-load operation. However, 

this detail was not included in the optimization model. Apart from using groundwater as heat sink, 

the changes in COPc due to part-load operation of the chillers were moderate. The impact on the 

overall results might be marginal.  

The derived linearizations for COP and COPc are based on a specific HP and chiller models. They 

were used in the optimization to minimize the deviations in performance compared to actual 

models or plants. This was done for obtaining the most accurate model results for the specific 

case study. As it was shown in Chapter 6, implementing other COP estimation methods in the 

optimization model would lead to accurate results, too.  

Year 2018 was used as a reference year for collecting data of heat source temperatures and heat 

demand. This year was a very hot year and much warmer than other years. Therefore, the optimal 

solution may be influenced by these conditions. For dimensioning purposes, it could also be an 
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option to use the DRY representing typical weather conditions for Danish regions. This was 

disregarded for this case study, because data based on the DRY was not available for all collected 

information.   

The case study aimed at representing how Nordhavn could be supplied in 2035. The calculated 

CO2 emissions were based on hourly values for 2018. The Danish government plans to have 100 

% fossil free power generation in Denmark in 2030 [194]. Copenhagen should be carbon neutral 

in 2025 [17]. Therefore, the CO2 emissions from operating the HPs should be zero by that time.  

The investment and O&M costs of the DC HP were divided equally between DH and DC. Another 

allocation of costs could be possible, e.g. based on supplied heating and cooling. The optimization 

would not be influenced by that, because the total costs including both costs for DH and DC were 

minimized.  

Land area required for the HPs, heat source access and auxiliary equipment was not analysed. 

This may vary depending on the heat source. For ambient air, evaporators may require 102 

m2/MW [3]. This can be a limiting factor in densely populated areas.  

9.5 Summary 

The supply of DH alone and in combination with DC has been assessed for the new development 

area of Nordhavn. Ambient air, groundwater, sewage water, seawater and the DC network were 

considered as potential heat sources for large-scale HPs to supply 51 GWh DH and 16 GWh DC 

annually.  

It was found that a 5 MW groundwater HP and a 19.19 MW sewage water HP would be the most 

economical solution for the supply of DH. This solution and possible alternatives were analysed 

in detail. Ternary diagrams showed the difference in LCOH and SCOP compared to the optimal 

solution. Furthermore, the impact of auxiliary power consumption on the economic optimum was 

investigated and found to be negligible.  

Considering the supply of DH and DC separately, it was found that a 3.55 MW chiller and a 1.14 

MW free cooler should supply DC at an annual total cost of 4.19 Mio. €. These costs could be 

reduced to 4.09 Mio. €, if a DC HP was considered. Total annual costs of 4.08 Mio. € were 

obtained, if parts of the investment costs could be saved, when planned simultaneously.  

A detailed scenario analysis was performed that showed how the optimal solution might change 

according to the assumed input parameters. The Pareto frontier identified how much more a 

solution would cost that is more sustainable or more efficient. Considering an electric peak load 

boiler resulted in slightly lower total annual costs than without it. On the contrary, the CO2 

emissions and the performance decreased. This shows that a system only based on HPs and 

storage is possible. The required storage capacity was considerably larger than if an electric peak 

load boiler was considered.   

It was further shown that the boundary conditions of accessing a source/sink could influence the 

decision of choosing one source/sink over another. Seawater had to be accessed in 2500 m 

distance, sewage water in 2000 m distance. Seawater was chosen below a distance of 2000 m. 

If no piping for any sources and sinks was assumed, a large sewage water HP was again chosen 

over a seawater HP. Considering the same investment costs of large-scale HPs independent of 

the heat source, resulted in a different selection of heat sources. This could lead to suboptimal 

solutions.    
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10. Discussion 

Despite the efforts of developing an optimization model, that represents HP and refrigeration 

performance well during the year, the model contains certain limitations, which were not 

addressed within this PhD thesis. Some of these aspects were already described in the Sections 

4.4, 5.4, 6.4, 7.4, 8.4 and Section 9.4. In the following, the modelling approach and further 

limitations are discussed. 

Defrosting of the evaporator of air-source HPs and the resulting energy consumption were not 

included. Different defrosting methods are described and modelled in Jensen and Jespersen 

[195]. The research is ongoing and the modelling approach complex. The impact on the overall 

investment decisions may be small. Therefore, it was decided not to include energy consumption 

from defrosting.  

The distributions tariffs for the use of electricity from the grid for the case of Nordhavn were based 

on a Type B customer connected to the 10 kV network. For large HP capacities, grid 

reinforcements may be required. This could also require connecting the HPs to the 30 kV grid. 

These additional costs were not included. The distribution tariff consists of three different prices. 

Which of the three prices shall be paid for a certain hour depends on the time of the year, 

weekdays, public holidays and hour of the day [189]. This was not included in the model. A 

weighted mean value was used all year according to [144]. The impact of considering the triple 

tariff or not was assessed for CHP plants by Andersen and Østergaard [196].  

Storage was modelled by storing certain amounts of energy in form of hot or cold water. A 

stratified storage tank and temperature losses were not considered. Heat loss was assumed as 

a loss in energy content, not as a reduction in temperature. If heat would be stored at a certain 

temperature, reheating or storing heat at a higher temperature may be required. This could have 

an impact on the COP or would require e.g. an electric boiler to boost the temperature to the 

required level of the supply temperature.    

Start-up costs and minimum uptimes were not included in the model. Meesenburg et al. [197] 

showed for a dynamic model of a large-scale ammonia HP that the HP can be ramped up and 

down within a few minutes. The impact on the results of the optimization model based on hourly 

calculations may be small. Therefore, this detail was not included.  

The developed optimization model was applied to a new development district and to an existing 

DH network. The model may be used for areas from other countries with a different climate. The 

information about available heat sources/sinks and the temperatures would have to be updated 

accordingly. The main part of the model may remain.  

The results obtained from the optimization model did not include costs for the DC network and 

only partially costs of the DH network. Including these costs or not would not change the overall 

results of the optimization and choice between different heat sources. An additional constant cost 

would simply be added. Furthermore, the piping of the DH and DC networks were not modelled. 

The aim of the model was to identify optimal production capacities and suitable heat sources and 

heat sinks. It was expected that the pipes would not influence these decisions.  

10.1 Choice of optimization software 

Connolly et al. [198] reviewed 68 existing computer tools and compared 37 of them for using them 

as energy tools to analyse integration possibilities of RES into various energy systems under 

different objectives. Among others, they pointed out which of these tools are freely available, what 

time-step are possible for the calculations, how long the calculation period is and to what 
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geographical area the tool may be applied to. Furthermore it was shown, which tools are suitable 

for simulations and scenario analysis and which tools are able to optimize operation and 

investments.  

Lund et al. [193] described the differences, advantages and disadvantages of optimization models 

and simulation models. They stated that optimization models typically use the current system as 

a starting point and models of that system are very accurate and detailed. Simulation models 

focus often on possible future energy systems and their technologies. The accurate 

representation of the current system is less important.  

For the presented case studies and purpose of the developed model, a wide range of suitable 

heat sources and heat sinks as well as production capacities could lead to a good solution. It was 

important to perform an optimization identifying the optimal investment and operation rather than 

using a simulation model comparing a variety of options in order to identify the most suitable one. 

Depending on the boundary conditions, one set of sources and sinks may be more beneficial to 

use in one case than in the other. After identifying the optimum, similar solutions were analysed 

that could also lead to a good result. In addition, it is expected that proposed solutions would be 

implemented in the near future. Therefore, a model focusing on investment and operation 

optimization was preferred over a simulation model.  

Based on the list of tools presented in Connolly et al. [198] such approach would only be possible 

with nine tools. One of the tools did not consider time steps of one hour. Two of them did not 

consider the heating sector. Information about considering DC was not provided. The remaining 

tools were COMPOSE, EnergyPLAN, Homer and TRNSYS16. BALMOREL and energyPRO 

consider the heating sector only partially. However, energyPRO has been used for this purposes, 

as in Østergaard and Andersen [72]. In addition, the tool MODEST [61] was considered.  

Most of these tools consider a variety of production technologies. However, HPs were presented 

in simplified ways in these tools, as it was shown by studies from Østergaard and Andersen [72], 

Lund et al. [59] and Lund [65]. Instead of implementing changes and modifying these tools, it was 

decided to develop an own optimization model. This was reasonable considering the purpose of 

the presented study and the focus on large-scale HPs and refrigeration plants. It was decided to 

develop the optimization model in the well established modelling software GAMS, which has been 

widely used for optimizations and is advertised as cutting edge modelling [119]. 
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11. Conclusion  

Large-scale HPs are seen as a necessary technology for integrating the power and heating 

sector. This allows the use of fluctuating renewable power to supply DH directly or to store heat 

in available storage capacity. Exploiting such synergies will help decarbonizing the power as well 

as the heating sector in an energy efficient and cost-effective way.  

Current energy planning tools do not include the level of detail required for the integration of heat 

sources and heat sinks in DH and DC networks. Therefore, an optimization model was developed 

in order to identify HP and refrigeration capacities as well as heat sources and heat sinks for 

supplying DH and DC in the most economical way. For this purpose, heat sources and heat sinks 

as well as the representation of required equipment in linear optimization tools were studied in 

detail.  

11.1 Characteristics of heat sources and heat sinks 

Various heat sources were identified that may be used by large-scale HPs or also as heat sinks 

by chillers and free coolers. Examples exists where most of these sources have been used. Heat 

sources were differentiated between natural occurring sources and non-natural ones, which was 

further specified into excess heat from heating or cooling purposes and others. The most relevant 

heat sources are ambient air, seawater, groundwater, lake and river water and drinking water. In 

addition, industrial excess heat, sewage water and DC are relevant heat sources for heating 

purposes.  

Many of the heat sources are influenced by ambient conditions with the tendency of having low 

temperatures in winter and high temperatures in summer. From these, sewage water has the 

highest temperatures, followed by seawater, surface water and ambient air.  

Groundwater, drinking water and the DC water have rather constant temperatures during the 

year. Industrial excess heat depends on the process, but the temperatures are typically higher 

than the ones from the other heat sources.  

Sewage water treatment plants are in every larger city, planned to remain for many decades at 

the same location and clean large amounts of water. Therefore, cleaned sewage water is a 

suitable heat source for large-scale HPs.  

Seawater has large, often described as unlimited, capacity. Cities next to the sea may make use 

of this heat source, when seawater can be accessed near the shore and from several meters 

below the surface. Otherwise, freezing problems might occur and the access can become 

expensive. Seawater may be used for heating and cooling purposes.  

Large HP capacities of several MW based on ambient air as the heat source are possible, but it 

may require 102 m2/MW for the evaporators. In addition, noise protection and defrosting has to 

be considered.  

Based on existing examples and experience, the capacity of groundwater HPs may be limited at 

5 MW per location.  

The use of DC HPs is a very efficient and economical way of supplying heating and cooling 

simultaneously.  

11.2 Investment costs of large-scale HPs 

The information of investment costs of 26 existing large-scale HP projects, 12 offers for HP units 

and 4 project proposals were analysed to gain a better knowledge of the investment and how they 

are allocated. All HPs use natural refrigerants, mainly ammonia. They are used in DH networks 
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in Denmark. The investment costs were divided into costs associated to the HP unit itself, the 

heat source, construction (building, piping), electricity (connection, control, installations) and 

consulting.  

The investment costs of the heat source were specified for ambient air, industrial excess heat, 

flue gas, sewage water, groundwater and DC. For the HP unit, a linear correlation was developed 

for HPs that use flue gas, which are comparably cheap due to the simple design of 1-stage HPs. 

A correlation was also created for DC HPs, which are more expensive than other ones. A third 

correlation was made for the HPs using the other heat sources. It was found that economy-of-

scale effects are rather small, because large plants are built based on several smaller units 

connected in series or in parallel. Correlations were also developed for construction costs and 

electricity related costs. Consulting costs were assumed to be constant.  

The total investment costs depending on the different heat sources were created by summarizing 

the individual contributions. It was found that the HP unit itself contributes with 38 % to 56 % to 

the total investment costs of a HP project. The specific total investment costs are high for HP 

capacities below 2 MW and differ depending on the heat source. The specific costs decrease only 

slightly for HP capacities above 4 MW. It was further found that the DC HP has very high initial 

costs. Specific costs are in a similar range than the other HP projects, once the HP capacity is 

above 8 MW. Groundwater, sewage water and industrial excess heat have high initial costs. Air-

source HPs have low initial costs, but the costs increase and are at a similar level than for the 

other heat sources, when the capacity increases. This is because of the additional 25 % 

evaporator capacity that is typically installed for defrosting purposes in winter.  

These developed cost-correlations give new insights in the investment costs of large-scale HP 

projects. It can be differentiated by the heat source and by the different contributions of the total 

costs. Thereby, better estimations of costs for future HP projects can be made than the ones 

currently found. These correlations can be implemented in linear optimization models.  

In addition, either the total investment costs may be used or correlations of only parts that 

contribute to the total costs. Thereby, the correlations may also be used to estimate the additional 

costs, when an offer from a HP manufacturer is made for the HP unit.  

11.3 Representation of HPs and chillers in energy planning tools 

The performance of HPs and chillers are often represented in a simplified way in energy planning 

tools. This may be in form of assuming a constant COP, a Carnot COP multiplied with a constant 

Carnot efficiency or a Lorenz COP multiplied with a constant Lorenz efficiency. Other estimation 

methods consider the exergy efficiency or are based on typical design values and fitted values 

for HPs. These approaches were analysed in detail and compared to thermodynamic models of 

HPs based on ambient air, groundwater, sewage water and seawater. 

It was found that the COP varies during the year depending on the changes in heat source and 

heating supply temperature. A good representation of COP during the year was obtained for the 

use of the Jensen et al. estimation method. Deviations in COP compared to the thermodynamic 

model were less than 10 % for all heat sources during the whole year. For winter conditions, the 

deviations were even smaller. The other COP estimation methods had deviations of 20 % in 

summer for the use of sewage water and seawater and even 60 % for the use of ambient air.  

These COP estimation methods were then implemented in the developed optimization model. 

The results of the optimization showed that the use of the Jensen et al. method resulted in 

solutions very similar to the ones obtained with the thermodynamic model. In addition, this method 

is less sensitive to variations of input parameters required for the use of this method. The use of 

the other three COP estimation methods resulted in a different selection of heat source for the 
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given case. Furthermore, these methods are more sensitive to uncertainties of their input 

parameters. Especially, a constant COP is not suitable for heat sources and heating supply with 

temperature variations during the year.  

Another way of COP estimation was made based on design conditions of a thermodynamic 

model. Linearizations of COP were developed for changes in heat source temperature, heating 

supply temperature and heat load compared to design conditions. This method was a very 

accurate representation of COP and can easily be implemented in energy planning. However, its 

application was limited due to the specified design conditions. If the design conditions change, 

the parameters of the linearization will most likely not fit for the new condition. A new linearization 

based on a thermodynamic model would be required. The same approach was applied for chillers 

to supply cooling.  

11.4 Application of the optimization model 

The developed optimization model was applied to different case studies of “Existing Nordhavn”, 

“Future Nordhavn” and of Tallinn. The model identified the most economical HP capacities and 

heat sources as well as refrigeration capacities and heat sinks for the supply of DH and DC. The 

model was used for investigating the potential of installing large-scale HP and refrigeration 

equipment in new development districts. In addition, the model was also applied to an existing 

DH network in order to analyse the integration possibilities of large-scale HPs by replacing 

existing natural gas fired boilers.  

It was found that a combination of different heat sources and sinks within one system can be 

competitive compared to the use of a single one. For large DH networks, a combination of heat 

sources is often unavoidable, because of capacity constraints of the heat source or parts of the 

network.  

For Tallinn, a number of heat sources were suggested by the optimization in order to install 122 

MW of total HP capacity. Several of the proposed locations were chosen due to savings based 

on already installed equipment or taxes that can be saved during operation. Due to the current 

electricity mix of Estonia, large-scale HPs did not result in a more sustainable supply of DH 

compared to natural gas boilers. This may change in the coming years.   

For Nordhavn, it was found that the sewage water proportion should be above 40 % in order to 

obtain a system with high performance. The proportion of air should be below 25 % and the 

seawater and groundwater proportions should be adjusted accordingly. Considering the LCOH, 

the groundwater proportion should be maximized, if not constrained. Otherwise, sewage water 

should be used. A proportion of up to 30 % for air as heat source results in low costs, too. 

Seawater was disregarded due to the large distance between the access point and the plant 

location.  

It was found that the supply of DH and DC partially based on a DC HP can save up to 100,000 € 

annually for the case of “Future Nordhavn”. Additional 16,000 € per anno may be saved when 

certain investments can be used for supplying both DH and DC. 

Considering an electric peak-load boiler would result in total annual costs that are 50,000 € 

cheaper than the previous case. However, the CO2 emissions based on the electricity 

consumption would be 6.6 % larger resulting in 6054 t annually, even though the electric peak 

load boiler is only in operation to cover 1.3 % of the heat demand.  

The Pareto frontier regarding CO2 emissions and costs showed that a large reduction in annual 

CO2 emissions is possible for increased investments.  

A detailed scenario analysis of critical input parameters was performed to investigate the impact 

of parameter variations on the model results. It should be pointed out that the optimization based 
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on investment costs for large-scale HPs independent of the heat source resulted in a different 

selection of optimal heat sources. This can lead to investment into suboptimal solutions.  

11.5 Future work 

Apart from the points listed in the discussions, the following points may be considered for future 

work.  

The cost correlations of the investment costs of large-scale HPs may be expanded by analysing 

additional heat sources or they may be improved for some heat sources, when more data is 

available.  

Capacity constraints for some heat sources was included in the model, e.g. for groundwater and 

sewage water. For ambient air, the capacity was limited by available space for the evaporators. 

Limitations were estimated for lakes and rivers based on the dimensions of the water bodies and 

current regulation of returning water to the ambient. However, capacity limitations were not 

included for seawater. Even though it is said that seawater may have unlimited capacity, a limit 

may be reached, when the exploitation becomes large enough. In particular, attention has to be 

paid that the returning flow is not mixed with the water intake.  

Four different ways of integrating heat sources and heat sinks were presented in Section 2.4. 

Only the first two were addressed within the PhD thesis. It would be worth investigating the other 

two options of using ATES systems and using heat sinks for preheating and afterwards as heat 

source or vice versa as heat sources first and then as heat sinks. The potential benefit may be 

analysed in a thermodynamic model of such system.  

Seasonal storages were not part of the developed model. They may be used in the form of ATES 

for cooling or e.g. as pit storages for heating. Seasonal storage may enable heat sources, which 

have high temperatures in summer, to be used in winter or to use heat sinks that have cold 

temperatures in winter to be used during summer. Thereby, different sources/sinks and 

combination of these may lead to an even more efficient and economical supply of DH and DC.  

The model calculated COP based on given source, sink and supply temperatures. It may be 

possible to include temperature variations of the supply side as variables inside the modelling 

framework. Thereby, optimal supply temperatures of the DH and DC network may be determined. 

This may require production capacities to be input parameters, due to the dependency of capacity 

on temperature and volume flow rate. A two-step optimization may be possible, identifying first 

optimal production capacities and then optimal supply temperatures.  

The model may be extended by including COP dependency of production plants on part-load 

behaviour. It was found that the COP does not change considerably for HPs in part load, but for 

the case of using some heat sinks for chillers.  

The presented work was based on production plants that use electricity, mainly large-scale HPs 

and chillers. For a better integration with the power sector and for analysing the power grid 

stability, CHP plants and power generation from wind energy may be included. Thereby, the 

model is expanded to a multi-sector energy system model that satisfies thermal and electrical 

loads.  

The calculations were performed from a business perspective. In Denmark, in particular for the 

DH sector, investment decisions are also required to have a positive socio-economic and private 

-economic contribution. Therefore, the calculations may be adjusted to account for these.    
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Abstract: 

This paper presents a theoretical study on the optimal usage of different low temperature heat sources to 
supply district heating by heat pumps. The study is based on data for the Copenhagen region. The heat 
sources were prioritized based on the coefficient of performance calculated for each hour. Groundwater, 
seawater and air heat sources were compared with each other as well as to a scenario consisting of a 
combination of these heat sources. In addition, base load and peak load units were included. Characteristic 
parameters were the coefficient of performance, the number of full load hours and the covered demand of 
each heat source as well as required peak unit capacity. The results showed that heat pumps using different 
heat sources yield better performance than a heat pump based on a single one. The performance was 
influenced by the composition of the different heat sources. It was found that 78% groundwater, 22% seawater 
and 0% air resulted in highest COP of 3.33 for the given heat demand. Furthermore, the implementation of 
rule based short term storage made peak units redundant. The variation in base load capacity showed that 
heat pumps utilizing the analyzed heat sources could perform very efficiently without the presence of base 
load with a COP of 3.43.    

Keywords: 

District heating, Heat pumps, Low temperature heat sources. 

1. Introduction 
District heating (DH) dominates the heat supply in Denmark. More than 60% of residential buildings 

are supplied in this way from which already 50% is based on sustainable sources [1]. Denmark’s goal 

however is to become independent of fossil fuels by 2050 [2]. For achieving a 100% sustainable 

energy system, DH networks in Denmark will have to undergo major changes. Currently, DH supply 

temperatures in Denmark vary between 70 °C and 90 °C with a few exceptions [3]. Lund et al. [4] 

defines the fourth generation of district heating (4GDH), which operates at supply temperatures 

between 30 °C and 70 °C. They state that reducing the DH supply temperature to such range has 

several advantages. Among others, heat losses in the grid are reduced and available low temperature 

heat sources can be exploited. This leads to higher utilization of renewable energy sources, because 

more potential heat sources can be used either directly or by use of a heat pump (HP). Ommen et al. 

[5] and Elmegaard et al. [6] document that the benefit differs significantly depending on whether the 

DH network is able to supply hot water directly or heat pumping is required. Apart from that, the 

coefficient of performance (COP) of a HP increases when the temperature lift between heat source 

and heat supply decreases.  

Integration of HPs in the DH network can be done in different ways: One option is to install 

distributed HPs of small size at each building. Zvingilaite et al. [7]  propose to reduce the DH supply 

temperature to 40 °C. In this way, space heating (SH) can still be supplied without any supplementary 

device when floor heating is installed. In addition, the return pipe of traditional DH networks can be 

used as heat source. Different configurations of the consumer substations are investigated for 
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domestic hot water (DHW) preparation. They conclude that a micro booster HP increasing the 

temperature from 40 °C to 53 °C is most beneficial from an exergetic point of view and with lowest 

electricity consumption in comparison to an electric heater for the investigated configurations.  

Another way of integrating HPs in the DH network is using centralized, large scale HPs. By doing 

so, it has to be ensured that sufficient amounts of heat sources are available. In order to identify the 

most suitable heat sources for HPs, one study [8] was conducted for the whole Denmark investigating 

the following heat sources: low temperature industrial waste heat, supermarkets, waste water, 

domestic water, ground water, rivers, lakes and sea water. Only sources located within 500 m of 

existing DH networks are considered. Furthermore, sources above 100 °C are disregarded, because 

they can be used directly without a HP. Each heat source is analyzed and its capacity estimated. The 

outcome of the study is a map of Denmark giving the heating capacity of heat sources available in 

comparison to the heat demands. It is noted that heat sources are distributed all over Denmark, but 

that the heating capacity of sources is not proportional to the heating demand, which means that some 

regions are more suitable for HP installations than others. Lund and Persson [8] conclude that 

groundwater has the highest potential to serve as heat source for HPs in Denmark due to its 

geographical availability and potential heat capacity. Another study with a more detailed focus on 

waste heat from industrial processes estimates the energy potential of various low temperature heat 

sources in Denmark [9]. They find that the largest potential for waste heat comes from the industrial 

sector with 103 PJ per year followed by the transport sector with 76 PJ, the utility sector with 58 PJ 

and the building sector with 25 PJ. 

Focusing on the capital region of Copenhagen, the city council agreed on a climate plan to become 

the first CO2 neutral capital in the world [10]. In Copenhagen, DH supplies 98% of the heat demand 

in the municipality [11]. In 2015, 53% of the supplied heat was CO2 neutral [12]. This indicates the 

need of transferring the current DH network further. Investigating potentials of integrating large scale 

HPs is one of the possibilities [13].  

In Bach et al. [14] integration possibilities of large scale HPs into the Greater Copenhagen area are 

analyzed from a technical and private economic perspective using the energy model Balmorel [15]. 

They investigate whether HPs should be integrated into the transmission or distribution grid. In the 

study HPs are introduced as base load in a current and a future energy scenario of 2025. The outcome 

of the study was that approximately 3500 and 4000 full load hours (FLH) of HP operation can be 

achieved for the investigated scenarios when connected to the distribution grid. The connection to the 

transmission grid results in a reduction of approximately 1000 FLH due to the higher temperature 

level of the network. For their analysis, the following heat sources are considered: sewage water, 

drinking water and seawater with certain capacity limits originating either from the heat source or 

from the heat demand. The COP is calculated on a seasonal level for one week in each month in order 

to investigate how its change would influence the results. This is different compared to other studies 

where a constant COP during the entire year is assumed for the integration of large HPs in the Greater 

Copenhagen area, e.g. [11].  

The purpose of the present study was to investigate how the variation in COP on hourly basis 

influences the choice of using different heat sources for HPs to supply heat to the DH network. 

Groundwater, seawater and air were considered to demonstrate the influence of hourly changes in 

COP on the overall performance. A scenario considering all heat sources was compared to scenarios 

using only one heat source. Furthermore, rule based short term storage was implemented in order to 

investigate options for peak shaving. 

2. Method 
In order to investigate the optimal choice between HPs using different heat sources to supply DH 

more efficiently a model was developed in MATLAB [16]. The model carried out calculations on an 

hourly basis. Each heat source has different characteristics in terms of temperature profiles and media 

properties that vary during the year and day. This motivated an investigation on how these variations 

result in changes of the COP. By combining a number of HPs with different heat source 
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characteristics, the unit with the highest COP may be prioritized. In this way, an overall improvement 

in performance may be achieved compared to a scenario with a single heat source. Three heat sources 

with different characteristics were considered for a case study, to represent the functionality of the 

developed model.   

2.1. Comparison of HPs using different heat sources 

HPs based on groundwater, seawater and air were analyzed for supplying the total dimensioning heat 

load individually. These scenarios were compared to a scenario combining the three different heat 

sources to supply in total the same design load as one of the HPs using a single heat source. In the 

following, this scenario is referred to the Scenario with various heat sources.  

The model chose base load first to cover the heat demand, which could be waste incineration or 

biomass. Afterwards, HPs for each heat source were prioritized by highest COP, until the full demand 

was covered. If the demand could not be covered utilizing the full capacity of base load and all HPs, 

a peak load unit based on e.g. natural gas was used to cover the remaining demand in that hour. The 

HPs using single heat sources were compared with each other and to the Scenario with various heat 

sources based on the COP, the required additional units to cover the peak demand, the number of 

equivalent full load hours (FLH) during a year and the demand covering factor (DCF).  

FLH [h] represent the number of hours the HP would operate on its full capacity during the year for 

the calculated heat supply. FLH were defined as the ratio of the supplied heat of a HP for a given heat 

source and its maximum possible heat supply in each hour, summarized over the year:  
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The DCF [%] was defined as the ratio of total supplied heat by a given heat source and the total 

supplied heat from the entire system:  
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2.2. Calculation of COP 

The COP of each heat source was calculated for every hour based on (3), (4) and (5) [17]: 
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Equations (4) and (5) calculate the logarithmic mean temperature of the heat sink and heat source, 

respectively. COPHP,L,t represents the COP of an associated Lorenz cycle, which is multiplied by the 

Lorenz efficiency as stated in Table 2. An average COPavg was calculated for the entire year taking 

the mean of the individual COPHP,t of each hour. However, such COP does not take into account when 

the HP was in operation. Therefore, a weighted annual COPHP,w considering the operating hours of 

HPs was defined, which may be seen in (6):  
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The COPHP,w was calculated by taking the sum of the COP for each HP multiplied by their heat 

supplies for every hour, summarized over the year and divided by the total supplied heat from all 

HPs.  

2.3. Calculation of dimensioning conditions 

The dimensioning capacity dQsource,
  of a heat source was calculated using (7) for the specific hour 

during the year that met the design heat pump capacity dQsink,
 : 
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Heat losses and transient conditions over the HP were neglected [18]. The dimensioning source mass 

flow rate dmsource,
  for a HP was calculated by (8):  

 dodi,dp,d,d TTcmQ ,,source,,sourcesource,sourcesource   .  (8) 

The capacity of each heat source and the corresponding heat loads that could be supplied at each hour 

were calculated with the dimensioning source mass flow rate and hourly temperature levels of 

demand and supply side. 

2.4. Storage implementation 

A rule based short term storage was implemented for further analysis in the model. Whenever the 

results showed a peak demand that could not be covered by base load and HPs, the model looked 

back in time hour by hour before the actual peak demand occurred in order to use remaining capacity 

from different heat sources. 23 hours before the occurrence of a peak demand were considered for 

the calculations. The reduced peak boiler unit, the weighted COPHP,w, the required storage size, FLH 

and DCF were investigated. The required storage size was calculated by taking the maximum of the 

additional net heat supply of the HPs before the peak demand until the peak demand occurred. This 

includes discharging by the actual peak demand.  

2.5. Case description 

The case is representative for a new residential and commercial development area in Copenhagen, 

Denmark called Nordhavn. This area is one of the largest development districts in Europe that should 

demonstrate how sustainable living can be achieved [19]. Nordhavn gradually expands over the next 

50 years to accommodate approximately 40,000 inhabitants and 40,000 jobs [19]. The heat demand 

considered for this study aimed at representing the existing part of Nordhavn and building phase stage 

II starting in 2018 with approximately 669,600 m2 floor area in total [20,21].  It was assumed that this 

area only consists of residential buildings complying with the Danish Building Regulation 2015 [22]. 

The SH demand was calculated based on one of such apartments located in Nordhavn using the 

software IDA ICE [23]. An hourly simulation was performed over one year using the Danish Design 

Reference Year (DRY) for the region of Copenhagen to represent typical weather conditions [24]. 

DHW consumption was based on a tapping profile for an European family with shower use 

consuming 100 l at 60 °C [25]. Since it is very unlikely that every family consumes DHW at the same 

time, a normal distribution was assumed for the total number of 5151 apartments with a standard 

deviation of 60 min. By doing so, the DHW consumption accounts for different inhabitant behavior. 

An overview of the differences in DHW consumption for the entire area is shown in Fig. 1.  
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Fig. 1. DHW demand for entire area  

The dark columns in Fig. 1 indicate DHW consumption for all inhabitants if hot water would be 

tapped at the same time in every apartment. The light columns take into account a standard deviation 

of the tapping profile. The latter consumption pattern was used for the calculations. Thereby, the peak 

demands were reduced. In addition, seasonal variations of DHW consumption were taken into 

account based on Frederiksen and Werner [26]. Their findings are based on measurements in Swedish 

residential multi-dwelling buildings. The relative hot water flow demand for every month considered 

for the calculations in this study may be seen from Table 1.  

Table 1. Relative hot water flow demand  

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Factor 1.1 1.1 1.1 1.1 0.9 0.85 0.7 0.75 1.0 1.0 1.1 1.1 

The heat demand profile was used to represent the entire area, which resulted in a peak demand of 

12.38 MWh/h and an energy consumption of 37.43 kWh/m2. A base load capacity of 20% of the peak 

demand was assumed, which could be supplied using e.g. waste incineration or biomass. The capacity 

of a HP using a single heat source was assumed 60% of the peak demand. For the Scenario with 

various heat sources, a HP for every heat source was assumed with a total capacity of the HPs 

equivalent to the one using a single heat source. The capacities of the HPs using groundwater, 

seawater and air were assumed 60%, 30% and 10% of the single HP capacity, respectively. 

Furthermore, a weather compensation curve was applied, which changed the DH supply and return 

temperatures based on the ambient temperature as presented in Fig. 2. This accounts for the variation 

of heat demand with ambient temperature.  

 

Fig. 2. Weather compensation curve for DH network temperatures 
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The temperatures shown in Fig. 2 are supply and return temperatures from a building in Nordhavn. 

Thick lines indicate the temperature settings of DH network supply and return temperatures 

considered for the calculations. As shown in (9), heat losses of the DH network were assumed and 

varied based on the logarithmic mean of supply and return temperatures:  
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Heat losses in storage, pressure losses as well as electricity consumption of auxiliary equipment such 

as of pumps and fans were neglected. Especially, considering pumps and fans would result in a 

reduced COP of HPs. The assumptions and inputs to the model are summarized in Table 2. 

Table 2. Assumptions and model inputs 

Inputs Assumptions and model inputs 

Space heating 21.31 kWh/(m2 yr); hourly simulation in IDA ICE of a 2 story apartment 

of 130 m2 for a single family; building standard based on [22] 

Domestic hot water 16.12 kWh/(m2 yr); hourly tapping profile for an European family with 

shower use, 100 l at 60 °C [25] 

Total floor area 669,600 m2, only residential [20,21] 

Peak demand 12.38 MWh/h 

Base load capacity 2.48 MWh/h, 20% of peak demand, not covered by HPs  

Seawater  Hourly values based on DRY, station 30336 [24] 

Groundwater Tsource,GW=9 °C [27] 

Air Hourly values based on DRY, station 6136  [24] 

Total heat pump capacity 7.42 MW, 60% of peak demand 

Groundwater heat pump capacity 4.45 MW, 60% of total heat pump capacity 

Seawater heat pump capacity 2.23 MW, 30% of total heat pump capacity 

Air heat pump capacity 0.74 MW, 10% of total heat pump capacity 

Lorenz efficiency ηL  0.5 [28] 

∆T of heat sources 5 K 

Minimum allowed seawater temperature Tsea,min = −1 °C 

Media properties Calculated for each hour using Engineering Equation Solver (EES) [29] 

Not included  Heat losses in storage, pressure losses, auxiliary electricity consumption  

3. Results 
First, the HPs based on the single heat sources seawater, groundwater and air were compared with 

each other and to the Scenario with various heat sources. Second, rule based short term storage was 

implemented in the model in order to shave the peak demand. Finally, a sensitivity analysis was 

conducted. The base load capacity was varied to investigate the effect on different key parameters for 

a HP using a single heat source and for the Scenario with various heat sources. Furthermore, the 

distribution of capacities between the different heat sources was varied in order to analyze the 

performance of the HP system. 

3.1. Comparison of HPs using different heat sources 

3.1.1. COP of HPs using different heat sources 

The hourly COPHP,t obtained by the use of each heat source as well as the daily heat demand are 

shown in Fig. 3. 
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Fig. 3. Hourly COPHP,t of HPs based on individual heat sources and daily heat demand 

It can be seen from Fig. 3 that the COP of air fluctuates the most. It has its highest values during 

summer with some significant peaks at high ambient temperature. On the other hand, the COP of air 

is low during winter when the ambient air is cold. The COP of seawater has similar characteristics as 

air, but with smaller amplitude. The reason for that is moderate seawater temperatures compared to 

air. Typically, the seawater in the area around Copenhagen does not cool below −0.5 °C during winter 

and will not increase above 22 °C during summer [24]. The COP of groundwater is rather flat due to 

its constant temperature [27]. Its change in COP occurs due to the weather compensation curve, 

resulting in varying sink temperatures. This results in small temperature lifts during summer and 

requires high temperature lifts in winter.  

The daily heat demand is high during the heating season (October until May) with a few significant 

peaks. During the non-heating season, only DHW has to be covered. This is why seawater and air can 

only be utilized to a limited extent since there is little demand. Groundwater on the other hand has 

high COP when the heat demand is high. Therefore, groundwater should be the preferred heat source 

to use during the heating season.  

3.1.2. Prioritization 

The functionality of the model and the prioritization of heat sources are shown in this section. Two 

days during winter (a) and summer (b) were chosen to represent the optimal choice of heat sources 

as presented in Fig. 4 for the Scenario with various heat sources. 

 

Fig. 4. Prioritization of heat sources during winter (a) and summer (b) 

It may be seen in Fig. 4 (a) that the HP using groundwater is prioritized, because of its high COP. 

Whenever the full capacity of the groundwater HP is reached, the HP using seawater is chosen next, 

because it has the second highest COP. The air HP is only used during periods with such a high 

demand that it cannot be covered by the HPs using the other heat sources. In this way, the system 

consisting of different HPs always operates at highest possible efficiency. In addition, a peak boiler 

has to run during few hours with very high heat demand.  
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It may be seen from Fig. 4 (b) that the heat sources during summer can only be utilized during the 

morning and evening peaks. The air HP is prioritized due to its high COP followed by the seawater 

HP. During the last evening peak, the COP of the HP utilizing seawater is higher than the one using 

air and therefore prioritized. During the day when the COP of the air HP is much higher, the heat 

demand is so small that it is covered by base load. The result would look differently if the heat demand 

had a different profile or if the base load capacity was reduced.  

3.1.3. Key parameters of HPs using different heat sources 

An overview of key parameters is presented in Table 3 comparing HPs using the different heat sources 

with each other as well as to the Scenario with various heat sources. 

Table 3. Comparison of key parameters for different heat sources 

Parameters Unit Seawater Groundwater Air Scenario with various heat sources 

Sea/GW/Air 

Average COPavg  (-) 3.59 3.41 3.52 3.48 

Weighted COPHP,w (-) 3.09 3.31 2.88 3.32 

Peak unit capacity (MW) 7.69 2.48 1.65 3.56 

FLH peak unit  (h) 280 14 5 32 

FLH HP (h) 1993 1534 1506 960/2088/359 

DCF HP (%) 39 42 43 7/35/1=43 

As shown in Table 3, the average COPavg using seawater is the highest, followed by air, the Scenario 

with various heat sources and then groundwater. This picture changes looking at the weighted 

COPHP,w considering the operating hours of HPs. In this case, HPs using only seawater and only air 

encounter significant drops in COP by 14% and 18% to 3.09 and 2.88, respectively. The COPHP,w of 

the HP utilizing groundwater only decreases by 3% to 3.31 due to its rather constant value during the 

year, compare Fig. 3. The weighted COPHP,w for seawater and air decreases that much compared to 

the average COPavg, because of the observations made in Fig. 3 and Fig. 4 regarding high COP and 

given heat demand. The Scenario with various heat sources has the highest COPHP,w of 3.32, which 

is only marginal larger than for the HP based on groundwater. However, it shows that combining HPs 

using different heat sources with each other instead of choosing only one heat source can result in an 

increased performance.  

Seawater requires a high peak unit of 7.69 MW, because of restrictions on the minimum temperature 

seawater can cooled down to (Tsea,o ≥ −1 °C). Therefore, the available capacity of the heat source 

below a seawater temperature of 4 °C reduces significantly compared to other situations with a fixed 

temperature difference of 5 K. This can be seen from the available heat capacity for every hour 

calculated based on (8). The effect of reduced capacity available for seawater is shown in Fig. 5. 

Groundwater (a) is able to supply more of the heat demand during peak hours than seawater (b). 

 

Fig. 5. Comparison of heat supply during winter for groundwater (a) and seawater (b) 
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The FLH for the HPs are in general quite low at 1500 h to 2000 h. The reason for this is described in 

section 3.1.2 and Fig. 4. Seawater seems to have better utilization, because of its high number of FLH. 

This is due to the limited capacity available during hours below a seawater temperature of 4 °C. Other 

heat sources operate in part load during such periods with heat demands above base load capacity. 

Seawater however runs on limited full capacity during these hours. This results in a high capacity of 

a required peak boiler unit and an increased operation of 280 FLH for that unit. Groundwater and air 

cover a higher share of the demand, which results in lower operating hours of the peak boiler. The 

DCF for seawater is with 39% lower than for the other scenarios, where the heat sources cover 42% 

to 43% of the heat demand.  

For a HP using a single heat source, groundwater was chosen as the Reference scenario for 

comparison with the Scenario with various heat sources, because it has a higher COP than seawater 

and air as well as it does not require a large peak boiler unit. 

3.1.4. Load duration curves  

The load duration curves for the Scenario with various heat sources are shown in Fig. 6 for the 

different heat sources, peak unit and base load.  

 

Fig. 6. Load duration curves for the Scenario with various heat sources 

It may be seen from Fig. 6 that groundwater is the most utilized heat source even though it has highest 

capacity compared to the other HPs. This was also indicated by the highest DCF of 35% for 

groundwater, compare Table 3. It is used 2088 equivalent FLH during the year. The HP using 

seawater has a DCF of 7% and 960 FLH. The air HP is only in operation at rare occasions. It has a 

small capacity, but is used either during peaks in summer when its COP is high or during peak hours 

when the capacity of the remaining heat sources is not sufficient. The DCF of the air HP is 1% and it 

has 359 FLH. Base load is prioritized over HPs and therefore covers most of the heat demand with a 

DCF of 57%. The FLH for base load are accordingly high with 6210 FLH. The peak unit on the other 

hand is only used for 32 FLH. However, it is still required to have such peak unit of 3.56 MW size. 

A possibility of making the peak unit redundant is by introducing a rule based short term storage as 

described in the next section.  
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3.2. Peak shaving by introducing storage 

This section presents how the implementation of rule based short term storage into the model helps 

to make a peak boiler unit unnecessary. Whenever a peak demand occurred, the model considered 

the previous 23 hours to utilize remaining capacity of the heat sources. The heat demand as well as a 

comparison of the supply profile for the case with and without storage for two winter days with peak 

demand is shown in Fig. 7. 

 

Fig. 7. Comparison of the Scenario with various heat sources with (b) and without storage (a) 

It can be seen from Fig. 7 (a) that the heat demand can only be completely covered using a peak boiler 

during 7 hours. In the same time, the base load as well as the heat supply using HPs with various heat 

sources are illustrated. When storage is introduced as shown in Fig. 7 (b), the peak unit becomes 

redundant. HPs cover the peak demand by operating in the previous hours depending on their COP 

and remaining capacity. Comparing the peaks and the previous hours in Fig. 7 (a) and (b), the capacity 

of the groundwater HP has already been fully utilized except for two hours. This is indicated by the 

presence of seawater already at the case without storage before the occurrence of the peak demand. 

Since the capacity of seawater was not reached yet, the peak demand can partly be compensated by 

that heat source. The HP using air as heat source cover the remaining part of the peak demand.  

It should be noticed that this storage implementation optimized the operation of each individual hour, 

not from the entire day. Looking for instance at the previous hours before the second peak, it can be 

seen that seawater and air are used in the two hours immediately before the peak. However, 

groundwater with higher COP has still remaining capacity in the hours 3 to 6 before the peak. An 

overview of key parameters for the case with and without storage is presented in Table 4. 

Table 4. Key parameters for variation of considered hours for storage before peak demand 

Sea/GW/Air Unit No storage Storage 

Weighted COPHP,w (-) 3.32 3.31 

Peak unit capacity (MW) 3.56 0.00 

FLH peak unit  (h) 32 0.00 

FLH HP  (h) 960/2088/359 1007/2101/428 

DCF HP (%) 7/35/1=43 7/35/1=43 

Storage size (MWh) 0.00 15.30 

As shown in Table 4, the annual weighted COPHP,w does not change much. It is influenced by the 

additional supply for compensating the peak demands. Looking at characteristic peaks like in Fig. 7 

it can be seen that the HP with highest COP was often already used to its full capacity. Instead, a HP 

with a lower COP supplies the additional heat, which explains the small reduction in the weighted 

COPHP,w. The peak boiler unit becomes redundant when adding storage. Instead, a storage of 15.30 

MWh in size has to be implemented. If a hot water tank is used, it will require a size of approximately 

300 m3 under typical conditions. This storage size is necessary, because of many hours in a row with 
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high peak demands. When comparing the FLH, it is noticed that air and seawater are influenced the 

most. This is because the capacity of the groundwater HP with high COP has already been used before 

peak hours. Air and seawater are the heat sources that would be used the most to compensate the peak 

boiler unit.  

3.3. Sensitivity analysis 

In this chapter, the results of varying the base load capacity as well as the capacities between the 

different heat sources are presented. These variations were conducted for the Reference scenario and 

for the Scenario with various heat sources without storage.  

3.3.1. Variation of base load capacity 

The base load capacity was varied from 0% to 40% of the peak demand by steps of 10% points. The 

original value used in the analysis was 20% corresponding to 2.48 MWh/h. The sensitivity of the 

results on changes in base load capacity is presented in Fig. 8. The relative change of COP is shown 

on the right y-axis due to their smaller magnitude compared to other parameter changes. 

 

Fig. 8. Effect on key parameters for changing base load capacity for the Reference scenario (a) and 

for the Scenario with various heat sources (b) 

The red curves indicate the DCF of base load, which is the same for both, the Reference scenario in 

Fig. 8 (a) and the Scenario with various heat sources in Fig. 8 (b). The weighted COPHP,w increases 

by 1.2% and 3.5% to 3.35 and 3.43 for the Reference scenario and the Scenario with various heat 

sources, respectively if no base load is present. The weighted COPHP,w decreases continuously for an 

increase in base load capacity. If the base load capacity decreases, the HPs will also cover the demand 

with low and intermediate demands, as it is the case during summer, compare Fig. 4. Small demands 

during the day can be covered using the air HP, which has a very high COP. Consequently, the 

weighted COPHP,w increases. Furthermore, groundwater can be used to cover low demands during 

winter, which were supplied previously by base load. This behavior may also be seen from the 

changes in DCF and FLH. They are both much higher for all heat sources when the base load capacity 

is zero compared to the reference point and decrease with an increase in base load capacity. The 

number of FLH without base load results in 3920 h for seawater, 3632 h for groundwater and 3526 h 

for air for the Scenario with various heat sources. For the Reference scenario, the groundwater HP is 

3567 FLH in operation. These are significant increases compared to the original FLHs found for both 

scenarios, compare Table 3. Furthermore, it is noticed that the size of a required peak unit decreases 

linearly with an increase in base load capacity. The peak demands change by ±100% and ±70% for 

the given range of base load capacity for the Reference scenario and the Scenario with various heat 

sources, respectively. The change in weighted COPHP,w show that a low share in base load capacity 

is desirable for HPs using low temperature heat sources.  
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3.3.2. Variation of heat source shares  

The share of HP capacities for the different heat sources was varied and the results are presented in 

this section. The base load capacity and the total HP capacity were kept constant at 20% and 60% of 

the peak demand, respectively. The capacity of the air HP was changed from 0% to 20% of the total 

HP capacity. The groundwater HP was varied between 0% and 80% to 100% with respect to the share 

of the air HP and that all HPS together equal 100%. An overview can be found in Fig. 9. 

 

Fig. 9. Variation of heat source shares 

The horizontal lines in Fig. 9 represent the COPHP,w when a single heat source is used as presented in 

Table 3. Each curve indicates a different constant share of air. The share of seawater can be 

determined when the share of the other heat sources are subtracted from 100%. There is an optimum 

in weighted COPHP,w of 3.33 for a composition of 78% groundwater, 22% seawater and 0% air. 

Therefore, it may be beneficial to utilize a combination of groundwater and seawater instead of a 

single heat source. Furthermore, the weighted COPHP,w always decreases if the share of air is 

increased. Consequently, air is not recommended for the given heat demand, because its benefits 

cannot be exploited as indicated in Fig. 4.  

4. Discussion 
The results have shown that HPs based on a combination of different heat sources can achieve higher 

performance than a HP of equivalent design load using a single heat source. This is highly influenced 

by the composition of the different heat sources and the heating demand. The presented model 

however also has some limitations that should be kept in mind when looking at the results.  

No pressure losses, heat losses in the storage nor electricity consumption for auxiliary equipment 

such as pumps or fans were considered. This affects the COP and may be different from heat source 

to heat source. Furthermore, a heat demand of only residential buildings fulfilling the Danish Building 

Standard 2015 [22] was considered. The demand profile and therefore the results might look 

differently, when a mixture of an existing building stock, newly built buildings and commercial 

buildings are considered.  
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Apart from that, a weather compensation curve was applied with a maximum supply temperature of 

80 °C. New buildings do not require such high supply temperature, which could lead to a decrease to 

e.g. 70 °C or even below. Consequently, HPs would have a better performance, since the temperature 

lift is smaller. Applying a lower supply temperature would result generally in a higher COP for the 

HPs of the considered heat sources, but not necessarily in a difference between the choice of using 

different heat sources.  

Another assumption of the model was a constant Lorenz efficiency, which might not be the case for 

varying temperature lifts and part load operation. In connection to that, the COP was calculated 

without a HP model only based on temperatures. If a HP was introduced, the model would become 

more complicated and limited by a specific HP configuration. This was not desired and allows 

applying the current model to any location when heat demands and temperature characteristics of heat 

sources and heat demand are known. In addition, a constant temperature difference of 5 K between 

inlet and outlet of heat source and heat sink was assumed, which might not be the case during the 

entire year.  

The implemented storage was only in operation before peak hours. An overall optimization of 

prioritizing different heat sources during all hours including available storage capacity was not 

conducted. This could lead to a higher COP and utilization, since the full capacity of the HPs with 

highest COP could be operated more often. In addition, the model did not include heat capacities of 

buildings. The heat demand had to be covered at every hour. The implementation of the storage could 

also be seen as an indication for the heat capacity of buildings.  

The presented method of prioritizing different heat sources was shown based on groundwater, 

seawater and air. In the future, it could be of interest to implement other heat sources such as solar 

energy, geothermal or waste heat from industries, as well as to integrate district cooling and other 

cooling units into the model. At the current state, the model prioritized HPs using different heat 

sources based on COP. A further development of the model could lead to an optimal choice between 

heat sources based on economics, considering operating costs and investments.  

5. Conclusion 
The presented results compared HPs using seawater, groundwater and air as heat sources with each 

other and to a scenario that included all these heat sources. This study has shown that HPs based on 

a combination of heat sources of equivalent capacity to a HP using a single heat source can perform 

better on an annual basis for the given conditions. This depends on how the total HP capacity is 

distributed between the different heat sources. An optimum was found for the given heat demand. It 

was shown that heat sources with highest COP were prioritized for every hour. In this way, it was 

possible to exploit the heat sources more effectively. One heat source was preferred over others, 

which changed during the year. Groundwater was used first during winter, followed by seawater and 

air. During summer, the trend was the opposite. However, the high COP of air could not be utilized 

during summer due to the low demand and the presence of base load. This was also the reason why 

the utilization of heat sources was rather small during the year. Reducing required peak unit capacity 

was achieved by implementing rule based short term storage. This made a peak boiler unit redundant. 

Varying the base load capacity has shown that the COP of the HPs in operation increase for a decrease 

in base load capacity. The smaller the base load capacity, the higher was the utilization of heat 

sources. In addition, the peak demand not covered by these sources increased.  

Acknowledgments 
This research project is financially funded by EUDP (Energy Technology Development and 

Demonstration). Project title:”EnergyLab Nordhavn – New Urban Energy Infrastructures”, project 

number: 64014-0555. 

 



 

14 

 

Nomenclature 
COP Coefficient of performance 

cp specific heat, J/(kg K) 

DCF demand covering factor, % 

FLH full load hours, h 

m  mass flow rate, kg/s 

Q  heat capacity,  heat supply or heat loss, MWh/h 

T temperature, °C 

lmT  logarithmic mean temperature, K 

W Work, MWh/h 

Greek symbols 

∆T temperature difference, K 

ηL Lorenz efficiency 

Subscripts and superscripts 

a air  

c cold side 

d dimensioning  

loss district heating network loss 

GW groundwater 

HP heat pump 

h  hot side 

i inlet 

j index for heat source 

j,max number of investigated heat sources 

min minimum 

n number of hours in a year 

o outlet 

r return  

s supply 

sea seawater 

sink heat sink 

source heat source 

t current hour of a year 

tot total 

w weighted 
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a b s t r a c t

One main obstacle to the implementation of low-temperature district heating is the existing infra-
structure along with consumer heating devices that were usually designed for higher operating tem-
peratures. If a DHN is installed for a new urban area, these obstacles can be avoided. This study presents
an analysis of alternative heat supply scenarios for the newly developing city subdistrict of Kopli (Tallinn,
Estonia). The following scenarios were analysed from economic and environmental aspects: scenario A-
connection to the existing DHN (supply/return temperatures 95 �C/55 �C, gas-fired boiler house); sce-
nario B-small local DHN (80 �C/40 �C, small gas-fired boiler house); scenario C-small local LTDHN (60 �C/
35 �C, small gas-fired boiler house, integrated large-scale heat pump using seawater as heat source). The
results of the study have shown that the primary energy consumption per 1MWh of heat consumed is
1.33MWh for scenario A, 1.15MWh for scenario B, and 0.71MWh for scenario C. To achieve IRR¼ 7%, a 4
year discounted payback period was calculated for scenario B, with the NPV of 1.000.000 EUR after the
period of 10 years. For scenario C, the payback period is more than 5 years, and the NPV is 2.600.000 EUR
after 10 years.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Many conditions must be satisfied by the district heating (DH)
system as a heat supply technology for it to be considered an
energy-efficient and environmentally friendly solution. One of the
most significant factors for the development of future sustainable
DH systems is the possibility to use low-temperature heat carrier
[1]. Low-temperature district heating networks (DHN) have many
advantages, including low heat loss and ability to utilise renewable
and waste heat energy sources. Many studies have investigated
reducing heat losses of DHNs by converting them to LTDHN.
Network heat loss is a very important factor, associated with the
supply and return temperatures of the system’s heating carrier [2].
Dalla Rosa [3] proposed a methodology for calculating steady state
heat loss for different pipe types and configurations with a
particular focus on low-temperature appliances. Li and Svendsen
[4] stated that the absolute network heat loss would bemuch lower
va).
for LTDHNs, although the relative DHN heat loss would not change
significantly. K€ofinger et al. [5] showed that in areas with high
energy demand the effect of lowering temperature would not be
significant, but for areas with lower heat demand densities heat
loss would be considerably reduced. Other studies investigated the
transition of existing DHN towards LTDHN. R€ama and Sipil€a [6]
showed that low heat loss is associated with either a reduction of
transport capacity of the pipes within the network or with a sig-
nificant pressure drop. Nord et al. [7] have analysed the challenges
in the transition to LTDH and estimated the increased competi-
tiveness in low heat density areas. Volkova et al. [8] have deter-
mined that temperature reduction is limited by consumer heating
appliances. One of the main barriers to lower supply and return
temperatures are high radiator design temperatures in existing
buildings [9,10]. These obstacles can be avoided if a DHN is installed
in a new urban area by constructing energy-efficient low-energy
buildings with floor heating and heat recovery ventilation.

Another major advantage of low supply temperature is the use
of low-temperature renewable heat sources andwaste heat, such as
solar thermal energy, geothermal heating, seawater and industrial

mailto:anna.volkova@taltech.ee
http://crossmark.crossref.org/dialog/?doi=10.1016/j.energy.2019.04.083&domain=pdf
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https://doi.org/10.1016/j.energy.2019.04.083
https://doi.org/10.1016/j.energy.2019.04.083
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waste heat. Soloha et al. [11] explored the possibilities of imple-
menting a large-scale solar collector field into the existing DH
system in Latvia. The efficiency of a large-scale solar collector field
can be increased by lowering DHN temperature regimes. Schmidt
et al. [12] presented an analysis of a DH system with solar heating
and heat pumps (HPs) using geothermal energy for a new resi-
dential area. Low potential geothermal heat was explored as a heat
source for a LTDHN in Refs. [13,14]. David et al. [15] identified that
existing large-scale HPs are used to utilise various types of low-
temperature heat sources, such as sewage water, surface water,
industrial waste heat, geothermal heating, and flue gas. Sewage
water, as well as surfacewater from rivers, lakes, and the sea, can be
considered a stable heat source despite its generally lower tem-
peratures. Large-scale HPs that use seawater as heat source to
generate heat for the DHN were studied by Refs. [16,17].

If a LTDHN supplies heat generated from fossil fuels, it has a
smaller impact on the environment than conventional DHNs due to
lower heat loss resulting in a reduced use of fossil fuels. Another
advantage is that lower return temperatures have a positive effect
on heating plants, increasing exhaust gas heat recovery [18,19].

Developers of new urban areas have a variety of heat supply
options, such as connecting to the existing DHN, installation of a
small local DHN, individual heating solutions or the integration of
renewable energy sources, such as seawater, solar heat, etc.

Various studies analysed different strategic opportunities for
decision-making associated with the new area’s heating supply.
Kanta et al. [20] presented an evaluation of 11 alternative heating
systems for the Harmaakallio area in Loviisa, Finland, using multi-
criterial decision analysis. The analysis included economic, envi-
ronmental, social, technological, and usability criteria. Mahapatra
[21] compared DHwith other residential heating alternatives in the
V€axj€o municipality (Sweden) focusing on the following indicators:
average specific energy consumption, primary energy consump-
tion, and CO2 emissions. Ristim€aki et al. [22] compared various DH
configurations for heat distribution in the H€arm€al€anranta district
located in Tampere, Finland, by combining life-cycle and life-cycle
cost analyses. Schmidt et al. [12] compared alternative scenarios
for the LTDHN in the residential area Zum Feldlager located in
Kassel, Germany. Primary energy consumption, CO2 emissions and
space requirements for the installation of the supply components
were chosen as technical indicators; annual heating costs, price
stability, and amortisation period were used as economic in-
dicators. Usability and the rate of innovation were also taken into
account.

This research paper explores a case study, where alternative
scenarios of an area’s heat supply options are analysed from the
technical point of view and are compared using economic and
environmental indicators. The development of a new residential
area in Kopli consists of two stages. During the first stage of the
development process, it is planned that there will be 21 multi-
family residential buildings with floor heating and total heat de-
mand of 1.2MW. During the second stage of the development
process, it is planned that both multi-family residential buildings
and public buildings will be built with the total heat consumption
of 4.5MW. In this case study, the developer faced certain limita-
tions during the first development stage due to the used energy
sources. According to the preliminary regional plan, there is no
possibility to install a biomass boiler or a HP during the first stage.
Instead, the following three options were considered

� Connection to the existing DH system of the surrounded area
with a supply and return temperature of 95 �C and 55 �C,
respectively.
� Installation of a new gas boiler with a temperature schedule of
80 �C/40 �C.

� Installation of a new gas boiler with a temperature schedule of
60 �C/35 �C during the first planning stage and the installation of
a seawater HP during the second stage.

The originality of this paper is evidenced by the fact that it
provides an analysis of an integrated solution involving both
traditional (gas boilers) and sustainable (seawater HP) heat gen-
eration technologies. Since the process of the development and
transition towards the new low-temperature networks is rather
long and filled with obstacles, the integrated approach examined in
this paper could prove to be useful for the overall development of
DH.

The following section describes the method used for analysing
the different DH scenarios. In the third section of this paper, the
case study is discussed, along with the results and their analysis.
The fourth section provides a discussion and conclusions.

2. Method

When the developer decides to use DH solutions for the newly
developed areas, it is important to choose sustainable solutions to
reduce the environmental impact. Therefore, it may be relevant to
determine economic and environmental indicators to compare
various DH development possibilities in the area. The considered
scenarios for this study were limited by external conditions, such as
regional planning, energy sources and their availability, and time
restrictions due to the developer implementation plans.

2.1. Scenarios

The following three scenarios have been analysed from tech-
nical, economic and environmental points of view.

Scenario A: the new DHN of the development district will be
connected to the existing large-scale DHN of Tallinn. The temper-
ature schedule for this network is 95 �C/55 �C, which is quite high,
but typical for Estonia and Tallinn in particular.

Scenario B: a local boiler (natural gas-fired) will be installed,
and a small local high-temperature DHN will be constructed with a
temperature schedule of 80 �C/40 �C. Using wood chips as fuel was
not an option due to the lack of land for the boiler house con-
struction (wood chip storage requires additional space), and due to
the strict rules enforced by the local municipality (during the
project development stage only gas-fired boilers were allowed in
this region).

Scenario C: installation of a seawater HP and a gas-fired boiler.
The seawater HP would provide the base load for the area and the
boiler would cover the intermediate and peak load. Additionally, a
low-temperature DHN will be installed with a temperature
schedule of 60 �C/35 �C.

If Scenario A is realised, the new residential area will be con-
nected to the existing DHN. The local DH operator Adven Eesti AS
offered this solution. The existing DHN consists mainly of old DH
pipelines (in concrete ducts), with an average lifetime of 25 years
and 15% heat loss. The distance to the existing network is 300m. A
Scenario A-based solution is typical for Estonia and Tallinn, new
customers connect to the existing high-temperature DHN due to a
wide range of DH use. In addition, developers themselves are
interested in outsourcing heat production and distribution.

For Scenario B, it was assumed that three gas boilers will be
installed in a separate building with all the required equipment
(chimney, water and sewage supply, natural gas supply, electricity
supply and communication network). The following gas boilers will
be installed: two Viessmann Vitoplex 200 gas boilers with a
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capacity of 1950 kW each, and a smaller 560 kW Viessmann Vito-
plex 200 boiler. Flue gas condensers (Viesmann Vitotrans 300) will
be installed for the big boilers, as well as water treatment facilities
and DHN pumps. The dimensions of the boiler house are as follows:
length e 13.5m, width e 6.6m, and height e 2.95m. The height of
the flue gas chimney is 13.45m.

If scenario C is realised, then both the gas boiler and a large-scale
HP will be installed. The characteristics of the boiler will be the
same as for Scenario B, but in this case two boilers will be installed:
Viessman Vitoplex with capacity 1950 kW and a smaller 560 kW
Viessmann Vitoplex 200 boiler. In addition to the gas boiler, it is
planned to install a large-scale two-stage seawater HP that uses
ammonia as a refrigerant with an open intercooler. The HP will be
located 100m from the sea and 200m away from the gas-fired
boiler house. A two-stage HP ensures sufficiently low discharge
temperatures of the compressors without damaging the equip-
ment, lower pressure ratio and a better coefficient of performance
(COP) than a singleestage cycle. Ammonia is a natural refrigerant
that has zero global warming potential and no ozone depletion
potential [23].

Technical parameters related to the three scenarios are given in
Table 1. The gas-fired boilers have a flue gas condenser. According
to Ref. [17], DH can improve the boiler efficiency by condensing the
flue gas from the combustion. The lower the return temperature
received from the grid is, the more heat can be extracted from the
flue gas. Based on the calculations presented in Ref. [19], it was
assumed that a decrease in return temperature from 40 �C to 35 �C
could improve the efficiency of the gas boiler from 90% to 91%.

For the analysis conducted in Scenario C, a thermodynamic
model of a seawater HP was developed using the software Engi-
neering Equation Solver (EES) [24]. First, a design HP model was
developed for the HP dimensioning, which determined the UA
values of the heat exchangers and compressor displacement rate
for design conditions. The isentropic efficiencies of the compressors
were determined from a relation for idealised conditions, as shown
in Ref. [23] by equation (1), valid for screw compressors.

his ¼ his;max
ðpH=pLÞðk�1Þ=k � 1

p
ðk�1Þ=k
i � k�1

k p
�ð1=kÞ
i ðpi � pH=pLÞ � 1

(1)

where
Table 1
Technical parameters of case study scenarios.

Scenario Supply/return temperature, �C Type of fuel

A 95/55 Natural gas

B 80/40 Natural gas

C 60/35 Natural gas, electricity

Table 2
Parameters and design conditions for the HP design model.

Parameter Value Unit

Supply/return temperature DH 60/35 �C
Heat capacity 2.1 MW
Heat source inlet temperature 4 �C
Heat source outlet temperature 1 �C
Intermediate pressure 6.7 bar
Built-in volume ratio 2.0 e

Compressor max. isentropic efficiency [23] 0.80 e

Compressor volumetric efficiency [23] 0.9 e

Pinch point temperature difference 5 K
pH=pL is the pressure ratio;
pi ¼ vki is the built-in pressure ratio;
k is the polytrophic exponent.

The only loss considered is due to the mismatch between the
built-in pressure ratio and the actual pressure ratio. The built-in
volume ratio vi, as well as the intermediate pressure of the two-
stage HP were optimized to achieve the highest COP in design
conditions. Heat exchangers for the condensation process were
modelled as a de-superheating, condensing and sub-cooling part,
each fulfilling energy balances. Furthermore, no superheat after the
evaporator was assumed due to the characteristics of ammonia as a
refrigerant. A pinch point temperature difference between the
refrigerant and the DH water of 5 K at the condenser inlet and sub-
cooling outlet (refrigerant flow) was assumed. The design condi-
tions and assumptions for the thermodynamic HP model can be
found in Table 2. The HP designmodel overview is shown in the Q-T
diagram and log(p)-h diagram in Figure A.1.

The UA values of evaporator and condenser and the displace-
ment rates of the compressors were used as input parameters for
the off-designmodel, inwhich the intermediate pressure and pinch
point temperature difference at the evaporator inlet were free
variables and the displacement rates were used asmaximumvalues
representing full load operation. Part-load was calculated based on
the ratio between the actual displacement rate and the maximum
value at design conditions. In the off-design model, the COP and
other parameters were calculated based on varying load and heat
source temperatures.

Seawater temperatures were provided by the Estonian Weather
Service [25]. Hourly data for 2016 was obtained from the station
located in Pirita at the depth of 1.5m. The minimum permissible
seawater temperature out of the evaporator was set at �0.5 �C,
considering freezing temperatures due to the salinity of the Baltic
Sea (15‰e25‰), as reported in Ref. [26]. This may limit the heat
that can be extracted during certain periods of the year when the
seawater temperature is below 2.5 �C due to the evaporator
designed according to an inlet and outlet temperature difference of
3 K.

The COP throughout the year was calculated using the ther-
modynamic HP model for off-design conditions, as shown in Fig. 1.
It can be seen that the COP fits the design conditions from
Heat production units Heat capacity, MW Efficiency, -

1st stage: old boiler 20 0.80
2nd stage: new local boiler 2 0.86
Boiler 1 2 0.89
Boiler 2 2 0.89
Boiler 3 0.6 0.90
Boiler 1 2 0.91
Boiler 2 0.6 0.9
Heat pump 2.1 4.04

Parameter Value Unit

COP 3.82 e

UAe 238 kW/K
UAc,tot 154 kW/K
hLP 0.74 e

hHP 0.76 e

Displacement rate (LP) 0.47 m3/s
Displacement rate (HP) 0.32 m3/s
Mass flow rate (LP) 1.27 kg/s
Mass flow rate (HP) 1.53 kg/s
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Fig. 1. COP of seawater HP over the year.
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December to April. During the remaining year, the COP is higher
with values reaching slightly above 5 due to warm seawater tem-
peratures in the summer. The seasonal COP, consisting of the ratio
between annual supplied heat and annual consumed electricity,
was 4.04. The installed capacity of the HP was assumed to be
2.1MW.
2.2. Indicators

2.2.1. Heat loss
The annual heat loss changed due to the reduction of trans-

mission temperature have been considered. Absolute heat loss was
compared, as heat demand is the same for all scenarios. Logstor
software was used to calculate the annual heat loss, in accordance
with the methodology presented by Wallenten [27].

It was assumed that the flow temperature is dependent on
ambient temperature and is changing throughout the year. The
only exception is the low temperature scenario, where low supply
temperature is the same for both heat and summer seasons. Only
heat loss associated with the newly constructed DHN was taken
into account. In Scenario A, the heat loss in the existing DHN was
not calculated. The relative heat loss based on outdoor temperature
is also calculated for all scenarios.
2.2.2. Primary energy consumption
Another indicator is the primary energy (PE) consumption per

unit of heat consumed. This parameter takes into account both fuel
used for heat production and electricity used for the HP. Boiler
energy is also taken into account. This is important due to the use of
a flue gas condenser, which is affected by the return temperature.

Primary energy consumption was calculated using equation (2)

PE ¼ QNGPEFNG þ QelPEFel
QC

(2)

where
QNG is annual natural gas consumption by boiler, MWh;
Qel is annual electricity consumption, MWh;
QC is annual heat consumption;
PEFel is primary energy factor for electricity production in the
country;
PEFNG is the primary energy factor for natural gas.

Annual gas consumption is calculated using equation (3)

QNG ¼ QPNG

hNG
(3)

where
QPNG is annual heat produced by the boilers;
hNG is boiler energy efficiency.

Electricity consumption is calculated using equation (4)

QP ¼ Qel;HP þ Qel p (4)
where
QelHP is electricity consumed by the HP;
QelP is electricity required for pumping;

The HP electricity consumption was determined by solving the
following equation:

Qel;HP ¼ QPHP

COP
(5)

where

QPHP is the heat produced by the HP, MWh
COP is the hourly calculated COP.

It should be noted that due to the size of the DHN and high
pump performance efficiency, changes in electricity consumption
caused by an increase in flow were negligible. The same electricity
consumption for pumping was assumed for all scenarios. The
following PEFs were used for the calculations: 1 for natural gas and
2 for electricity consumption [28].
2.2.3. CO2 emissions
This indicator is related to the previous indicator and is based on

fuel and energy sources used for heat production. The CO2 emission
factor for natural gas is 0.201 tCO2/MWh and the one for electricity
production in Estonia is 0.95 tCO2/MWh [29]. The high emission
factor for electricity generation was determined by the high pro-
portion of local oil shale in electricity production of the country
[30]. Due to this fact, Estonia has one of the highest CO2 emission
rates per capita in the world [31].
2.2.4. Investment costs
The investment structure is different for each scenario. The

mandatory component for all three scenarios is the construction of
a new small-scale DHN. Network construction investments include
the following:

� DH pipeline material
� Construction of DH pipelines
� Excavation
� Other construction costs



Fig. 2. Schematic map of the case study area, a subdistrict of Kopli, Tallinn.
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The installation of the DHN can be made when the new devel-
opment area will be built. Therefore, costs can be saved related to
the reconstruction of the pavement.

For scenario A, additional investments required for the inter-
connection with the existing DHN were also assumed. No in-
vestments are required for own heat production units (gas-fired
boiler house, HP), however, the developer will not have the op-
portunity to produce and sell heat in this area.

For scenarios B and C, constructing and installing the new boiler
house was one of the main investments. The data on investment
costs for gas boilers and the DHN construction was obtained from
boiler manufacturers and DHN construction companies. The in-
vestment costs included the price of boilers, as well as the con-
struction of the boiler house with all the necessary equipment. The
dimensions of the boiler housewere the same for scenarios B and C,
regardless of the boiler capacity This means that the construction
and land use costs associated with the boiler house are the same for
both scenarios.

For scenario C, the HP investment costs were based on the
correlation found in Pieper et al. [32]. Since no costs for seawater
HPs were available at the time, the costs for sewagewater HPs were
used instead. The fixed investment for the HP was assumed to be
484.000 EUR, and the variable investments were assumed to be
550.000 EUR per MW. Furthermore, access to seawater at a 200m
distance requires additional investment costs for piping. The HP is
planned to be installed on the site otherwise planned to be used as
a park, so no additional land investment costs apply.

2.2.5. Costs of heat
For Scenario A costs of heat depend on the price of DH, which is

set by the Estonian Competition Authority for the DH region. For
autumn 2018, the price for the considered region was 56.65 EUR/
MWh. It was assumed that the price may increase in the future,
since heat is being generated by a natural gas-fired boiler for the
existing DHN, which has significant network heat losses. Conse-
quently, no revenue from DH production was generated for sce-
nario A, because the generation and distribution of DH was
outsourced.

The cost of heat includes the cost of operation, maintenance,
fuel, and electricity. Additionally, a levelised energy cost is added,
i.e., the cost of heat produced in MWh by an asset (boilers, heat
pumps) over its lifetime, with investment costs taken into account
[33].

For scenario B costs of heat depend mainly on the price of nat-
ural gas set for Estonian customers. In 2018, the price was 35 EUR/
MWh, but this price is likely to increase in the future. This is ex-
pected, because the consumption of natural gas in Estonia is
declining every year since 2008, because of the construction of new
boiler houses based on local biomass. Furthermore, the BalticCon-
nector project is being developed, which aims to interconnect the
Estonian and Finnish gas transmission networks. Both will have an
impact on the tariff of the transmission system operators (TSO).
Finally, the Estonian government plans to increase excise duty for
using natural gas as a fuel. It is predicted that the price of natural
gas will increase by 20% in 10 years, resulting in 42 EUR/MWh [34].
Electrical supply for pumps in boiler houses was assumed to be
12 kWh electricity for 1MWh of heat, O&M costs were assumed to
be 6000 EUR/year and other costs, including CO2 taxes, 10,000 EUR/
year. In addition, the net present value (NPV) was calculated for 10
years and the payback period (PBP) for an internal rate of return
(IRR) of 7%, both considering discounted cash flows and heat sold to
the customers at 55 EUR/MWh.

For scenario C, prices for gas-fired boiler houses and the gas
price were the same as for scenario B. O&M costs were higher,
because of additional costs for HP operation and were assumed as
44,000 EUR/year. The operational costs of the HP were obtained
from Ref. [35]. The costs for electricity consumption of the HP and
pumping were calculated for the first year using the hourly Nord
Pool prices from 2017 [36]. In addition, energy tax, renewable en-
ergy taxes, transmission and capacity fee were added. Forecasts for
natural gas and electricity prices were taken into account, calcu-
lating costs of heat [34,37]. The NPV and PBPwere calculated for the
same assumptions as for scenario B.
3. Case study

Over the past decade, many new city districts have been built in
Estonia, including P€arna~oue and Liivaoja (Tallinn), Kvissental
(Tartu), Uusm€ae (Saku), Merikotka (Kuressaare), and the interest in
developing new residential districts continues to grow. Typically,
connecting to an existing high-temperature DH system is used as a
heating solution. This is usually done, because municipalities
determine the DH regions inwhich connecting to DH is mandatory,
according to Estonia’s District heating regulation act. This study
presents an analysis of alternative heat supply scenarios for the
newly developing subdistrict of Kopli, Tallinn (see Fig. 2). According
to the present legislation and regulations, the developer could
decide either to connect to an existing DHN or to construct a new
small DHN. The distance to the existing DHN, which is owned by
Adven Eesti AS, is 300m. The development of the Kopli subdistrict
consists of two stages. 21 multi-family residential buildings with
floor heating and a total heat demand of 1.2MWare planned during
the first stage of development. By the end of the second develop-
ment stage, 49 multi-family residential buildings and 4 public
buildings with a total heat demand of 4.5MW are planned. A
schematic map of the area can be seen in

The new residential area will have very compact two- and four-
storey apartment buildings. In addition, there will be a kinder-
garten, a school, a gym and a shopping mall. It was assumed that all
buildings will have a specific space heating demand of 45 kWh/m2/
a and a specific domestic hot water (DHW) demand of 730 kWh/a.
Floor heating systems will provide heating in all buildings. Each
building will have hot water storages installed. Each tank has a
water volume of 3000 l. The overall heat demand was calculated by



Table 4
Network heat loss for the three different scenarios.

Scenario Annual heat loss (MWh) Relative heat loss

A 913 4.0%
B 762 3.5%
C 653 2.9%

A. Volkova et al. / Energy 178 (2019) 714e722 719
the developer of the area.
The heat demand curve for the whole development area based

on the normalised annual outdoor temperature is shown in Fig. 3. It
may be seen that the heat load in summer is rather high and
constitutes almost half of the maximum heat load. This is because
of the energy-efficient buildings with floor heating, which results in
a very low space heating demand in winter.

The gas supply infrastructure (with the required gas boiler
pressure of 5 bar) are located close to the district (20m to the
existing gas pipeline). Pipe parameters used for the heat loss cal-
culations are given in Table 3.

The heat load duration curve for Scenario C is shown in Fig. 4.

4. Results

Based on the methodology presented earlier, the heat loss, PE
consumption, CO2 emissions, investment costs and costs of heat for
the three different scenarios are shown in the following.

4.1. Heat loss

The annual heat loss for the different scenarios can be found in
Table 4. As shown, the absolute and relative heat loss is the lowest
for scenario C and the highest for scenario A.

The relative heat loss for different supply and return tempera-
tures, depending on the outdoor temperature, can be found in
Fig. 5.
Table 3
Pipe parameters.

Depths 1m
Pipe length 1. stage: 1140m

2. stage: 1166m
Diameters DN32/125, DN40/125, DN50/140, DN65/160,

DN80/180, DN100/225, DN125/250, DN150/280, DN200/355
Insulation 0.023W/mK e 0.025W/mK; 2nd class

Fig. 4. Heat load duration curve for C scenario of case study.

Fig. 3. Heat load duration curve for the case study.
The relative heat loss increased for an outdoor temperature of
10 �C, because space heating was not required in this period, and
the heat demand became lower. If the outdoor temperature
increased further, the absolute heat losses decreased, but the heat
load for DHW remained the same.

4.2. PE consumption and CO2 emissions

The PE consumption per unit of heat consumed and the CO2
emission factors are shown in Fig. 6.

Scenario A has the highest PE consumption, which can be
explained by higher heat losses in the small local DHN, along with
additional losses due to the distance of 2.5 km between the existing
boiler house and the small DHN. In addition, the boiler efficiency in
scenario A is lower than in the other scenarios. The PE consumption
per unit of heat consumed is much lower for scenario C. PE required
for producing heat from natural gas is more than 3 times lower in
this case. Additional PE is required for the electricity consumption
of the HP, as shown.

The highest CO2 emissions per unit of consumed heat were
found for scenario A, due to high heat loss in the existing DHN and
lower boiler efficiency. In scenario C, the CO2 emissions are high,
too. As mentioned above, the CO2 emission factor for electricity is
very high in Estonia. This is why even a small amount of electricity
used for the HP will dramatically increase the CO2 emissions. The
lowest CO2 emissions occurred for Scenario B, because heat losses
are lower and no electricity was used for the heat production.

It is also possible to use a “Green energy” electricity package
from the electricity provider, which means that the consumed
electricity would be from renewable energy sources (biomass,
wind, hydro) and not from a mix of sources: oil shale, biofuels,
waste, wind or water. The costs for electricity consumption would
be higher in this case.

4.3. Investment costs

The investments costs are shown in Fig. 7.
As it can be seen in Scenario A, the largest portion of the in-

vestments is associated with the new DHN layout. The investment
costs for scenario B are higher, because a new gas-fired boiler house
has to be constructed and connected to the DHN. The investment
costs are the highest for scenario C, because of the high costs
associated to the HP.

4.4. Cost of heat

The costs of heat were not calculated for Scenario A. For this case
price is set by Competition Authority. Currently, it is 56,65 EUR/
MWh, and it will increase in the future due to increase in natural
gas costs (based on the fuel DH uses).

For scenario B and C, the calculated costs of heat for 2019 were
45.51 EUR/MWh and 38.86 EUR/MWh, respectively. Forecasts of
the costs for heat, taken into account investment costs, are pre-
sented in Fig. 8. Despite the high investment costs for scenario C,
the costs of heat are the lowest, because of the high SCOP of the HP
and the low electricity costs.



Fig. 5. Relative heat losses in small DHN for the scenarios.

Fig. 6. PE consumption and CO2 emissions for heat production of the three scenarios.

Fig. 7. Investments structure for scenarios.
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Taking into account investments and costs of heat, as well as the
projected income from heat sales, the discounted cash flows were
calculated, and these results are presented in Fig. 9. Scenario B
offers a 100% return on investment in 4 years, as opposed to sce-
nario C’s more than 5 years. In the long run, heat production under
scenario C will bring more revenue. This is because the overall
resource efficiency for heat production is much higher, as well as
gas prices rise faster than electricity prices.

The NPV after 10 years for Scenario B was calculated as
1.000.000 EUR; however, for scenario C the NPV after 10 years was
determined as 2.600.000 EUR. This means that scenario C is more
feasible and promising than the other scenarios.
5. Discussion and conclusions

The main barriers to the DH system development are associated
with the old system’s infrastructure, consumer heating devices,
high building heating demand, etc. These barriers do not arise
during the construction of a new residential area. The new resi-
dential area with new energy-efficient multi-family buildings with
floor heating and heat recovery ventilation provides an excellent
opportunity to supply heat via modern sustainable DHNs, using



Fig. 8. Forecast for costs of heat.

Fig. 9. Cash flow for Scenario B and Scenario C.
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renewable and low potential waste heat sources.
This research paper presents the case study for such residential

area, where all above mentioned conditions are met. Three heat
supply scenarios have been analysed: residential area connected to
the existing DHN, with a gas-fired boiler; high-temperature DHN
with a small gas-fired boiler; low-temperature DHN with a gas-
fired boiler and a large-scale HP. It should be considered, that for
this analysis, only the assumptions, associated with the imple-
mentation of this particular project were taken into account. For
instance, it is assumed that the heat boiler station will be exactly
the same in the case of two or three boilers. Another example is that
the land where the HP is to be installed is owned by the developer.
It is important to keep inmind that for other projects the conditions
may differ. For the evaluation of these scenarios, the following in-
dicators have been applied: heat loss, primary energy consumption
per unit of heat consumed, CO2 emissions per unit of heat
consumed, investments, NPV, payback period, and costs of heat.
Due to the specific characteristics of Estonia, the CO2 emission
factor is very high for electricity production. This explains why the
scenario with the HP had the highest CO2 emissions per unit of heat
consumed. The NPV indicates that the optimal solution for this
project would be to install a large-scale HP and a low-temperature
DHN (scenario C). Besides when natural gas price will rise, scenario
C will be more competitive. However, even if all of the aforemen-
tioned prerequisites are present other heat generation units are
considered by the developer to be the primary options (existing
high-temperature DHNs or high-temperature boiler houses).
Due to the lack of LTDHNs in Estonia, it is difficult to develop

new projects with the established temperature schedule 60 �C/
35 �C for the following reasons:

� Developers fear that the lack of such experience in Estonia will
lead to problems arising during the operation of the network
and production units, for example, Legionella pneumophila, lack
of available capacity for future clients (due to the smaller tem-
perature difference between supply and return temperature),
etc.

� Existing boiler house manufacturers actively lobby their interest
in consumers continuing to utilise boilers that generate high
temperature heat (80 �C or above). Low-temperature boilers are
specific, need specific materials and are not commonly available
on the Estonian market.

� The investment costs of HPs are quite high compared to con-
necting to the existing DHN or a local boiler house.

To increase the likelihood of the LTDHN development in Estonia,
it should be widely promoted and more studies have to be con-
ducted, and information on the specifics of such networks should
be made available to all possible stakeholders, i.e. designers, de-
velopers, constructors, local municipalities, engineers, boiler
vendors.
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Appendix A. HP design model

The HP design model overview is shown in a Q-T diagram and a
log(p)-h diagram in Fig. A. 1. As depicted, the pinch point temper-
ature of 5 K was kept and all the heat was used to heat the DH
water. The discharge temperature after the compressor was 140 �C.
All state points are shown in the log(p)-h diagram for the two-stage
HP.
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