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Preface 
EnergyLab Nordhavn – New Urban Energy Infrastructures is an exciting project which will continue 

until the year of 2019. The project will use Copenhagen’s Nordhavn as a full-scale smart city energy 

lab, which main purpose is to do research and to develop and demonstrate future energy solutions 

of renewable energy.  

The goal is to identify the most cost-effective smart energy system, which can contribute to the major 

climate challenges the world are facing.  

  

Budget: The project has a total budget of DKK 143 m (€ 19 m), of this DKK84 m (€ 11 m) funded in 

two rounds by the Danish Energy Technology Development and Demonstration Programme 

(EUDP). 

 
Forord 
EnergyLab Nordhavn er et udviklings- og demonstrationsprojekt der løber til og med 2019. Projektet 

har foregået i Københavns Nordhavn, og vil fungere som et fuldskala storbylaboratorium, der skal 

undersøge, udvikle og demonstrerer løsninger for fremtidens energisystem.  

Målet er at finde fremtidens mest omkostningseffektive energisystem, der desuden kan bidrage til 

en løsning på de store klimaudfordringer verden står overfor nu og i fremtiden.   

 

Budget: Projektets totale budget er DKK 143 mio. (EUR 19 mio.), hvoraf DKK 84 mio. (EUR 11 mio.) 

er blevet finansieret af Energiteknologisk Udviklings- og Demonstrationsprogram, EUDP.     
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List of Abbreviations 
COP - Coefficient of performance 
DHAT – District heating assessment tool 
HEX – Heat exchanger 
HP – Heat pump 
LCOE – Levelized cost of energy 
LHDD – Linear heat demand density 
LTDH – Low temperature district heating 
NPV - Net present value 
O&M – Operation and maintenance (cost) 
PR – Pressure ratio 
SCOP – Seasonal coefficient of performance 
ULTDH – Ultra-low temperature district heating 
 
 
Executive Summary 
This report comprises the summary of two different studies. The first part presents the 
results of a socioeconomic analysis of the feasibility of different district heating solutions 
supplied by large-scale heat pumps compared to supply from individual heat pumps. The 
second part focuses on the analysis of heat sources suitable for large-scale heat pumps 
based on the development of an energy planning tool that can be used to identify the most 
economical heat pump and storage capacities for a new development district.   
The analysis described in the first part compare different district heating variants, namely 
ultra-low temperature district heating (ULTDH), low temperature district heating (LTDH) and 
two cases of district heating at higher supply temperatures (70 °C and 80 °C). The analysis 
has focused on identifying, under different boundary conditions, i.e. plot ratio, heat demand, 
etc., which of these DH solutions are most feasible. Further, central supply from large-scale 
heat pumps using different heat sources was compared to central supply from biomass-fired 
boilers. For the ULTDH case, three different substation variants were considered. 
The results showed that LTDH is the most feasible solution in most of the assessed cases. 
Accordingly, a central implementation of large-scale heat pumps was more feasible than 
decentral supply from individual heat pumps and the combination of central and decentral 
heat pumps in ULTDH systems. For Nordhavn, it is expected that new buildings will be 
energy efficient and thus have a low space heating share while having a relatively high plot 
ratios (built area divided by land area). Thus, ULTDH is most probably unfeasible as low 
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space heating shares of energy efficient buildings reduce the feasibility of investing in both 
a district heating grid and decentral supply options. Individual units are expected to be less 
beneficial than LTDH because of the rather high plot ratios. Thus, the result suggested that 
LTDH is the most feasible option for heat supply in Levantkaj and most probably also in 
outer Nordhavn. Further, low supply and return temperatures, e.g. 60 °C / 30 °C were 
beneficial compared to higher temperatures due to reduced heat losses and increased 
coefficient of performance of the central heat pumps. 
 
In the second part of the report, the optimal exploitation of heat sources used for large-scale 
heat pumps to supply district heating is described. Heat sources may differ considerably 
from each other in terms of temperature variation during the year, available capacity and 
easy access. Furthermore, investment costs to use these heat source may differ depending 
on the type of heat source that may be extracted. Therefore, heat sources have been 
analyzed in detail, followed by an analysis on the investment costs of large-scale heat 
pumps using different kinds of heat sources. This knowledge was applied to the case study 
of Nordhavn by developing an investment and dispatch optimization model to identify the 
most economically solutions to supply a city district by district heating using only heat 
pumps. 
One outcome of the analysis are cost correlations for the investment costs of large-scale 
heat pumps for five different heat sources: flue gas, air, groundwater, sewage water and 
industrial excess heat. The results show further that the specific total investment costs differ 
depending on the heat source and the heat pump capacity. 
Applying these cost correlations and the optimization model to the case of Nordhavn, it was 
found that it would be the most economical to install a 5 MW groundwater heat pump in 
combination with a 19 MW sewage water heat pump in the area of Nordhavn. This resulted 
in the lowest levelized cost of energy. Alternative solutions are possible, but would, 
depending on the heat source proportions, result in higher costs. Depending on the selection 
of heat source, the variation might not be significantly higher.   
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1. Part I - Criteria for selecting between large heat pumps for district and 
small heat pumps for individual buildings 

 
1.1 Introduction 
Recently, district heating has been in the focus of research as it is expected to play a key 
role in the transition to more energy-efficient and fossil fuel free energy supply systems [1]. 
District heating enables exploitation of large-scale heat sources that cannot be exploited 
using individual units. It has also been identified as a key element in integrated energy 
systems [2]. The integration of heating and electricity sector can be achieved by using large-
scale power-to-heat units, such as heat pumps which use electricity to supply heat and might 
also help to balance the power grid [3].  
Large-scale heat pumps represent an efficient way of heat supply using electricity in 
combination with low temperature sources, such as groundwater, seawater or air. Centrally 
supplied systems are well suited for areas with high heat demand densities, i.e. densely built 
areas and houses with space heating (SH) and domestic hot water demand. However, the 
feasibility of centrally supplied systems is highly dependent on the linear heat demand 
density of the supplied area. The linear heat demand density is the heat demand per meter 
pipe and thus a measure for how dense the area is in terms of heat demand. It is less certain 
whether centrally supplied systems will be feasible in new areas with low energy demand 
buildings as well as in less dense areas, i.e. low linear heat demand densities. Both trends 
can be found e.g. in the case of the new development area Nordhavn in Copenhagen. 
Nordhavn, the industrial harbour area of Copenhagen is currently being developed as a 
commercial and residential area. The harbour is located on a peninsula in the east of 
Copenhagen. The area is being developed within several steps and expected to be fully 
developed by 2060. The buildings that will be built in the next development steps are 
expected to have to comply with the Danish building standard 2020. According to this, the 
space heating demand will be reduced to a minimum and domestic hot water will represent 
a larger share of the overall heat demand in these areas. Further, the building density is 
expected to be lower in the later development phases. This will lead to relatively low linear 
heat demand densities in the new areas. It is therefore a matter to be analysed whether the 
supply of heat through centralized district heating is still economically viable.  
This deliverable presents the results of a socioeconomic analysis of the feasibility of different 
district heating solutions supplied by large-scale heat pumps compared to supply from 
individual heat pumps. The analysis has focused on identifying under which boundary 
conditions, i.e. plot ratio, heat demand, etc. which of these solutions are most feasible. 
Further, central supply from large-scale heat pumps was compared to central supply from 
biomass-fired boilers.  
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1.1.1 District heating in Denmark – current situation 
Denmark has a high share of renewable power production [4]-[5] and the use of district 
heating is well established in urban and rural areas [6]-[7]. The Danish geography is 
especially suited for power generation from wind. The main source of biomass in Denmark 
is compostable municipal waste, by-products from agricultural activities, like straw and 
manure, and wood-based biomass, of which ca. 50 % is imported [8]. An increase of 
biomass usage in Denmark would result in higher shares of imported biomass [9], which 
implies the risk of promoting non-sustainable land usage in other countries. As Denmark 
aims to achieve independency of fossil fuels, the available biomass resources might be 
needed in other sectors. Renewable electricity generation from non-biomass-based sources 
is thus expected to play a key role in the transition towards renewable supply of heat and 
electricity. To accommodate high shares of transient electricity generation in the energy 
system, the idea of an integrated energy system, utilizing synergies between different 
energy sectors is promoted in Denmark (e.g. [2]). This strategy has been widely 
acknowledged and current research and demonstration projects, as well as recent policy 
changes [10] undergird the vision of an integrated energy system. 
In Denmark, most rural district heating networks were developed after the first oil crisis and 
were usually based on natural gas-fired units. District heating companies in Denmark are 
mostly cooperatives or municipality-owned and so directly or indirectly owned by the 
customers [11]. They are obliged to work on a non-profit basis and a national benchmark 
system is in place, ensuring that the most cost-effective and environmental friendly solutions 
are promoted [12]. Thus, new heat supply projects have to be both, private economically 
and socioeconomically viable in order for them to be realized. In combination with dedicated 
policy measures [17]-[18] this has led to high penetration of district heating in Denmark (64 
% in 2016 [4]). Today, many of the original natural gas units have been replaced by biomass-
fired plants, and increasingly solar thermal plants and heat pumps. The diffusion of large-
scale heat pumps benefits from research and demonstration projects, collection and 
dissemination of knowledge [14], and targeted tax-reduction and financial support, e.g. 
[10,15]. 
 
1.1.2 New ULTDH networks 
District heating grids are seen as an essential part in future integrated energy systems. 
However, there is a row of criteria that future district heating grids have to comply with in 
order to play the expected central role, these have been defined by Lund et al. [1]: 

• The ability to supply low-temperature district heating for space heating and domestic 
hot water preparation,  

• reduction of grid losses,  
• exploitation of renewable and waste heat sources,  
• being an integrated part of the overall energy system and  
• suitable planning and policy instruments. 
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The first three criteria imply a reduction in district heating temperatures. Reduced district 
heating temperatures have the advantage of reducing heat losses from the pipelines and 
enabling the use of low temperature heat sources, such as low-graded waste heat and 
ambient heat sources, e.g. groundwater, seawater, air, geothermal, etc. The district heating 
forward temperatures may either be reduced to temperatures, which are just high enough 
to still supply domestic hot water directly or to even lower temperatures. In the first case, the 
temperature is constrained by the formation of Legionella, which needs to be avoided and 
thus the district heating temperature may not be below app. 55-60 °C. This district heating 
type will in the following be called low temperature district heating (LTDH). 
If the temperature is reduced even further, but only to temperatures which are still high 
enough to supply space heating to the buildings directly (This is the case for new, energy 
efficient buildings equipped with floor heating.), additional boosting of the temperature for  
domestic hot water production becomes necessary. This type of system is called ultra-low 
temperature district heating (ULTDH) in the following. It has been shown that ULTDH is 
advantageous in terms of energy efficiency if supplied by a central heat pump, while it is 
disadvantageous when supplied from a central CHP plant [16]. The results on economic 
feasibility differ significantly between different publications. Most find that ULTDH is not 
feasible compared to LTDH (e.g. [16], [17],) while some report that it is (e.g. [18]). The 
feasibility is of course dependent on legal and technical framework conditions.  
For this report, it was assessed for which plot ratios (for explanation see next page) and 
space heating shares the implementation of ULTDH instead of LTDH supplied by the same 
heat source could be beneficial. The results were also evaluated for the next development 
step of the Nordhavn area, Levantkaj. 
 
1.2 Method 
The feasibility of different integration possibilities of heat pumps into district heating systems 
was assessed for Denmark using the district heating assessment tool (DHAT) published by 
the Danish Energy agency [19]. The DHAT is an MS Excel based tool that can be used to 
calculate the economic feasibility of establishing district heating in areas currently supplied 
by individual units. The tool includes technical data and price projections that are adjustable 
for different countries. It includes a cost-benefit analysis for the local society, customers, 
and the district heating company. It calculates the socioeconomic feasibility of the project 
according to Danish guidelines [20] and the levelized cost of energy (LCOE), including the 
total district heating network cost, and investment, fuel and operating and maintenance 
(O&M) cost for the supply units. 
The DHAT as published by the Danish Energy Agency was extended to represent the heat 
pump coefficient of performance (COP) and cost in more detail to account for the 
characteristics of different heat sources. The COP was calculated according to the heat sink 
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and heat source temperatures in every hour of the year, assuming a fixed exergy efficiency 
of the heat pumps. The cost functions used are further described in section 1.2.2. 
An estimation of the network cost and the heat losses were included to account for different 
district heating temperatures. 
The analyses focused on newly developed areas supplied by a newly built central unit. It 
was carried out in two parts. 

1. Comparison of district heating supply from central heat pumps and wood-fired boilers 
to individual heat supply. The feasibility was assessed for varying plot ratios, i.e. the 
ratio between the built space area and the land area supplied by DH, and thus linear 
heat demand densities (LHDD). The supplied area was fixed to 340,000 m2, which 
corresponds to the area of the next development step Levantkaj in Nordhavn. Five 
central unit types were considered - air source heat pump, groundwater heat pump, 
seawater heat pump, wood pellet and wood chip boiler. Different district heating 
forward and return temperature cases (80/50 °C, 70/40°C, 60/30 °C) were analysed 
for two heat demand scenarios. The district heating solutions were compared to 
individual air-to-water heat pumps, brine-to-water (ground source) heat pumps and 
electric boilers. 

2. Assessment of the feasibility of ULTDH compared to LTDH and individual supply from 
air-source heat pumps. In this part both the plot ratio (0.2 – 2) and the space heating 
share was varied (0.1 – 0.8), in this way spanning up a matrix of 10 x 8 different 
combinations. The supplied area was kept at 340,000 m2. The ULTDH temperatures 
were assumed to be 40 °C forward, 25 °C return, while the LTDH was assumed to 
have 60 °C forward, 30 °C return. As central units air-source heat pumps, 
groundwater heat pumps and waste heat at 40+ °C, 30 °C and 20 °C were 
considered. The waste heat was combined with a heat pump if the temperature was 
not high enough to supply the desired service directly. The temperature is only high 
enough for direct supply if waste heat at 40+ °C is available and ULTDH is to be 
supplied. The “+” indicated that the waste heat temperature is always high enough to 
supply the desired forward temperature even in cases where an increase in forward 
temperature is necessary due to weather compensation at cold ambient conditions. 

 
In the following the main assumptions are presented. For further details, please refer to [21]. 
 
1.2.1 Estimation of energy demand 

1.2.1.1 Heat demand 
The specific domestic hot water demand was assumed to be 20 kWh/m2/a [22]. The 
domestic hot water demand profile was assumed to follow the standard tapping profile XL 
[23]. It was assumed that the profile is the same for every day of the year. In the first part of 
the study a space heating demand of 3 kWh/m2/a and of 22.5 kWh/m2/a were assumed. In 
the second part, the space heating share was varied, as indicated above (section 1.2, point 
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2). For comparison, a space heating share of 0 % would represent the Danish 2020 building 
standard, where the total heat demand has to be reduced to the domestic hot water demand 
only [24]. However, experiences from new buildings in Nordhavn have shown, that the actual 
space heating demand is higher than the respective building standard would predict. 
The total heat demand was then calculated from the fixed domestic hot water demand and 
the space heating share.  
 

1.2.1.2 Heat loss 
The heat loss was estimated from measured heat loss data from existing Danish district 
heating networks, based on the linear heat demand density 𝑞𝑞𝑙𝑙,  

𝑞𝑞𝑙𝑙 =
𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡
𝐿𝐿

= 𝑞𝑞𝑠𝑠 ⋅ 𝑃𝑃𝑃𝑃 ⋅ 𝑤𝑤 (1)  

which is a function of the plot ratio (PR), the specific heat demand (qs) (i.e. the space heating 
ratio) and the effective width w [25]. In order to account for the different temperature levels 
the annual heat loss was corrected according to the last term in the following formula: 

𝑄𝑄loss = 0.2748 ∗ 𝑞𝑞𝑙𝑙−0.653 ∗
𝑇𝑇forw + 𝑇𝑇ret − 2 ∗ 𝑇𝑇ground
𝑇𝑇�forw + 𝑇𝑇�ret − 2 ∗ 𝑇𝑇ground

 (2)  

With  
• 𝑞𝑞𝑙𝑙 - linear heat density in [𝑀𝑀𝑀𝑀ℎ 𝑚𝑚/𝑎𝑎⁄ ],  
• 𝑇𝑇forw and 𝑇𝑇ret - forward and return temperatures at the last customer in line 
• 𝑇𝑇�forw = 73.71 °𝐶𝐶 and 𝑇𝑇�ret = 40.52 °𝐶𝐶  are the weighted average forward and return 

temperature (by heat load) of the Danish systems listed in the data base. 

Figure 1 shows the resulting functions for the annual heat loss for LTDH and ULTDH over 
the linear heat demand density. 
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Figure 1 Annual heat loss for LTDH and ULTDH over the linear heat demand density, based on [26] 

 
1.2.1.3 Pumping power 
The necessary pumping power was estimated from a fixed pressure gradient of 100 Pa/m and 1 bar 
over the substations. The volume flow pumped through the system was estimated as 

𝑉̇𝑉 =
�
𝑄𝑄tot,delivered
8760 ℎ/𝑎𝑎 �

𝑐𝑐p,H2O ⋅ (𝑇𝑇forw − 𝑇𝑇ret) ⋅ 𝜌𝜌H2O
 (3)  

With 
• 𝑉̇𝑉 – Volume flow [m3/h] 
• 𝑄𝑄tot,delivered – total annual heat demand supplied by the district heating grid [kWh/a] 
• 𝑐𝑐p,H2O – specific heat capacity of water [kJ/kg/K] 
• 𝑇𝑇forw ,𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 – Forward and return temperature [K] 
• 𝜌𝜌H2O – density of water [kg/m3] 

 
As the detailed network layout is not known, any estimation of the total pressure loss is subject to 
large uncertainties. The energy demand for pumping is however small compared to the overall 
energy demand of the system and thus the influence of these uncertainties is expected to not change 
the overall results of the analysis. 
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1.2.2 Investment cost 
The assumed investment cost for all energy conversion units are summarized in Table 1. 
 
Table 1 Investment cost of energy conversion units 

Technology Investment cost function [M€/MW]  Lifetime [a] Source 
HP Groundwater  1.1117 𝑄̇𝑄𝑛𝑛𝑛𝑛𝑛𝑛−0.23105  25 [27] 
HP Sewage or sea water  1.2166 𝑄̇𝑄𝑛𝑛𝑛𝑛𝑛𝑛−0.33122  25 [27] 
HP Air  0.9366 𝑄̇𝑄𝑛𝑛𝑛𝑛𝑛𝑛−0.1418  25 [27] 
Waste heat HEX installation  0.260 ⋅ 𝑄̇𝑄nom−0.1234  20 [27] 
Central heat pump waste heat  0.867 ⋅ 𝑄̇𝑄nom−0.1234  25 [27][28] 
Wood chips boiler  0.9 20 [29] 
Wood pellet boiler  0.48 20 [29] 
Central Electric boiler  0.11 20 [29] 
Central Gas boiler  0.06 25 [29] 
Indv. Air to water HP  0.95 15 [29] 
Indv. Brine to water HP  1.52 20 [29] 
Indv. Electric heater  0.86 30 [29] 
Booster HP  2.748 ⋅ Q̇nom

−0.594  15 [17,30–32]1 
District heating substation  0.414 ⋅ 𝑄̇𝑄nom−0.536  25 [31,33] 2 

 
The investment cost of the district heating network were estimated using an approach 
presented by Persson & Werner [25]. The network investment cost 𝐶𝐶𝑖𝑖𝑖𝑖𝑣𝑣,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛  was 
calculated as shown by Frederiksen & Werner [34]. Further, operation and maintenance 
cost were considered. These were taken from the Danish Technology Catalogue [29,33,35].  
The cost function of booster units was described by a linear cost function derived from [33]: 

𝐶𝐶fixedOM,booster = 229.6 + 3852.6 ⋅ 𝑄̇𝑄booster,nom  �
€

𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢
� (4)  

1.2.3 Evaluation criteria 

1.2.3.1 Coefficient of performance 
In order to evaluate the performance of the heat pump units the coefficient of performance 
(COP) was calculated as the heat supplied by the unit divided by the power consumed by 
the unit. 

𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻 =
𝑄̇𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑊̇𝑊

 (5)  

It was calculated from sink and source mean logarithmic temperatures  
 

                                            
1 Correlation fitted through the cost data given in the stated sources 
2 Correlation fitted through the cost data given in the stated sources 
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for every hour of the year, with an estimated constant exergy efficiency, using the formula 
presented by Jensen et al. [36]. 

𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻 = �1 −
𝑇𝑇𝑚𝑚,source

𝑇𝑇0
∗ �

1
𝜖𝜖
∗ �

𝑇𝑇0
𝑇𝑇𝑚𝑚,sink

 −  1� +  1��
−1

 (6)  

With 

𝑇𝑇𝑚𝑚,𝑖𝑖 =
𝑇𝑇out,𝑖𝑖 −  𝑇𝑇in,𝑖𝑖
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Where 
• 𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻 – Heat pump COP 
• 𝑇𝑇𝑚𝑚,𝑖𝑖 – logarithmic mean temperature of stream i  
• 𝜖𝜖 – exergy efficiency (0.3 – 0.5 depending on the heat pump type) 
• 𝑇𝑇0 – Dead state temperature (Groundwater temperature = 10.5°C) 

 
Further, the overall system COP was calculated. It gives an indication of the overall system 
performance including central and decentral conversion as well as heat losses from the 
network. Assuming, that the total demand can be covered by the system, it may be defined 
as: 

𝐶𝐶𝐶𝐶𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
∑𝑄̇𝑄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

∑𝑊̇𝑊
 (8)  

Here, ∑𝑄̇𝑄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 denotes the sum of all heat demands covered by the system and ∑𝑊̇𝑊 is the 
sum of all power streams consumed in the system. 
 
1.2.3.2 Net present value 
The economic evaluation for the local society refers to all entities involved in the project, 
while the socio-economic evaluation refers to the respective country [19]. The 
socioeconomic feasibility of the project is calculated according to Danish guidelines [20]. 
The analysis takes the socioeconomic cost of fuels, investment and emissions into 
consideration, while assuming that the project itself does not have an impact on the 
electricity or fuel price level or the labour market. The socioeconomic as well as the local 
society net present value (NPV) were calculated as the difference between the present value 
of the district heating solution and the best individual supply solution. 
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1.2.3.3 Levelized cost of energy 
The levelized cost of energy (LCOE) was calculated from the total cost of the project over 
20 years divided by the overall heat demand in the same time period. The total cost included 
the total district heating network cost, and investment, fuel and O&M cost for the supply 
units, booster units and substations. The residual values for components with a longer 
depreciation time were subtracted. All cost and the heating demand were discounted to the 
first year of investment, which was 2023. 
 
1.2.4 ULTDH variants 
In the case of ULTDH the necessary temperature increase for domestic hot water 
preparation can be achieved using different kind of units, among them electric water heaters, 
booster heat pumps using district heating water as heat source and heat pumps with 
ambient heat source. Further, these systems may be located at building or apartment level 
and heat up fresh water directly or water on the secondary side, which is then used to heat 
fresh water in a heat exchanger when needed.  
In this study the following three variants of domestic hot water units were assessed 

• Booster heat pump using district heating at 40 °C as sink and source. The unit 
supplies hot water to a storage tank located on the secondary side. The water is then 
used to heat up fresh water in heat exchangers. The unit is set up at building level 
supplying multiple apartments. This set up represents the booster heat pump unit by 
Danfoss described in WP 10 of this project. 

• Micro-booster heat pump using district heating water at 40 °C as heat source to warm 
up fresh water directly. This is done by preheating fresh water via heat exchange with 
the domestic hot water and then further increase the temperature in the domestic hot 
water tank using the heat pump unit. The unit is placed on apartment level and 
represents the micro-booster unit by MetroTherm. 

• Air-source heat pump at building level using outside air as heat source to lift the 
district heating water to a temperature of 60 °C. This is supplied to a storage tank on 
the secondary side as in the booster heat pump case. 

 
1.3 Results 
1.3.1 Comparison of LTDH supply from central heat pumps and wood-fired boilers 
The aim of the first part of the analysis was to compare the economic feasibility of LTDH 
supplied from large-scale ambient heat source heat pumps using ambient heat sources, to 
LTDH supplied from wood-fired heat only boilers and to supply from different individual 
heating units. Figure 2 shows the levelized cost of energy (LCOE) for four different central 
heat pump units, two central wood fired boilers and brine-to water heat pumps, air-to-water 
heat pumps and electric boilers as individual heating units. The results are plotted for 
different plot ratios and for district heating temperatures of 70 °C/40 °C. The cheapest 
individual heat supply unit with 56.2 €/MWh was air-to-water heat pumps and also brine-to-
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water heat pumps had only slightly higher levelized costs (56.8 €/MWh). All district heating 
options followed a similar trend, i.e. the cost were high for low plot ratios and decreased with 
increasing plot ratios. The central solutions supplying 70 °C forward, 40 °C return became 
feasible compared to individual heat pumps at plot ratios between 0.5 and 0.8. Further, it 
was observed that the feasibility of LTDH solutions benefitted from higher space heating 
shares and lower supply temperatures. 
 

 
Figure 2 Levelized cost of energy over plot ratio for LTDH (70 C) with heat pumps and wood-fired boilers as central supply 
units and for supply from three different individual unit types, SH-share=0.13 

The linear heat demand density (LHDD) at which the respective district heating solution 
becomes more feasible than the best individual supply solution is the minimum feasible 
LHDD. Figure 3 shows this minimum feasible LHDD for all district heating solutions that 
were assessed in this part of the study. The minimum feasible LHDD, and thereby the lowest 
plot ratios which may be supplied by district heating, decreased with decreasing supply 
temperatures for district heating networks supplied by central heat pumps. This is due to the 
higher COP that may be obtained in the central unit and due to reduced heat losses. Among 
the heat pumps, the sewage water (same as heat pump in Cascade/Waste heat from Figure 
2) had the lowest cost and accordingly could supply the lowest minimum LHDD. This is due 
to the comparably high heat source temperature, which were assumed to be constant 
throughout the year. Air-source heat pumps performed second best despite having the 
lowest COP (among the assessed sources) during the heating season. The reason for this 
was the lower investment cost compared to groundwater and seawater heat pumps. The 
trend for wood fired boilers was in the opposite direction but less pronounced. Accordingly, 
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district heating supplied from heat pumps could be feasible, especially for low density, low 
temperature networks. 

 
Figure 3 Minimum feasible linear heat demand density for LTDH supply compared to individual air-source heat pumps for 
three different temperature sets and different central supply units, the range of the results accounts of uncertainties with 
regard to the cost functions 

1.3.2 ULTDH compared to LTDH 
In the second part of the study, it was analysed whether a new development area like 
Nordhavn could beneficially be supplied by ultra-low temperature district heating. The 
results for economic feasibility of an area with a plot ratio of 1.4, close to that of the next 
development step Levantkaj in Nordhavn, and a domestic hot water demand of 0.5, are 
presented in Table 2. For this case LTDH, supplied at 60 °C is the most feasible solution in 
terms of LCOE, NPV of the local society and socioeconomic NPV. 
 
Table 2 Economic results for LTDH and ULTDH with booster heat pump, air heat pump and micro-booster heat pump. 
Heat production price individual refers to heat supply from individual air-source heat pumps, which was chosen as the 
reference case for calculation of the NPV. 

 

Heat 
production 
price DH 

Heat production 
price individual 

NPV local 
society 

NPV 
socioeconomic 

LTDH 41.89 57.59 8.21 4.47 
Booster HP 58.39 57.59 3.76 0.33 
Air HP 65.07 57.59 1.66 -0.85 
Micro-Booster HP 110.31 57.59 -12.556 -14.49 
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Figure 4 presents the cost composition for the LTDH and all three ULTDH supply options. 
The total heat production cost, i.e. fuel cost, variable operation cost, taxes (other than VAT 
on investment), were lower for the ULTDH solutions than for the LTDH case. However, these 
lower operation cost were outweighed by additional investment cost and larger operation 
and maintenance costs. These were especially high for the case of ULTDH with micro-
booster heat pump. This was caused by the higher number of units that have to be 
maintained compared to the other ULTDH scenarios, where only one heat pump unit per 
building was included. 

 
Figure 4 Cost composition for LTDH and ULTDH solutions. Plot ratio: 1.4, space heating share 0.5, heat source: waste 
heat 40+ °C 

It may however be argued that the small heat pump units may be designed and 
manufactured in a way that fixed operation and maintenance cost could be reduced to a 
minimum. Figure 5 shows the same cost composition but without any fixed O&M cost for the 
booster/air heat pump units. The overall cost is still lowest for LTDH supply, however the 
difference between the different solutions could be reduced considerably. 
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Figure 5 Cost composition excl. fixed O&M cost for booster units for LTDH and ULTDH solutions. Plot ratio: 1.4, space 
heating share 0.5, heat source: waste heat 40+ °C 

The economic feasibility of different technologies differed a lot with the specific space 
heating demand of the buildings and with the plot ratio of the supplied area, as presented in 
Figure 6 for the LCOE and in Figure 7 for the socioeconomic NPV. Under the assumed 
circumstances, ULTDH was only more feasible than LTDH for high shares of space heating 
demand and high plot ratio, i.e. high linear heat demand densities. The LCOE decreased for 
all cases with increasing plot ratio. The heat demand density increased with increasing plot 
ratio, as more households in the same area need to be supplied with heat and thus the 
effective width, i.e. characteristic pipe length per household supplied, decreases. Thus, the 
district heating investment cost were divided by a higher amount of heat units supplied, in 
this way decreasing the share of the district heating investment cost of the LCOE. 
Supplying space heating from ULTDH is especially efficient, since the COP of the central 
unit can be increased due to the low supply temperatures and no decentral boosting is 
necessary. However, a decrease in the space heating share means that a higher share of 
heat delivered by the network needs to be boosted to supply domestic hot water. At the 
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same time, the overall heat delivered by the network decreases and the lower heat demand 
leads to higher losses from the district heating grid.  

 
Figure 6 Levelized cost of energy over plot ratio for space heating shares of 0.1, 0.5, 0.8, and for LTDH and ULTDH, heat 
source: waste heat at 40+ °C 

The socioeconomic NPV, depicted in Figure 7, was calculated as the difference in PV 
between the district heating solutions and the PV of individual air-source heat pumps. 
Accordingly, a negative value means that supply from individual air-source heat pumps is 
cheaper than the respective district heating solution. The gradient for the NPV curves 
depend on the gradient of the difference in LCOE of the district heating and individual supply 
solution and on the development of the overall heat demand with increasing plot ratio. 
Accordingly, there are some cases with a negative gradient or first a negative and then a 
positive gradient. 
In order to assess the influence of electricity price assumptions and the assumed heat pump 
COPs, the sensitivity of the results with regard to these values was conducted. Figure 8 
shows the difference in LCOE between the ULTDH solutions and the LTDH solution supplied 
by the same central heat source for a plot ratio of 1.5 and a space heating share of 0.5. The 
most advantageous case for ULTDH is the supply from waste heat at temperatures high 
enough to supply space heat directly. The difference in LCOE was positive for all cases, 
indicating that for this case, LTDH is the best option even if the electricity price increase, the 
booster heat pumps COP increases or the central heat pumps COP decreases. All of these 
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changes influence the difference in LCOE negatively, i.e. the cost of ULTDH are decreasing 
relative to the cost of LTDH. 

 
Figure 7 Socioeconomic NPV over plot ratio for space heating shares of 0.1, 0.5, 0.8, and for LTDH and ULTDH, heat 
source: waste heat at 40+ °C 

 
Figure 8 Variation of assumed electricity spot market prices, decentral heat pumps and central heat pumps 
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1.4 Discussion 
1.4.1 LTDH supplied from heat pumps and biomass boilers compared to individual units 
Comparing the results to current values from Denmark it was found that distribution cost, 
LCOE and LHDD showed to be in good agreement with the values from realised projects 
[26]. 
In areas with very low LHDD central district heating solutions based on heat pumps have to 
compete with heat supply from individual units and district heating supply based on biomass-
fired units. Lower DH-temperatures and reductions in distribution costs were beneficial. 
These may be obtained by new piping types, and cost efficient digging [37]. 
However, the case of heat sparse areas is a very special case and it needs to be mentioned 
that the economic feasibility of heat pumps supplying district heating in terms of LCOE and 
socioeconomic NPV improved for larger LHDD compared to the studied alternatives. 
Further, the heat pump cost functions used were based on very few built heat pumps all 
larger than 800 kW and thus showed insecurities for smaller heat pump capacities. It should 
be kept in mind that the study presented aimed at identifying overarching trends but cannot 
replace a detailed planning for a specific project in question. 
Within the first part of this study, ambient heat sources were considered for the heat pumps. 
However, if industrial waste heat, even at low temperature levels was available, heat source 
exploitation cost could be lower compared to e.g. groundwater heat pumps. 
The implementation of large-scale heat pumps in Denmark benefits from their 
socioeconomic feasibility, as heat supply projects in Denmark must prove private- and 
socioeconomically beneficial. Further, the Danish owner structure and regulation provides 
stable conditions for long-term investment into district heating systems.  
Finally, from an energy system perspective, heat pumps could play an important role in 
terms of system integration and thereby provide flexibility to the power system. Providing 
regulation power might generate further income opportunities for heat pumps and thereby 
increase the economic feasibility, also in heat sparse areas.  
 
1.4.2 LTDH compared to ULTDH and individual air-source heat pumps 
The study conducted aimed at identifying general trend as to under which circumstances 
ULTDH may be feasible compared to LTDH supply. It was thus decided to focus on newly 
built areas, where a comparison of different options can be made without being biased 
toward one option because of the existing infrastructure. Accordingly, the possibility of 
connecting the area to an existing larger district heating grid was not considered. 
Further, the transition of existing grid may pose different challenges than newly built districts, 
e.g. single buildings that do not allow a reduction of forward temperatures. The cases may 
comprise special boundary conditions and thus different solutions than those described in 
the best study may be feasible. In these cases, a specific analysis should be carried out. 
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In the present study we assumed that the district heating can be cooled to a constant return 
temperature throughout the year. This assumption is a simplification and will in most cases 
not hold true. Thus, it may be that heat losses are higher during summer due to less ideal 
cooling of the district heating in the substations. It was assumed that this effect is 
represented in the heat loss correlation used, as it was derived from measured data. Further, 
an increased return temperature may lead to a decrease in COP of the central heat pump. 
However, this effect was neglected in the presented study. 
The booster heat pump maintenance cost were taken from the Danish technology 
catalogue. However, they seemed high and it might be argued that they can be reduced 
considerably, when looking at the operation and maintenance cost of other small-scale units, 
such as household refrigerators. If the fixed O&M cost could be avoided completely, the plot 
ratio range in which ULTDH directly supplied by waste heat at temperatures ≥ 40 °C is 
feasible would increase to plot ratios as low as 1.0 for the ULTDH-DH case. It would further, 
considerably increase the competiveness of micro-booster heat pumps compared to heat 
pumps at building level. However, the feasibility of ULTDH supply depended strongly on the 
space heating share and was only beneficial for relatively high space heating shares. This 
is however an unlikely scenario for newly developed areas, where buildings are expected to 
be more and more energy efficient.  
 
1.4.3 Applicability to Nordhavn development area 
As Nordhavn is located at the seaside, seawater comprises one of the accessable sources. 
This source was only considered in the first part of this study, as the cost data was deemed 
too insecure, due to the lack of cost data for this type of system. It will however be addressed 
in the second part of this deliverable (see section 2), dealing with availability and optimal 
exploitation of heat sources in Nordhavn. 
The later development steps of Nordhavn have not been planned in detail, thus plot ratios 
and building types are not yet known for future development phases. It is however known 
for the next phase, which is Levantkaj (plot ratio = 1.48), which has therefore been 
addressed in this study. 
There are further challenges with regard to possible district heating supply in outer 
Nordhavn, as there are some island areas, where new heat supply solutions are expected 
to become necessary already in the next years. It is thus important, to have an idea of how 
the future heat supply in outer Nordhavn could look like. If this could be DH, the different 
island networks would later have to be integrated in a larger grid and thus it might be 
beneficial to plan for future constraints when planning these island solutions. 
In this study, we focused solely on heating supply. In newly developed areas with highly 
energy efficient buildings it may however be expected that there will also be a cooling 
demand during summer. Thus, future studies should evaluate whether low temperature 
supply solutions are feasible compared to LTDH solutions if they can provide a third product, 
apart from space heating and domestic hot water, namely cooling. 
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1.5 Conclusion 
The presented study assessed how heat pumps could be integrated with district heating in 
order to supply heat to newly developed areas. 
The results showed that low temperature district heating is the most feasible solution in most 
of the assessed cases. Accordingly, a central implementation of large-scale heat pumps 
was more feasible than decentral supply from individual heat pumps and the combination of 
central and decentral heat pumps in ULTDH systems. For Nordhavn, it is expected that new 
buildings will be energy efficient and thus have a low space heating share. Further, plot 
ratios are expected to be representative of dense and less dense city areas, due to the 
location of Nordhavn inside Copenhagen. Thus, ULTDH is most probably unfeasible as the 
low space heating shares reduce the feasibility of investing in both a district heating grid and 
decentral supply options and individual units are expected to be less beneficial than LTDH 
because of the rather high plot ratio. Thus, the result suggested that LTDH is the most 
feasible option for heat supply in Levantkaj and most probably also in outer Nordhavn. 
Further, low supply and return temperatures, e.g. 60 °C / 30 °C were beneficial compared to 
higher temperatures due to reduced heat losses and increased COP of the central heat 
pumps. 
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2. Part II – Optimal exploitation of heat sources  
2.1 Introduction 
The following sections focus on the optimal exploitation of heat sources used for heat pumps 
to supply district heating. Since heat sources may differ considerably from each other in 
terms of temperature variation during the year, available capacity and easy access. 
Furthermore, investment costs to use these heat source may differ depending on the type 
of heat source that may be extracted. In the following, heat sources have been analyzed in 
detail, followed by an analysis on the investment costs of large-scale heat pumps using 
different kinds of heat sources. This knowledge was applied to the case study of Nordhavn 
by developing an investment and dispatch optimization model to identify the most 
economically solutions to supply a city district by district heating using only heat pumps.  
 
2.1.1 Heat sources for large-scale heat pumps  
A description of suitable heat sources that may be used for large-scale heat pumps to supply 
district heating can be found in Pieper et al. [37]: “A constant COP for heat pumps 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 [38], in Geneva, Switzerland [39], in Belgium 
[40], in Finland [41] or in Denmark [42–44]. The COP of a heat pump, however, may vary 
during the year depending on the heat source and heat sink temperatures. For instance, air, 
seawater, lakes and rivers are all influenced by ambient conditions. In the same time, district 
heating forward temperatures are reduced in warmer periods with lower heat demands in 
order to reduce heat losses in the network. This is why it may be important for energy 
planning and energy system analysis to calculate the COP based on a daily or even hourly 
resolution for an efficient integration of heat pumps to balance intermittent electricity 
production from RES. Heat sources may have very different and varying temperature levels, 
and may be limited in capacity or availability. A few studies have investigated different heat 
sources used for heat pumps. 
Berntsson [45] analysed the most common heat sources for heat pumps used in Sweden 
for both, small systems to heat individual buildings and for large systems connected to 
district heating. 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 heat pumps can contribute to the reduction in CO2 emissions and that 
the reduction in CO2 emissions is larger for water-based heat pumps than for air-based heat 
pumps, in particular for large systems. The main reasons are a combination of difference in 
COP, annual operating time and investment costs.    
David et al. [3] reviewed and analysed existing large-scale heat pumps in district heating 
systems in Europe with an installed thermal capacity above 1 MW. Their findings show that 
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by 2017, 149 large-scale heat pumps had been installed, with a total capacity of 1580 MW. 
These heat pumps differed in size, heat source, supply temperature, refrigerant, operating 
mode and COP. They identified seven different heat sources, among which sewage water, 
ambient water (seawater, lakes and rivers), industrial waste heat and geothermal water were 
the most commonly used. 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 [46] identified the most suitable heat sources for heat pumps, which could 
be introduced in district heating networks in Denmark. 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 heat pumps in Denmark, due to its 
geographical distribution and potential heat capacity.  
These two previous studies did not investigate how the available heat sources could be 
integrated efficiently during the year using heat pumps to supply district heating. In addition, 
the literature review showed that in energy system analysis the COP of a heat pump is often 
assumed to be constant and the heat sources that may be used were not analyzed in detail.” 
 
2.1.2 Current investment costs of large-scale heat pumps  
The development of large-scale heat pumps and their investment costs is described in 
Pieper et al. [26]: “Considering heat pumps above a thermal capacity of 0.2 MW, Denmark 
has built more than 25 heat pumps using natural refrigerants over the past decade to supply 
district heating in Denmark. This resulted in an accumulated thermal capacity of over 50 MW 
in 2017 [47]. A continuous increase in the installed capacity is expected in the coming years. 
In the context of smart energy systems and reducing greenhouse gas emissions, Denmark 
may be seen as a frontrunner with regards to the implementation of large-scale heat pumps 
with natural refrigerants. A great benefit is expected if the existing knowledge and 
conclusions can be summarized and be transferred to relevant partners inside Denmark and 
abroad. The heat pump projects differ in size, configuration, components, heat source and 
performance [3,48]. All these have an impact on the investment costs, which makes it 
difficult for the district heating industry to estimate expected costs and to plan new heat 
pump projects. In [49], it was shown for three examples that the investment costs contribute 
with around 30 % to the heat production costs of large-scale heat pumps 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. [50] 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 heat pump types used for district 
heating. 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.  
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Cost correlations for heat pumps up to 0.2 MW thermal capacity were published by Wolf et 
al. [51] for ground-source, water-source and air-source heat pumps. The results were based 
on 254 heat pumps from eight different manufacturers. These correlations, however, are 
only valid for the heat pump unit itself. Grosse et al. [27] provided a correlation for large-
scale heat pumps based on reference project information and manufacturer estimative 
offers. However, also this correlation is for the heat pump only. The Danish Energy Agency 
suggested in 2014 specific total investment costs for large-scale heat pump projects of 0.5 
Mio. €/MW to 0.8 Mio. €/MW [52]. 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 [49]. 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. This motivated an investigation of 
analyzing large-scale heat pump projects connected to district heating networks in Denmark 
in more detail to provide a better estimate on the investment costs and how these may vary 
depending on the capacity, heat source or others. The purpose of this investigation was to 
gain a better understanding of the economics of large-scale heat pumps, to use the results 
for energy system models and to provide these information to district heating companies. 
This may help to increase the penetration of large-scale heat pumps on the market, which 
would result in a more efficient use and integration of renewable energy sources in smart 
energy systems.” 
 
2.1.3 Heat demand in Nordhavn 
For this study, hourly measurements were used for the year 2018 of the heat demand of the 
existing building area of Nordhavn (Århusgadekvarteret). It is expected to have an hourly 
peak heat demand of 40 MW from this area and from the next development stage 
(Levantkaj). The measurement values from 2018 were scaled up accordingly. The load 
duration curve for a whole year is shown in Figure 9. The annual heat demand resulted in 
100 GWh. The supply and return temperatures for the entire area were assumed to remain 
constant throughout the year at 65 °C and 40 °C, respectively, representing low-temperature 
district heating.    
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Figure 9 Load duration curve for area of Nordhavn (based on [53]) 

2.1.4 Available heat sources in Nordhavn 
The heat sources considered to be used for large-scale heat pumps in the area of Nordhavn 
are ambient air, groundwater, seawater and sewage water. These heat sources are 
described in Pieper et al. [54]: “The heat sources considered for this study were ambient air, 
groundwater, seawater and sewage water. Hourly values of the temperature and the relative 
humidity of ambient air for the area of Nordhavn for 2018 were provided [55]. 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 [56]. This is at the upper end of what is typically found in Denmark (8 °C to 
10 °C ), which also depends on the depth of the groundwater reservoir [48].  
It was assumed that the groundwater heat pump capacity was limited due to area 
constraints. This complies with the largest groundwater heat pump installations found in 
Denmark [48]. Such heat pump 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 [57]. An analysis for Nordhavn has shown that 
pumping 50 m3/h of water, which may correspond to approximately 0.7 MW heat pump 
capacity, influences the groundwater level temporary by 0.5 m at a distance to the pumping 
location of approximately 900 m [58]. The width of the total area of Nordhavn is around 3 
km and it is mainly surrounded by the sea. 
Seawater was assumed to be pumped from the maximum possible depth near the coastline 
of Nordhavn at 10 m depth. In this way, freezing problems during cooler periods can be 
reduced or avoided, as the temperature in winter is higher at greater depth than at the water 
surface. This is also done for large-scale heat pumps in Oslo, Norway [59], and in 
Stockholm, Sweden, [60], however at greater depth compared to Danish conditions. An 
hourly seawater temperature profile for a depth of 10 m was used [37] based on 
measurements from 2015 and 2017. The data was provided by the National database (ODA) 
by the Danish Environmental Protection Agency [61].  
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Measurements of daily sewage water temperature and daily volume flow rate after the 
cleaning process were provided for several years for the sewage water treatment plant, 
Lynetten, located 2 km away from Nordhavn [62]. Cleaned sewage water was considered 
as the heat source, because the biological treatment of cleaning the sewage water is 
sensitive to changes in temperature and thus not to be disturbed [63]. In addition, using 
untreated water may require additional attention when sending it through the evaporator of 
the heat pump in terms of cleaning equipment and heat exchanger design. 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 45 MW heat pump capacity. 
An overview of the hourly temperatures of all considered heat sources may be found in 
Figure 10.” 

 
Figure 10 Hourly heat source inlet temperatures of ambient air, groundwater, sewage water and seawater 

2.2 Methods 
2.2.1 Investment costs of heat pumps using different heat sources 
The investment costs of large-scale heat pumps were analyzed in Pieper et al. [26]: “The 
total investment costs were divided into different categories to identify cost correlations for 
each of them, depending on the heat source and heat pump 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 heat pumps and results from 
literature. 
 
Selection criteria 
The criteria for selecting heat pumps were that they are vapor 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 [64] and power-to-heat solutions for an efficient integration of 
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energy systems [65,66]. Denmark was chosen as the only country, because many heat 
pumps 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.  
 
Data acquisition 
Information about investment costs were collected for 26 built heat pump projects and three 
planned projects mainly from [48,67], personal communication with a consultant firm [68] 
and direct communication with district heating companies that have large-scale heat pumps 
installed. Additional information about twelve offers for heat pump units using industrial 
excess heat as heat source was provided by Bühler et al. [69]. 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 heat sink, COP and refrigerant. 
  
Cost fraction categories 
Data about the investment costs of large-scale heat pump projects were collected for the 
categories as stated in Table 3. 
 
Table 3 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) 

Cons
ulting 

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 heat pump 
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 heat pumps. One costs between 80,000 € and 110,000 €, which gives the operator of 
the grid the freedom to shut down the heat pump for frequency control or voltage regulation. 
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 [70]. 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 heat pump 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 
district heating side such as district heating transmission pipes, pumps and connections, 
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which were assumed to be established before the investment of the heat pump or known by 
the district heating company.  
 
Development of cost correlations 
The investment costs of the different heat pump projects were analyzed in Matlab [71], to 
create linear relations between costs and thermal capacity of the heat pump. The choice of 
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 heat pump projects for all cost fraction categories. Therefore, only heat 
pump 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 heat pump unit, 
using industrial excess heat as heat source, were available [69]. 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. [27]. The heat source costs could then be determined by the heat 
pump offers and the developed cost correlations for the other cost fraction categories.   
 
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 heat pump projects for different heat sources. This was done for the 
following heat sources: flue gas, industrial excess heat, groundwater, sewage water and air. 
The resulting cost correlations of the total investment costs were then compared to the 
known total investment costs of heat pump projects. Specific cost intervals for heat pump 
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 heat pump 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 heat pump only, 
or when one of the cost fractions was missing. Estimating all unknown cost fractions allowed 
to compare the total investment costs for heat pumps using different heat sources for all 
heat pump projects of the investigated heat sources. 
 
Breakdown of total investment costs 
The mean value of the costs of each category was determined based on all heat pump 
projects for the five mentioned heat sources. Thereby, the contribution of each cost fraction 
to the total investment costs were identified, which allowed to breakdown the total 
investment costs by each category for the different heat sources.” 



  

34 
 

 
2.2.2 Optimization model to identify optimal heat sources and heat pump capacities 
An optimization model was developed to perform calculations suitable for energy planning 
purposes. As described in Pieper et al. [72] the aim of the model was “to identify: 

• the most suitable heat sources to be used by large-scale heat pumps 
• the optimum heat pump capacity to be installed for each heat source 
• optimal hourly operation of the chosen heat pumps to minimize costs 

The model takes investment costs, O&M costs, seasonal temperature variations of heat 
sources and heat sink, capacity limitations of the heat sources as well as the distance from 
the heat sources to the district heating network into account.”  
 
The model formulation can be found in Pieper et al. [54]: “A model was developed in GAMS, 
version 24.8.3, [73] with the aim of minimizing total costs including annualized investment 
costs (𝐶𝐶Inv,𝑎𝑎 ) and annual operational costs (𝐶𝐶el + 𝐶𝐶O&M) of each production unit p. The 
optimization was based on mixed-integer linear programming using the CPLEX solver, 
version 12.7.0.0 [74]. Annual calculations were performed with one hour time step. A more 
detailed description of the model can be found in Pieper et al. [72]. The objective function is 
shown below.  

min𝑍𝑍 = �𝑍𝑍𝑝𝑝
𝑝𝑝

= �𝐶𝐶el,𝑝𝑝 + 𝐶𝐶O&M,𝑝𝑝 + 𝐶𝐶Inv,𝑎𝑎,𝑝𝑝
𝑝𝑝

 
(9)  

Short-term storage with a heat loss of 0.01 % for each hour, n, and an electric peak load 
boiler with COP of 1 were also implemented [75]. The hourly heat demand had to be 
supplied by the production units or the storage, as shown below. The model determined the 
required heat pump capacity of each heat source, electric boiler capacity and storage 
capacity by the equations shown below, ensuring that the capacities were above the hourly 
production and storage level, respectively.  

�𝑄𝑄𝐻𝐻,𝑝𝑝,𝑛𝑛
𝑝𝑝

= 𝑄𝑄Heat,n + 𝑄𝑄st,char,𝑛𝑛 − 𝑄𝑄st,dis,𝑛𝑛 (10)  

𝑄̇𝑄𝐻𝐻,𝑝𝑝 ≥ 𝑄𝑄𝐻𝐻,𝑝𝑝,𝑛𝑛 (11)  

𝑄̇𝑄st,𝑐𝑐 ≥ 𝑄𝑄st,level,𝑛𝑛 (12)  

The COP of the production units determined the electricity usage and consequently the 
costs related to that, as shown below.” 

COP𝑝𝑝,𝑛𝑛 =
𝑄𝑄𝐻𝐻,𝑝𝑝,𝑛𝑛

𝑃𝑃𝑝𝑝,𝑛𝑛
 (13)  
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A minimum heat production of 1 MW was required for the heat pumps of each heat source, 
when being in operation. This would correspond to a part-load operation of 25 % for a 4 MW 
heat pump and smaller loads for larger heat pump capacities.   
The COP at design conditions of each heat pump using a different heat source was 
determined based on a thermodynamic model in the software EES (Engineering Equation 
Solver), version 10.478 [76], as described in Pieper et al. [54]. The input parameters were 
modified to account for the conditions of the future development of Nordhavn, e.g. reduced 
district heating supply temperatures. Variations in district heating supply temperature and 
heat source temperature were considered by a linear relation between the change of these 
parameters and the change of COP compared to design conditions, as shown in Table 4 
and below.  

∆COP = 𝑎𝑎∆𝑇𝑇source − 𝑏𝑏∆𝑇𝑇sink (14)  

Table 4 Parameters for change of heat source and heat sink temperature 

Parameter Groundwater Air Sewage water Seawater 
a 0.0553 0.0408 0.0562 0.0529 
b 0.0283 0.0122 0.029 0.0262 

 
It was further found that the COP did not change considerably for part-load operation down 
to 25 %. Therefore, a constant COP was assumed in the optimization model. 
 
2.2.3 Variation of heat source proportions 
The optimization model is able to identify the most economical heat pump capacities and 
heat source proportions to use to supply district heating, considering local constraints and 
heat source characteristics. In order to identify how alternative solutions would differ from 
the optimum, the heat source proportions were varied. The variation in heat source 
proportions was performed with fixed heat pump capacities for each heat source as inputs.  
In addition, auxiliary electricity consumption for fan and pumping power required to use the 
heat sources were included. Since the auxiliary power consumption depends on the volume 
flow rates and/or pipe dimensions, it was not possible to calculate it for the case when the 
optimal heat pump capacities should be determined by the optimization model. Instead, the 
heat pump capacities determined from the optimization model above were used as inputs 
to the model, which included auxiliary electricity consumption.  
Auxiliary electricity consumption for water sources was modelled by an approach found in 
[77]. For fan power, a value of 2 % of the heat source capacity in design conditions and full 
load operation was assumed. The auxiliary electricity consumption was reduced by the 
power of 3 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.  
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2.2.4 Increasing level of detail vs. computational time 
The computational time of the described models above was compared in order to give an 
indication of the required time when many different variations of heat pump capacities shall 
be investigated. The difference of the model results will be shown to give an indication about 
level of detail vs. computational time.  
The optimization model was able to find the most economically viable solution directly. For the other 
model, parameter variations were required to get a full picture of how the different solutions would 
look like. Furthermore, the total heat pump capacity of 60 % of the hourly peak demand was required 
as input and obtained from the optimization model.  
 
2.2.5 Input parameters 
The optimization model was applied to Nordhavn. The following input parameters were used 
for the analysis, similar to the data from Pieper et al. [54]: “Year 2018 was used as the 
reference year. Hourly electricity prices for the region DK2 were taken from Nord Pool [78]. 
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 [79]. 
The public service obligation (PSO) was neglected, as it will be phased out by 2022 [80]. 
Further, the electricity tax will be reduced by 100 DKK/MWh from 2019 if electricity is used 
to produce heat for district heating [49]. Investment costs and O&M costs were obtained 
from different references. The investment costs were annualised assuming a discount rate 
of 4 % and a lifetime of piping, the heat pumps, the storage and electric boilers of 30 years, 
25 years, 20 years and 15 years, respectively [81]. Only part of the investment was taken 
into account for equipment that had a longer lifetime than the heat pumps. On the contrary, 
additional investments were required for the electrical boiler due to their shorter lifetime. In 
case additional 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 district heating pipe. An overview of the input parameters 
can be found in Table 5 to Table 7.”  
The investment costs for a seawater heat pump are here much higher than the investment 
costs for heat pumps of other heat sources. This investment cost already includes an 
estimate of the required piping to access the seawater in approximately 2500 m from the 
planned heat pump location. Therefore, no additional investment costs for piping were 
assumed for the seawater heat pump. Hourly CO2 emissions for the electricity production of 
the region DK2 for 2018 were also used [82]. Furthermore, an investment cost of 4.53 Mio. 
€ was assumed for the district heating network that has to be still established. 
 
Table 5.  Electricity costs 
Parameter Value Unit Ref. 
Nord Pool average price 2018 46.20 €/MWhel [78] 
Electricity tax 20.00 €/MWhel [49] 
Transmission and system tariff 10.67 €/MWhel [83] 
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Distribution tariff 13.02 €/MWhel [84] 
Total 89.89 €/MWhel  

 
Table 6.  Investment costs of district heating pipes and storage 
Parameter Investment costs Unit Pipe length Unit Ref. 
DH pipe (sew) (505+3.1 𝑉̇𝑉𝐻𝐻) €/m 2000 m [85] 
DH pipe (gw) (505+3.1 𝑉̇𝑉𝐶𝐶) €/m 20 m [85] 
Storage 205+0.087 𝑉𝑉st T€   [86] 

 
Table 7.  Investment costs and O&M costs 
Technology Investments, M€ Ref. O&M costs, €/MWh O&M costs, €/MW/a Ref. 
HP (air) 0.188+0.677 𝑄̇𝑄𝐻𝐻 [26] 1.0 2000 [48,81] 
HP (gw) 0.505+0.640 𝑄̇𝑄𝐻𝐻 [26] 2.0 2000 [48,81] 
HP (sew) 0.484+0.550 𝑄̇𝑄𝐻𝐻 [26] 1.3 2000 [48,81] 
HP (sea) 3.941+0.711 𝑄̇𝑄𝐻𝐻 [26,87] 1.3 2000 [48,81] 
Electric boiler 0.110 𝑄̇𝑄𝐻𝐻 [85] 0.5 1020 [85] 
 
 
2.2.6 Sensitivity analysis  
A sensitivity analysis was performed to investigate the impact of increased investment costs 
for the use of sewage water as heat source. This could be caused by more advanced 
cleaning equipment/control or other type of material or equipment used to reduce bacterial 
growth on the material in contact with the cleaned sewage water. The part accounting for 
accessing the heat source of the fixed part of the investment costs (0.484 Mio. €) was 
increased from 0.296 Mio. € by 5 %, 10 %, 15 % and 20 %.  
Another sensitivity analysis was performed to represent a reduction in distance to access 
seawater as heat source. This was done by reducing the amount accounting for accessing 
the heat source (3.758 Mio. €) of the fixed part of the investment costs (3.941 Mio. €). If the 
amount was allocated only for piping costs it would represent the total piping length of 2500 
m. The costs were linearly decreased to represent a piping length of 2000 m, 1500 m, 1000 
m and 500 m. Both analyses are summarized as different cases, as shown in Table 8.  
 
Table 8: Associated investment costs for different cases 

Heat source Case 0 Case 1 Case 2 Case 3 Case 4 Unit 
Seawater 2500 2000 1500 1000 500 m 
Seawater 3.758 3.007 2.255 1.503 0.752 Mio. € 
Sewage water 0.296 0.310 0.340 0.384 0.444 Mio. € 
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2.3 Results 
 
2.3.1 Allocation of investment costs of heat pumps using different heat sources 
Only the main results of the total investment costs for large-scale heat pumps are presented. 
More information about the correlations of each cost fraction category can be found in Pieper 
et. al [26]:  
“Estimation of total investment costs 
The total investment costs of only 16 of the investigated heat pump 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 heat pump 
project to get an estimate of the total investment costs for all heat pump projects. The total 
investment costs for all heat pump projects and the correlation of the total investment costs 
for the following five different heat sources can be found in Figure 11: sewage water, 
groundwater, air, industrial excess heat and flue gas. The project numbers in gray indicate 
that the total investment cost of this project is based on at least one correlation of one of the 
cost fraction categories. Heat pumps 2 and 3 can be operated electrically or by gas. 
Therefore, the heat pumps were more expensive. The correlation for heat pumps was used, 
instead of the actual costs, to show the total investment costs of the heat pump projects 2 
and 3 for a regular heat pump. Heat pump projects based on flue gas are cheaper than heat 
pumps based on other sources, because of less expensive heat pumps and heat source 
access. The cost correlations for the heat pump 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 heat 
pump projects have high initial costs for small capacities. Sewage water heat pumps, 
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 heat 
pump project 33 was more expensive, because the heat source investment costs were much 
higher than for the other groundwater heat pumps.  
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Figure 11 Total investment costs for heat pumps using different heat sources 

The presented cost correlations of the total investment costs for different heat sources result 
in high specific total investment costs (Mio. €/MW) for capacities below 4 MW, due to high 
initial project costs. The specific total costs between 4 MW and 10 MW decrease only 
slightly. An overview for different heat pump capacities is shown in Table 9. 
 
Table 9 Specific total investment costs for heat pump projects depending on the heat source and heat pump 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 

 
Breakdown of total investment costs 
The total investment costs were broken-down for five different heat sources, as shown in 
Figure 12.  

 
Figure 12 Breakdown of investment costs for heat pumps for five different heat sources 

The heat pump contributed the most to the total investment costs. The cost fraction for the 
heat pump varied between 38 % and 54 %. Sewage water heat pumps accounted for the 
highest proportion of the total investment costs. For heat pumps utilizing groundwater as the 
heat source the fraction related to heat pumps 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 %. The cost fraction for 
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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. Groundwater heat 
pumps were an exception, because other costs were relatively higher. An opposite trend 
was found for flue gas based heat pump projects, because of the minimum costs required 
for a connection to the electrical grid. This accounted for a higher proportion for smaller heat 
pump projects and resulted in a proportion of 28 %. Consulting costs were between 8 % and 
12 % of the total investment, except for air-source heat pump projects with only 2 %. No 
consulting costs were assumed for flue gas.“ 
 
2.3.2 Optimal heat sources and heat pump capacities for Nordhavn 
The results of the optimization model applied to the area of Nordhavn can be found in Table 
10. The groundwater heat pump capacity was limited to 5 MW, as explained earlier. The 
remaining heat pump capacity was based on sewage water as the heat source. Together, 
the heat pump capacities correspond to 60 % of the hourly peak heat demand. 
Consequently, a large storage was chosen with a capacity of 872 MWh. The seasonal COP 
of the total system includes the heat loss of the storage, while for the individual heat pumps 
storage losses were not accounted for.  
Such system would result in levelized cost of energy of 37.80 €/MWhh and CO2 emissions of 
56.56 tonCO2/MWhh. An overview of the different contribution to the levelized cost of energy can be 
found in Figure 13, which shows the large share of electricity costs and related tariffs and taxes.  
 
Table 10 Results of optimization model for Nordhavn 

Parameter Groundwater Sewage water Total Unit 
Heat pump capacity 5.00 19.18 24.18 MW 
Heat pump capacity/peak heat demand 12.50 47.95 60 % 
Storage capacity   872 MWh 
Seasonal COP 3.87 4.11 3.89 - 
Levelized costs of heat 38.29 35.66 37.80 €/MWhh 
CO2 emissions   56.56 tonCO2/MWhh 
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Figure 13 Levelized cost of energy for optimal solution 

 
2.3.3 Variation of heat source proportions 
The most economical solution found was compared to all other possible variations of heat 
source proportions for the same total heat pump capacity of 60 % of the hourly peak heat 
demand. An overview of the results can be found in Figure 13, Figure 14 and Figure 15, 
showing the seasonal COPSys (SCOPSys) of the system and the levelized cost of energy. 
The colors indicate the values of the seasonal COPSys or the levelized cost of energy. 
Analyzing four different heat sources results in four ternary diagrams, which form a pyramid. 
A cut of the pyramid is shown for each figure so that all four sides are visible. Solutions 
based on a single heat source are shown in the corners of all ternary diagrams. Each point 
within the ternary diagrams represents one combination of heat pump capacities for three 
heat sources. The heat source proportions of each point can be identified following the 
colored lines according to the heat source. A heat source proportion of 100 % corresponds 
to 60 % heat pump capacity of the hourly peak heat demand. For a maximum heat demand 
of 40 MW, this would correspond to 24 MW. The thick purple line in both figures indicate the 
heat pump capacity limit of groundwater. All solutions above a proportion of 20 % 
groundwater were considered infeasible for the case of Nordhavn. The optimum solution 
found by the model is shown as a black dot at proportions of 80 % for sewage water and 20 
% for groundwater. As shown, the optimization model found the most economical solution. 
However, the highest seasonal COP would be obtained with only sewage water as heat 
source.  
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Figure 14 Seasonal COP of the system for variations of heat source proportions  

It is shown that in terms of seasonal COP, the heat source proportion of sewage water 
should be above 40 %, the proportion of air below 25 % and the proportions of seawater 
and groundwater be adjusted accordingly. In terms of levelized cost of energy, the proportion 
of groundwater should be maximized, if possible. Considering the constraint of 5 MW heat 
pump capacity, sewage water should be used, but also ambient air up to a proportion of 30 
% results in low costs. Therefore, a combination of different kinds of heat sources can be 
competitive with the use of a single heat source, due to the characteristics in terms of costs 
and performance. Since the investment into seawater independent of capacity is very large 
(2.5 km piping), this solution should either be avoided or if used, then to a large extend 
(proportion above 90 %) in order to achieve low costs. A solution based on only seawater 
as the heat source would result in levelized cost of energy of 39.04 €/MWh. This is 1.24 
€/MWh more expensive than the optimum. A considerable part of these costs are related to 
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the piping to access the seawater in 2500 m. If that distance can be reduced the investment 
costs may be reduced considerably. Consequently, seawater may be cost-competitive with 
other solutions.   
 

 
 
Figure 15 Levelized cost of energy for variations of heat source proportions 

 
2.3.4 Auxiliary electricity consumption and calculation time 
A comparison of the optimization model and the model, in which heat pump capacities are 
used as inputs is shown in Table 11. The models with heat pump capacities as inputs 
includes in addition auxiliary electricity consumption for pumping and fan power to access 
the heat source.  
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Table 11 Comparison of developed models 

Model Calculation time (s) LCOE (€/MWhh) SCOP (-) 
Optimization  158 37.80 3.89 
HP capacity as input (auxiliary) 67 38.04 3.83 
 
As shown, the auxiliary electricity consumption only contributes with a small amount of 0.24 
€/MWhh to the levelized cost of energy. The ratio between the auxiliary electricity consumption and 
the total electricity consumption was 4 % for the groundwater heat pump and 1 % for the sewage 
water heat pump. The ratio for sewage water was lower, because warm district heating water was 
pumped from the plant to the supply area. For groundwater, cold water had to be pumped.  
The calculation time for the optimization model was 2.4 times longer than the model with heat pump 
capacities as inputs. For the latter model, 55 calculations were performed for each ternary diagram. 
This gives an indication about the additional computational time, when alternative solutions shall be 
investigated. 
 
2.4 Sensitivity analysis 
The result of varying parts of the fixed investment costs for the case of 100 % sewage water 
and 100 % seawater are shown in Figure 16. As shown, the increase in investment costs 
for using sewage water is smaller than the decrease in investment costs for accessing 
seawater at shorter distance. If seawater is accessed in 1500 m distance, instead of in 2500 
m, using this heat source becomes competitive to the use of sewage water. The levelized 
costs of energy would decrease further if the distance could be reduced even more. 
However, this could on the one hand increase the risk of mixing inlet and outlet flows of 
seawater. This could influence the performance of the heat pump. On the other hand, a 
suitable location for the heat pump close to the sea has to be found. Usually, these places 
are very valuable and used to build apartments or similar.  
 

 
Figure 16 Sensitivity analysis for changing investment costs of sewage water and seawater heat pumps 
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2.5 Discussion 
 
2.5.1 Allocation of investment costs for large-scale heat pumps 
The development of the correlations for the investment costs is discussed in Pieper et al. 
[26]: “The developed cost correlations were based on available data of a limited number of 
heat pump 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 
[52] and from 0.8 Mio. €/MW to 1.1 Mio. €/MW in 2017 [49]. 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 heat pumps were 
based on flue gas condensation. The results have shown that those projects were cheaper. 
However, many new heat pump projects were built between 2014 and 2017 that were based 
on natural heat sources with a larger temperature lift between heat source and heat sink 
[47]. The heat pump, accessing the heat source, consulting etc. became more expensive. 
Consequently, the costs for large-scale heat pump projects increased. The specific cost 
interval could be narrowed down further and differentiated between heat sources and heat 
pump 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. [27]. They provided cost 
fractions of the total investment costs for large-scale heat pumps based on groundwater, 
flue gas and industrial excess heat. Bejan et al. [88] describe and estimate the breakdown 
for total capital investment 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 heat pump 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 heat 
pumps are limited by 70 % to 90 % for an increase in capacity of 100 %, because of limited 
component capacity ranges [89]. Often, large-scale heat pumps are built in parallel to 
increase capacity [48]. The non-linear correlation for heat pumps presented by Grosse et. 
al [27] may take into account these effects. However, it was shown that the economy of 
scale effects were minor. It was also shown that heat pump costs based on offers for similar 
capacity and temperature levels may vary significantly. Based on the collected data for the 
projects, e.g. 13 and 16 as well as for 14 and 15, the more expensive heat pump 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 heat pump 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 
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costs are known. Grosse et al. [27] stated that the consulting costs for flue gas based heat 
pump projects are 5 %, which is only a small fraction of the total investment costs.” 
 
2.5.2 Optimization model for energy planning purposes 
The developed optimization model and its limitations are discussed in Pieper et al. [72]: “The 
COP of the heat pump was calculated by an estimation method developed for design 
conditions of a single stage heat pump by Jensen et al. [90], 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 [40,42,44,91–93] or a cycle with constant Lorenz efficiency [94,95], if the heat source 
temperature varies considerably. This was also shown by Pieper et al. [54], 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 heat pumps located in Denmark [49]. 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 
[96], the efficiency of compressors may vary for changes in pressure ratios because heat 
source and/or heat sink temperatures change. Such consideration could further improve the 
accuracy. 
No sensitivity analysis of the input parameters of the COP estimation method was 
performed. […]” 
 
2.5.3 Application of the model to Nordhavn 
The optimization model together with the variation of heat source proportions give a very 
good overview of possible heat pump solutions for a new development area and identify the 
most economical solution. Furthermore, it is also possible to identify alternative solutions 
and their difference from the optimum. Consequently, if the optimum solution based on 
certain heat sources is not desired, constraint or if other heat sources are preferred for some 
reasons, such as easier maintenance or security of availability of the heat source in the 
future, etc., a good alternative can be found with similar performance and levelized cost of 
energy.  
The storage size is with 872 MWh four times the size as the one determined in [97] by 
HOFOR for a similar case for Nordhavn. However, the heat pump capacity from the found 
optimum is smaller than the one determined in [97]. Furthermore, no other peak load boiler 
was required. With this storage capacity, it would be possible to supply the hourly peak heat 
demand over a period of 22 hours.   
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It was found that a large proportion of sewage water is recommended to use for a large-
scale heat pump to supply district heating in Nordhavn. The sewage water treatment plant 
in Lynetten may be moved in the future due to the construction of an island outside of 
Copenhagen to accommodate a new city district. If a sewage water heat pump will be built, 
it should be considered when the sewage water treatment plant will be moved and how far 
the nearest access point of sewage water is and how large the capacity would be. 
A sensitivity analysis of the investment costs of sewage water heat pump projects and on 
the distance of accessing seawater was performed. The optimal solution can be different 
depending on the changes in investment costs. When reducing the distance of accessing 
seawater, either a location for the heat pump that is closer to the sea has to be found or no 
mixing between the inlet and outlet flow of the seawater should be ensured and further 
investigated. The equipment in touch with sewage water could require higher investment 
costs than estimated. Considering both factors, the optimum economical solution could be 
different than proposed.   
 
2.6 Conclusion 
 
2.6.1 Allocation of investment costs for large-scale heat pumps 
The conclusion for identifying new investment costs for large-scale heat pumps is described 
in Pieper et al. [26]: “The total investment costs of 41 large-scale heat pump projects were 
analyzed and divided into costs related to the heat pump 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 heat pump project. As a result, cost correlations for the total 
investment costs were developed for five different heat sources: flue gas, air, groundwater, 
sewage water and industrial excess heat. The results showed that different specific total 
investment costs exist for large-scale heat pumps depending on the heat source and the 
heat pump 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 heat pump 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 heat pump 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 heat pump 
projects. More large-scale heat pumps would ensure an efficient integration of renewable 
energy sources and coupling of the electricity and heating sector, which is required for future 
smart energy systems.” 
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2.6.2 Optimization model for energy planning purposes 
The conclusion about the developed optimization model are described in Pieper et al. [72]: 
“A novel modelling framework was presented, in which energy planning was combined with 
seasonal variations of heat source temperatures and heat pump COP as well as capacity 
limitations of the heat sources and technical constraints were taken into account. […] The 
results of applying the novel modelling approach showed that considerations of capacity 
limitations and seasonal variations of heat pump characteristics are important during the 
energy planning phase.” 
 
2.6.3 Application of the model to Nordhavn 
The results of the optimization model indicate that it would be the most economical to install 
a 5 MW groundwater heat pump in combination with a 19.18 MW sewage water heat pump 
in the area of Nordhavn. This resulted in the lowest levelized cost of energy. Alternative 
solutions are possible, but would, depending on the heat source proportions, result in higher 
costs. Depending on the selection of heat source, the variation might not be significantly 
higher.   
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