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a b s t r a c t

For decades the focus of district heating (DH) has been on energy efficiency and minimum operating
temperatures. This quest for continuous efficiency improvements led to the modern 4th generation of DH
(4GDH), operating at lowest possible temperature for direct utilization by end-user. In recent years the
term 5th generation DH (5GDH) has become popular for individual heat pump systems sharing thermal
sources via uninsulated pipe network. While 5GDH has similarity with 4GDH it is a technically different
solution, as the heat generation is moved to the end-users. When discussing 4GDH and 5GDH the focus
quickly revolves about the efficiency of the distribution grid, however the discussion should be on the
overall system efficiency and the levelized cost of the heat (LCOH). This paper analyzes LCOH for a mixed
building area consisting of a central heat source, high or low energy buildings connected to 4GDH, 5GDH
or a 4GDH variant with end-user temperature boosting for domestic hot water purposes. The analysis
considers two countries: DK and UK. The analysis further explores the impact of the heat source tem-
perature, from 10 �C to 60 �C, on the LCOH. The results indicate that 4GDH is the more competitive heat
supply solution for the considered case.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

District heating (DH) is an evolving technology which has gone
through various changes in the last decades. The energy carrier has
evolved from steam to water, the operating temperatures have
continuously been decreasing, components and application have
become standardized and pre-assembled in factories and digital
solutions are increasingly applied. The first four major evolutions of
DH are described in Ref. [1]. The latest developments of DH have
been driven by the transition to more energy efficient building
stock and the integration of the energy sectors.

Today most new and renovated buildings can operate for vast
majority of the year with supply temperatures below 60 �C, which
has enabled efficient heat pump utilization, both at utility and
building level [2,3]. If the buildings are operated with floor heating
installations the peak temperature for space heating can be as low
as 45 �C, which has led to the domestic hot water (DHW) deter-
mining the minimum temperature from heat supply systems.
n).
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In addition to improved building energy efficiencies the energy
system is transitioning from fossil fuels to renewable energy
sources. The intermittent nature of wind and solar renewable po-
wer generation has led to active research on the role of heating in
the future renewable energy system. In Refs. [4,5] the focus is on
how the heating sector can complement and support the renew-
able power generation. Hansen et al. explored the role of heat
pumps in Ref. [6], both as a standalone building thermal generation
units and as integral part of district energy supply systems.

At this point two different heat pump viewpoints can be
considered:

1. The role of the heat pump is to provide service to the thermal
supply system, such as heating or cooling supply unit or tem-
perature booster unit.

2. The role of the thermal supply system is to be either a thermal
source (heating mode) or a sink (cooling mode) for end con-
sumer located heat pump.

Where 1) represent the DH standpoint: The role of heat pumps is to
offer various new functionalities to the system operator, such as
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Abbreviations

4GDH 4th generation district heating ¼ LTDH
5GDH 5th generation district heating ¼ ATDH
ATDH Ambient temperature district heating
CAPEX Capital expenditures
COP Coefficient of performance
DH District heating
DHW Domestic hot water
DK Denmark
HIU Heat interface units
LTDH Low temperature district heating
LCOH Levelized cost of heating
OPEX Operational expenditures
UK United Kingdom
ULTDH Ultra-low temperature district heating
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access to previously unusable low temperature heat sources, new
interface to the power sector, capacity increasements of thermal
storages and/or pipelines, and minimizing the supply temperature.

And 2) represents the heat pump standpoint: The role of the
thermal supply system is to enable cost efficient access to favorable
thermal sources and sinks, that would not be assessable on a
building level. This development can be viewed as a merger of
standalone building geothermal heat pump systems and DH sys-
tems. It has both the clear feature of shared heat source, as tradi-
tional DH, and the individual heat supply unit of traditional
building heat pump systems.

The first standpoint is well represented within the definition of
the 4th generation of DH (4GDH) [1]. The individual heat supply
feature of the second standpoint does however not fit entirely
within the 4GDH definition, which has led to the definition of the
5th generation of DH (5GDH) [7] and similar concepts, e.g. “anergy
networks” [8], “Cold District Heating Networks” [9,10], “Bidirec-
tional low temperature networks” [11], and “Peer to Peer Network”
[12].

The defining feature of the 5GDH is to operate a very low tem-
perature distribution systems, often ambient temperature, which
serves as a heat source for the consumer located heat pumps. In
principle 5GDH system are also defined by a significant number of
end-users that both are heat and cold consumers and suppliers,
hereafter referred to as prosumers, in the same network [13,14]. So
far cooling has not been commonly considered in relation to 4GDH,
but the same ability can be achieved by using a heat pump that
fulfills cooling demands and delivers the unwanted heat to the DH
system, where it is used by other users. More important is however,
that an increasing number of 4GDH systems interact with large
district cooling systems, in which large heat pumps integrate the
two parallel networks. These large heat pumps can operate in three
modes: combined heating and cooling, cooling only (dumping the
heat in a sink) and heating only (dumping the cooling in a sink). The
dual usability of the large heat pump provides significant invest-
ment and operational cost advantages compared to systems with
heat pumps at the building level.

Werner compared the different temperature regimes and
reviewed different case studies of 4GDH and 5GDH systems in
Ref. [15].

1.1. State-of-the-art review on the economic performance of 5GDH
networks

The economic performance of 4GDH networks has been
2

demonstrated several times [15,16], including an analyses of the
benefits of low(er) system temperatures [17] and the trans-
formation of 2nd or 3rd generation systems towards 4GDH [18,19].
However, there are only a few 5GDH networks realized so far [7]
and a systematic assessment is currently missing.

According to Ref. [13] the technical or economic feasibility of
5GDHC networks for larger applications is unclear. A feasibility
study on an Austrian 5GDH network [20,21] is pointing out, that the
analyses of the economic feasibility for 5DGH networks is chal-
lenging, since there is very little practical experience available. In
general, the investment costs are very high and the required rate of
return has a great influence on the heat production costs. The au-
thors identify that economy of scale as well as modular, standard-
ized components are projected to be important factors for further
5GDH deployment. They further come to the conclusion that
geothermal heat storages, bringing a double benefit (revenues from
building cooling and regeneration of the geothermal storage), will
be one of the key elements of 5GDH networks.

Different tariff and price strategies for 5GDH networks are
summarized in Ref. [7], including aspects like unified bills for heat
and electricity, prosumers, substations that are operated in a Vir-
tual Power Plant and investors as ESCOs (energy service com-
panies). They concluded that the investment cost is the main
barrier for developing a sustainable 5GDH system. According to
Ref. [13], one of the main benefits of 5GDH networks is to share
energy between different users. A result from a case study indicated
that levelized cost of heat (LCOH) can be reduced by 69 % compared
to an electrified non-shared energy system. The investigation
further showed that the best choice of heating and cooling load is
office space. Further important factors are the availability of ther-
mal storages and suitable tariff structures.

In [22], the economic parameters of different 5GDH configura-
tions are compared against gas boilers, electric chillers, and grid
electricity in a UK context. In Ref. [9] a novel design approach for a
5GDH network based onmathematical optimizationwas applied to
a research campus in Germany as a case study. Compared to indi-
vidual heat pumps, the total annualized cost could be reduced by
up to 42 %. The study showed that the high interaction of all system
components makes the design process complex.

A commonality of the above 5GDH papers is that they focus on
the system structure and compare it to individual based heating
and cooling systems, they do not compare 5GDH against the 4GDH.

An intermediate step between 4GDH and 5GDH is the special
case of a DH network that has sufficient supply temperature for
space heating, but DHW needs to be prepared by temperature
boosting at the end-users sidee also called Ultra-Low Temperature
DH (ULTDH). Example of research can be found in Ref. [23], which
focuses on different boosting methods [24], which focused on the
economic benefits of ULTDH compared to 4GDH [25], looked into
the system efficiency improvement potentials of ULTDH compared
to 4GDH and showed that it matters if the main heat supply is
coming from a central heat pump or a CHP, and [26] looked into the
total energy system costs of various DH systems in Danish context
and identified 4GDH being the most cost efficient thermal supply
system. In Ref. [27] a German case study of a network supplying 131
buildings showed that ULTDH system can improve the performance
of the heat pump and the heat distribution efficiency significantly,
and showed no disadvantage compared to LTDH networks.

While ULTDH can have positive improvements on the system
efficiency compared to 4GDH they generally need special condi-
tions to be more cost efficient.

In terms of heat pump operation [5], is pointing out that
centralized and larger scale HPs in 4GDH networks can more easily
participate on electricity markets, due to more cost-effective ther-
mal storages, larger capacities, larger energy volumes and they are
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Fig. 1. Daily aggregated DHW profile.
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more likely to get prequalified. However, pooling of decentralized
and smaller HPs for participation in electricity markets can be
economic feasible as well, e.g. Ref. [28]. Further on, decentralized
units will increase self-consumption of locally generated electricity
(e.g. rooftop PV).

1.2. Definitions and research question: A quantitative comparison of
LTDH, ULTDH and ATDH networks

Based on the above descriptions a definition based on the main
technical difference between the 4GDH and the 5GDH is
introduced:

� LTDH: 4GDH, from here on called Low Temperature District
Heating, applies one or more central heat generation units and
simple end-user Heat Interface Units (HIU).

� ATDH: 5GDH, from here on called Ambient Temperature District
Heating, delivers one or more thermal sources to end-user heat
pumps, which generate the demanded heat locally.

� ULTDH: the special case of end-user DHW temperature boosting
only, these systems are in this paper called Ultra-Low Temper-
ature District Heating.

A recent analysis compared LTDH and ATDH networks in a
qualitative way [29]. They concluded, that both systems share to
some extent the five essential abilities (1. heat supply to existing,
renovated, and new buildings, 2. low grid losses, 3. use low-
temperature waste heat/renewable heat sources, 4 are an inte-
grated part of smart energy systems and 5. ensure suitable plan-
ning, cost and incentive structures). However, the specific
configurations are very different. To the authors knowledge a direct
quantitative comparison of ATDH, LTDH and ULTDH networks has
not been published.

This paper is filling this gab by directly comparing the LCOH for
the different network types considering the complete energy
transformation chain from source to sink. To enable a direct com-
parison between the systems, a case study of a single heat source
has been chosen, which is not common for traditional DH system.
Although elements like bi-directionality and a significant integra-
tion of decentralizes prosumer are defining elements of ATDH
networks, they cannot easily be accomplished in LTDH or ULTDH
networks with currently available technologies and are thus not
considered in this study. Further on, those elements are not rele-
vant for most of the building stock (and many new buildings), the
case study is therefore considered representative for many cities
and districts.

2. Data and methodology

The following section contains a description of the data used for
the analysis as well as the underlying assumptions and method-
ology of the paper. Calculations were performed in Matlab and
Microsoft Excel. Matlab was used for dimensioning the pipe net-
works and thermal plants, estimating the heat demands and sys-
tem efficiencies for each heat supply system. Microsoft Excel was
used for economic calculations and comparisons, based on the
output from the Matlab calculation program.

2.1. Buildings

In the analysis the buildings are treated as heat sinks with
certain capacity requirements, originating from space heating and
DHW demands. The analysis assumes that all buildings are heated
using floor heating installations, with a peak temperature demand
of 45 �C and that the DHW installations are design with low DHW
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installation volume and no circulation, which enables instanta-
neous DHW preparation at supply temperatures above 50 �C.

To address the ongoing transition to low energy buildings a low
and a high insulation levels were considered. The peak space
heating demand were 25 W/m2 and 50 W/m2 for low and high
energy buildings respectively.

To generate variations in the space heating demand the build-
ings were randomly generated using a skewed normal curve with
heated area in the range of 85e295 m2. The random building sizes
could also represent differences in comfort preferences or insu-
lation levels.

The space heating demand is estimated on an hourly basis,
based on standard climate profiles for Copenhagen in Denmark
(DK) and London in the United Kingdom (UK). The DHW demand
was assumed 2 MWh/year/household. The daily aggregated profile
of the DHW demand was based on Fig. 1, which is based on [30,31].

2.1.1. End-user HIU's
While all considered supply systems are network based each of

them have their distinctly different HIU's. While all HIU's were
dimensioned to give comparable comfort to the end-user they
differentiate in the principle of the DHW delivery. The LTDH units
are dimensioned for instantaneous DHW preparation, with 32 kW
design capacity. The ULTDH and ATDH units are dimensioned for
DHW tanks, with 5 kW design charging capacity.

The technology data for the HIU's are shown in Table 1, where
Capital Expenditures (CAPEX) includes the investment and instal-
lation of the unit, Operational Expenditures (OPEX) is the cost of
operating and maintaining the unit, efficiency refers to the effi-
ciency of direct useable heat supply and the Coefficient Of Perfor-
mance (COP) indicate the useful thermal units per input electricity
units. The data source for the LTDH and ATDH units in DK is the
Danish Energy Agency [32]. For the ULTDH unit the data source is
Danfoss. The data source for UK is Danfoss in UK. The difference in
the investment cost between DK and UK is due to difference in
preferred solutions as well as different cost of installation of the
units.

2.1.2. Coefficient of performance calculations for end-user heat
pumps

As the COP of a heat pump is dependent on the temperature
level of both the heat source and the heat sink it important to es-
timate the heat pump COP for each case. For the ATDH variants the
end-user heat pump space heating COP is estimated based on the
supply system operating temperatures and an ideal floor heating
operational curve, see Fig. 2. In practice floor heating installations



Table 1
Technology data for the HIU's.

Type of unit CAPEX [V] Efficiency & COP [%] Lifetime [years] OPEX [V/year]

LTDH DK: 2200
UK: 2260

SH &DHW efficiency: 99 % 25 60

ULTDH DK: 4200
UK: 4200

SH efficiency: 99 %
DHW COP: 680 %

20 100

ATDH DK: 7600
UK: 5800

SH COP @ 10 �C: 5.3
DHW COP @ 10 �C: 4.0
SH COP @ 25 �C: 7.8
DHW COP @ 25 �C: 5.1

DK: 20
UK: 15

DK: 300
UK: 110

Design outdoor temperature No heating required
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Fig. 2. Principle diagram for estimating the ideal supply and return temperature for
floor heating installations.
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are although operated with an on/off principle, which would lead
to slightly lower annual COP of the heat pumps.

For the DHW part of the heat demand the analysis assumes a
DHW storage tank charged via internal coils. The COP is estimated
based on a 63 �C discharge temperature from the heat pump, which
would be sufficient for achieving 60 �C storage tank temperature.
2.2. Distribution network

The layout of the network was designed based on a represen-
tative neighborhood for outer-city areas in both DK and UK. For that
purpose, a neighborhood in Barrhead, UK was chosen. The area has
a mixture of row- and single-family houses and few multi-
Fig. 3. An overview of the distribution network layout.
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apartment buildings, a total of 1693 residential units, see Fig. 3.
The distribution network was dimensioned for each supply

system, taking into account supply system specific conditions, such
as the design distribution temperatures, simultaneity factors for
both space heating and DHWdemands, and the impact of local heat
generation at end-user heat pumps in the ULTDH and ATDH sys-
tems. The space heating simultaneity factors were based on Danish
norms and the DHW simultaneity factors were based on Euroheat
& Power recommendations [33], see Fig. 4.

The pipes were dimensioned using a maximum pressure drop of
150 Pa/m, DPmax, and flow velocities of max 2 m/s, vmax.

For sizing the network, the capacity demand was estimated for
each pipe segment, from the heat source to the end-users.

The minimal pipe dimensions for each pipe segment were
calculated using Eqs. (1)e(3), where Eq. (1) estimates the required
mass flow, Eq. (2) translates the mass flow to a volumetric flow,
which is used in Eq. (3) to estimate the minimal pipe diameter of
the pipe.

_m¼ E

cpðTÞ*
�
Tsupply � Treturn

�
*rðTÞ

(1)

where _m is the mass flow rate [kg/s], E is the capacity [kW], cpðTÞ is
the specific heat capacity of water at a given temperature [kJ/
(kg*K)], Tsupply and Treturn is the system design temperatures [K] and
rðTÞ is the density of water at a given temperature [kg/m3].

_V ¼ _m*nðTÞ (2)

where _V is the volumetric flow rate [m3/s] and nðTÞ is the specific
volume of water at a given temperature [m3/kg].
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Fig. 4. Applied simultaneity factors for space heating and DHW demands.
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Dmin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4*
�
_V
.
vmax

.
p
�r

(3)

where Dmin is the minimal pipe diameter [mm] and vmax is the
maximum design flow velocity [m/s].

As pipes come in discrete sizes the pipe dimension was chosen
in accordance to design pressure drop limitations. To estimate the
pressure drop for a given pipe dimension the Darcy friction factor
was estimated using Serghide's method [34], see Eq. (4).

Re¼ vpipe*Dpipe
�
KvðTÞ

a¼ � 2*log 10

�
ε

3:7
�12
Re

�

b¼ �2*log 10

�
ε

3:7
�2:51

Re
*a

�

q¼ �2*log 10

�
ε

3:7
�2:51

Re
*b

�

l¼
 
a� ðb� aÞ2

q� 2*bþ a

!�2

1ffiffiffi
l

p ¼a� ðb� aÞ2
q� 2*bþ a

DPpipe ¼ l
.
Dpipe*rðTÞ*v2pipe

.
2 (4)

where Re is the Reynolds number [�], vpipe is the water velocity in
the pipe [m/s], Dpipe is the pipe diameter [mm] and KvðTÞ is the
kinematic viscosity of water at a given temperature [m2/s*10�6], a;
b and q are Serghide's parameters [�], ε is the pipe roughness
height [m], l is the Darcy friction factor [�] and DPpipe is the
pressure drop along the pipe [Pa/m].

The minimum pipe that fulfills DPpipe <DPmax was chosen for
each segment. The output from the dimensioning program was
validated by comparison with the Logstor pipe dimensioning
calculatory.

For the LTDH and ULTDH systems a standard series 2 pipe
insulation, according to the EN253 standard, were used. According
to the literature ATDH system generally use uninsulated pipes. This
is considered acceptable in this analysis as there is no central heat
generation considered for the ATDH systems, e.g. the heat supply is
regenerated directly by the low temperature heat source via a heat
exchanger, without any additional central heat inputs.

The cost of establishing the LTDH and ULTDH distribution sys-
tems were estimated based on project experiences in green field
areas. In the case of DK it is based on project experience from
Ramboll A/S [35], in the case of UK it is based on project experiences
of Logstor A/S. The chosen pipe system is based on the general
preference in each country, twin-pipes in DK and single pipes in UK.

Due to the relatively few ATDH systems in operation there is a
lack of experience and knowledge on the cost of establishing the
ATDH distribution systems. To estimate the cost of an uninsulated
pipe network the study takes the approach to discount the cost of
establishing an insulated pipe network. The discount is based on
y http://calc.logstor.com.
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the savings in the trench volume when installing an equal dimen-
sioned uninsulated pipe network. With this approach the cost of
the establishing uninsulated pipe network is estimated to be ~40 %
less costly than an equal dimensioned insulated pipe network.
While the savings from applying uninsulated pipes are large
compared to equal dimension insulated pipes it should be kept in
mind that due to the lower design temperature difference of ATDH
systems they will require larger pipe dimensions compared to the
LTDH and ULTDH systems, the impact of the temperature difference
is shown in Fig. 5.

For all systems the economic lifetime of the pipe network is set
to 30 years. Estimation of the distribution heat loss for LTDH and
ULTDH is based on heat loss coefficients given in pipe data sheets
from Logstor A/S. In the case of ATDH systems the heat loss is
neglected, on the basis that the marginal cost of additional heat
from the heat source is negligible. While it is recognized that un-
insulated pipes will potentially lead to a noticeable temperature
drop in the 25 �C ATDH system, which will negatively impact the
efficiency of the end-user heat pumps it is considered to have
limited impact on the end results.

Although there will inevitably be high uncertainty around the
cost of establishing the distribution grid it should be kept in mind
that this uncertainty is shared with all considered supply systems,
and as such the impact on the comparison is assumed insignificant.

2.3. Heat source and heat plants

As the intention of the analysis is to compare heat supply sys-
tems utilizing the same low temperature renewable heat source,
such as sea; lake; river; geothermal or waste heat from industry. For
simplifications it is assumed that the temperature of the heat
sources is stable throughout the year. As all considered heat supply
systems use the same heat source the cost of establishing the heat
source, up to the system boundary of the analysis, will be approx-
imately the same for all systems, and hence excluded in the anal-
ysis. This simplification further allows reducing the primary source
of the heat to simple temperature levels, in this analysis: 10 �C, 25�,
45 �C and 65 �C. At the boundary between the heat source and the
supply system there will be a central heat plant. Depending on the
temperature of the heat source and the chosen supply system the
central heat plant consists of either a heat exchanger or a combi-
nation of a central heat pump and a peak load unit.

While the ATDH systems are supplied only through a heat

http://calc.logstor.com


Table 2
Technology data for central heat plants and heat exchanger stations in DK.

Type of unit CAPEX [MV/MW] Unit efficiency & COP [%] Lifetime [years] Fixed OPEX [V/MW/year] Variable OPEX [V/MWh]

Heat exchanger station 0.1 ~99 % 25 500 0.25
Central heat pump 0.67 ULTDH: COP @10 �C: 510 %

COP @25 �C: 610 %
LTDH: COP @10 �C: 460 %
COP @25 �C: 510 %

25 2000 1.7

Natural gas peak load boiler 0.06 103 % (LHV) 25 2000 1.1

Table 3
Eurostat DK and UK PPP's for 2020.

PPP factors DK UK

Machinery and Equipment 114.8 97.8
Fabricated metal products and equipment 114.4 94.2
Electrical and optical equipment 105.4 96.4
Construction 133.9 102.9
Non-residential buildings 133.3 115.4
Civil engineering works 127.7 115.0

z https://carbon-pulse.com/category/eu-ets/.
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exchanger station the LTDH and ULTDH systems are designed to
deliver at minimum 90 % of the heating demand through a
centralized heat pump, which utilizes the same heat source as the
ATDH network. The remaining heat demand, which occurs at the
coldest period of the year, is delivered by a gas peak load boiler. This
is a standard practice to reduce the costly peak power generation
capacity, which is only utilized for few hours per year, and in fact it
is equivalent to an end-user heat pump relying on electric resis-
tance heating during the peak heating demand.

The technology data for the DH production units in DK are
shown in Table 2. The data is based on the Danish Energy Agency
technology catalogues [36,37]. The COP of the central heat pumps
are estimated based on the heat source temperature and the design
operating temperature of the LTDH and ULTDH distribution
systems.

2.3.1. Transferring Danish price levels to UK
While technologies are universally available, the investment

and installation cost of the technologies can vary significantly be-
tween countries. For optimal results local investment and instal-
lation cost of each technology should be applied, however these can
be hard to come by for various reasons, an example would be when
introducing technologies to newmarkets. Due to a lack of DH plant
technology data in UK the analysis uses Eurostat published Pur-
chasing Power Parities (PPP), see Ref. [38], to transfer the economic
data from the Danish Energy Agency technology catalogues to the
UK. Table 3 shows the applied PPP's for DK and UK as published by
Eurostat.

2.4. Energy prices

When comparing heat supplied by a utility operated heat plant,
LTDH and ULTDH, and individual operated heat supply units, ATDH,
it is important to consider that utilities using large amounts of
fuels/electricity can benefit from wholesale prices and connecting
to high voltage grids. For transparency Eurostat energy prices,
excluding recoverable taxes and levies, are applied in this analysis,
see Refs. [39,40]. In second half of 2019 the Danish electricity price
for non-household consumers using between 2000 and
5000 MWh/year was 68.1 V/MWh and households using >5 MWh/
year was 186.4 V/MWh. In UK the electricity prices were 145.6
V/MWh and 192.4 V/MWh for non-household and household
consumers respectively.

In relation to reducing dependences of fossil fuels for heating in
DK heat pumps are exempted from certain electricity taxes, which
reduces the applied electricity cost by 68.2 V/MWh [41], to 118.2
V/MWh.

While there is not a subsidy for electrified heating in UK
households can optimize their electric consumption based on the
electricity tariff system, which commonly offers off-peak, normal
and peak rates. In this analysis it is assumed that the end-user will
optimize the operation of the heat pump according to the tariff
system and achieve on an average 25 % savings compared to the
Eurostat price level, which reduces the applied electricity price to
6

144.3 EUR/MWh.
For the natural gas used in the peak load boilers in the LTDH and

ULTDH schemes the Eurostat price levels were applied, see
Ref. [42]. According to the Eurostat the second half 2019 natural gas
prices were 30.2 V/MWh and 27.3 V/MWh for DK and UK respec-
tively. In respect to green heat supply the CO2 emissions from the
natural gas consumption can be offset via green certificates. The
cost of green certificates would add to the cost of LTDH and ULTDH
systems. As an example, the August 21, 2020 the EUA carbon
emissions were trading at 25.62 EUR/tonz. Based on IPCC emission
factors the use of natural gas results in 202 kg CO2 emission per
MWh [43], which results in an additional cost of 5.2 EUR/MWh heat
from the gas boiler. The additional cost of green certificates would
in this case be max 6.9 EUR/year for high energy buildings and 4
EUR/year for low energy buildings.

Due to general unpredictability of future energy prices the
analysis assumes that the above price levels are fixed for the future.
2.5. Heat supply system variants

As mentioned above the analysis considers three types of heat
supply systems. The key aspects of these three heat supply systems
can be described as following.

� LTDH: A central heat plant is used to maintain the DH system
supply temperature at 60 �C, which is sufficient to fulfill both
space heating and DHW demands.

� ULTDH: A central heat plant is used to maintain the DH system
supply temperature at 45 �C, which is sufficient to fulfill space
heating demands. For fulfillment of DHW demands the end-
users supplement the supply using local heat pumps, which
raise the supply temperature to the requirements of the DHW
systems. The heat source of the DHW heat pump is the DH
system.

� ATDH: A heat exchanger unit is used to maintain the DH system
supply temperature at a temperature as close to the heat source
temperature as possible, the marginal temperature drop across
the heat exchanger is neglected in the analysis. The DH system
provides a stable heat supply to the evaporator of end-user heat

https://carbon-pulse.com/category/eu-ets/


Fig. 6. The heat sources and heat supply system combinations considered in the analysis.
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pumps, which supply the building with sufficient temperature
level for fulfilling both space heating and DHW demands.

These three variants are than supplied by a fictional heat sources
at different temperature levels, 10 �C, 25 �C, 45 �C and 60 �C. This
results in total of nine different heat supply options, as shown in
Fig. 6.

Depending on the heat supply system the system heating de-
mand from the heat plant varies, due to the impact of local power
usage in end-user heat pumps. Fig. 7 shows the DH duration curves
for high energy buildings utilizing a thermal source of 10 �C. In case
of a higher temperature heat source the ATDH duration curve will
move closer to the LTDH curve, due to lower electricity share of the
heat demand.
Fig. 7. Duration curves for DH systems supplying high energy buildings using a
thermal source of 10 �C.
2.6. System boundaries

Based on the system boundaries shown in Fig. 6 the analysis is
including the heat plant, the distribution pipeline and the end-user
HIU. The included costs in the analysis are the cost of installing,
operating and maintaining:

1. The central heat plants.
2. The distribution pipe network.
3. The end-user HIU's.

The following costs are not included in the analysis, as they are
assumed independent of the applied system type.

1. Development of the thermal source.
2. Utility administration cost.

a. In 2019 the administration cost in Danish utilities was on
average 5 EUR/MWh.

3. The cost and operation of heat meters.
a. The 2020 average heat meter fee in Danish utilities was 65

EUR/year/connection.
7

2.7. Cost comparison

As different technologies have different expected lifetimes, the
investment costs are annualized by using Eq. (6).

CAPEXa ¼ CAPEX
.��

1�ð1þ iÞ�T
�.

i
�

(6)

where a denotes annualized, T is the technical lifetime of the in-
vestment [years] and i is the cost of capital [%]. The economic
analysis assumes 3 % cost of capital for all investments, which is
approximately the social cost of capital [44]. The total cost is based
on the CAPEX, OPEX, driving energy cost and unit efficiency.
3. Results and discussions

The results of the analysis are shown in Fig. 8 for DK and Fig. 9
for UK. The figures show the LCOH for the average high and low
energy buildings connected to the heat supply systems. For
comparing the systems, it is important to compare them based on
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the thermal source temperature. Cross comparing between thermal
source temperatureswill lead towrong conclusions, since if there is
a high temperature heat source available all heat supply variants
would utilize it. As the analysis estimates the collective system
elements based on having either high or low energy buildings in
the supply area the results should not be cross-compared between
demand profiles.

Further, as mentioned above the analysis does not show a full
picture of the heating cost, since the development of the heat
source is outside of the system boundaries. The results can there-
fore not be used for comparing the considered supply systems to
other heat supply technologies, for example individual boilers or
heat pumps, this is the topic of [6].
3.1. Economic comparison

The results show that for low temperature heat sources, source
temperatures of 10 �C and 25 �C, LTDH has the lowest LCOH in both
countries. In DK LTDH is followed by ULTDH and ATDH. In UK the
ULTDH and ATDH are approximately equal for thermal source of
10 �C, but for a thermal source of 25 �C the ATDH becomes more
cost efficient.

The results show that the economy of scale of central heat
pumps, access to less costly input energy and simpler building
interface units more than compensate for the additional cost of the
insulated pipe network and the associate distribution heat losses in
LTDH systems compared to ATDH.

In DK LTDH systems are 29%e37 % more cost efficient for high
energy buildings and 42%e46 % for low energy buildings compared
to ATDH. In UK it is narrower, where LTDH is 7%e14 % more cost
efficient for high energy buildings and 17%e21 % for low energy
buildings compared to ATDH.

Once the thermal source reaches a temperature that is sufficient
for supplying the heating demand without central temperature
boost, source temperature of 45 �C, the competitive advantage of
LTDH becomes dependent on the space heating demand of the
building, the lower the space heating demand the more advantage
the LTDH has over the ULTDH. The reason is that as the energy
efficiency of the building increases the share of the fixed costs play
a larger role in the LCOH. Which explains why the centralized heat
generation supply system maintains its competitive advantage
compared to the end-user-based heat generation in the ATDH
system.
Fig. 8. The LCOH for the average high energy (HE) and low energy (L
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3.2. Country comparison and considerations

While the intention of the study is not to compare the cost of
heating between the countries the analysis provides an opportu-
nity for reflecting on the differences between the countries. There
are three aspects that can be specifically considered, the cost of the
distribution network, the cost of the DH fuel (electricity) and the
cost of maintaining the end-user heat pumps.

For the distribution network the cost in UK is significantly
higher compared to DK. This has two reasons, first one is market
matureness, were DK has a long history of DH and extensive
knowhow in establishing the system, while DH is more of an
emerging infrastructure in the UK. In 2020 the cost of installing a
distribution network in UK is on average 15 % higher than in DK, for
the identical pipe systems. This is significant when considering that
the relevant PPP factors for installing a pipe network are 10%e20 %
higher in DK.

Another difference is the preferred piping systems, single pipes
in UK and twin pipes in DK. Danish experience shows that twin
pipes enable 15 % cost reductionwhen establishing the distribution
network compared to single pipes. Additional benefit is that heat
loss during operation will be significantly reduced. As DH matures
in UK it is therefore reasonable to expect that the cost of estab-
lishing the distribution network can be significantly reduced.

The second main difference is the cost of the electricity to the
utility. The ability of the DH in DK to access low cost electricity gives
the LTDH and ULTDH systems a significant advantage compared to
the ATDH system. In UK the difference between the non-household
and household electricity prices are much smaller. Since this is
based on local tax and tariff systems it is unlikely that any im-
provements potential can be inferred between the two countries.

The third is the estimated OPEX of end-user heat pumps. The
estimated OPEX is significantly lower in UK compared to DK. The
authors do not see any clear reasonwhy that is the case. Most likely
either the Danish Energy Agency is overestimating the OPEX of
end-user heat pumps or the OPEX in UK is underestimated.
Adjusting the OPEX in either way will although not have significant
impact on the results of the analysis.

3.3. Sensitivity of input parameters

The following sections explores the sensitivity of the results to
the main parameters of the study, the HIU's, distribution network,
heat plants and the fuel costs. The discussion is based on Table 4.
Due to the dominating competitiveness of LTDH in DK the
E) buildings in DK. Ts represents the system supply temperature.



Fig. 9. The LCOH for the average high energy (HE) and low energy (LE) buildings in UK. Ts represents the distribution system supply temperature.
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sensitivity analysis will have the focus on UK and the low tem-
perature heat sources.

3.3.1. Impact of the HIU's
As line 3 in Table 4 shows the HIU is the dominating cost in the

ATDH and ULTDH. For the ATDH systems to reach a cost parity to
the LTDH the HIU of the ATDH would need an annualized cost
reduction of 34 % and 42 % when operating with thermal sources of
10 �C and supplying high and low energy buildings respectively. In
case of thermal source temperature of 25 �C annualized cost
reduction of 14 % and 30 % would be needed for high and low en-
ergy buildings respectively. For ULTDH to reach cost parity with
LTDH the HIU unit would need a cost reduction 54 % and 42 % when
supplying high energy buildings, and 65 % and 57 % in case of low
energy buildings, for thermal sources of 10 �C and 25 �C
respectively.

3.3.2. Impact of the distribution network
When considering the impact of the distribution network it is

mainly the impact of potential cost reduction in the ATDH system
that is relevant. As the LTDH and ULTDH share the same insulated
technology, any cost changes in the distribution network would
impact the systems equally.

Due to the lack of experience with establishing the uninsulated
ATDH system the cost of the uninsulated network is bound to be
Table 4
Impact of main parameters on the LCOH in UK.
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uncertain in the analysis. However, as line 6 in Table 4 shows the
share of the distribution network in the LCOH is rather low in the
case of ATDH systems, ranging from 23 % to 25 %. To reach cost
parity to LTDH the cost of installing the uninsulated distribution
network would need 59 % and 30 % reduction when supplying high
energy consuming buildings with thermal sources of 10 �C and
25 �C respectively. For low energy buildings the required cost
reduction would be above 70 %,

As for insulated pipe networks the indication from the mature
DH market in DK gives an expectation that a significant cost
reduction potential exists in the UK as the DH market matures. If
these cost reduction potentials are realized the competitive
advantage of both LTDH and ULTDH will increase.

3.3.3. Impact of the central heat plant
As line 9 in Table 4 shows the impact of the central heat plant on

the LCOH is marginal in the case of the ATDH system, even if the
heat exchanger station would be neglected it would not have a
meaningful impact on the results. As the ULTDH and LTDH rely on
the same heat plant technology any cost savings would have similar
impact on both systems.

3.3.4. Impact of fuel prices and COP of heat pumps
When looking towards the future the energy prices may have

the highest level of uncertainty in the analysis. The uncertainty in
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the future energy prices can be due to cost of generating the
electricity, future energy taxes and subsidies. In respect to the
analysis the cost of generating the electricity will impact all solu-
tions, but the impact of energy taxes and subsidies may benefit one
solution more than another. As for the influence of the COP of the
heat pumps it is in principle identical to reductions in the cost of
electricity for operating them.

As line 12 in Table 4 shows the cost of the fuel is ranging from
17 % to 30 % of the LCOH from the ATDH systems. For the ATDH
systems to reach a cost parity to LTDH the ATDH system operating
with thermal source of 10 �C would need energy cost reduction of
49 % and 98 % for high and low energy buildings respectively. It is
unrealistic that these cost savings could be achieved through
improved performance of the heat pumps, as it would requiremore
than doubling of the heat pump COP's applied, see Table 1.

For the 25 �C thermal source the energy cost of the ATDH system
would need to be reduced by 28 % and close to 100 % for high and
low energy buildings respectively. For the high energy building
case the COP would need to be improved by factor 1.6 compared to
the COP in Table 1, the required improvement for the low energy
buildings is impossible.

4. Conclusions

This paper compares the LCOH for LTDH, ULTDH and ATDH
networks, using a case study of a single heat source at various
temperatures, using cost factors for two different countries (DK and
UK).

The analysis shows that the economy of scale obtained by
centralized heat generation in LTDH systems, provides significant
competitive advantage over ATDH systems, which rely on end-user
heat generation. In the special combination of having a heat source
with 45 �C and high energy buildings ULTDH achieves marginal
cost-advantage over LTDH. As buildings become more energy effi-
cient the ULTDH system losses its competitive advantage, due to
high cost of the ULTDH HIU.

The analysis shows that the competitive advantage of LTDH
increases as the energy demand of the connect buildings becomes
lower. The reason for the increased competitiveness of LTDH with
low energy buildings is that the fixed cost of the heat supply system
becomes more dominating, which gives more advantage to the
economy of scale of central heat generation.

While the uncertainty of the cost of establishing the uninsulated
pipe network used by the ATDH system is high in the study, the
impact of the distribution network on the LCOH from ATDH is
generally low, below 25 %. Which implies that even if the estimated
40 % discount of installing uninsulated pipe network compared to
insulated pipe network of equal dimension is too high the results
would not change significantly.

Due to the minor impact of the heat plants on all heat supply
systems, below 3 % for ATDH and below 17 % for LTDH and ULTDH,
the results are considered robust in respect to the heat plants.

While all supply system considered are primarily electric driven
the general uncertainty of the future electricity price, taxes and
subsidies may have significant impact on the study. While the cost
of generating electricity will be equally felt by all supply systems
taxes and subsidies may have unequal impact, depending on if the
heat generation is in a central heat plant or at end-user heat pumps.
However, to change the results a minimum of 28 % reduction of the
electricity price to the end-user would be needed to bring ATDH,
operating with source temperature of 25 �C and supplying high
energy buildings, to cost parity of LTDH system. For other ATDH
variants higher electricity cost reduction would be needed.

Alternative to less costly electricity could be higher COP of the
end-user heat pumps. However, to achieve the needed savings the
10
COP would need to improve by minimum of factor 1.6 to bring the
ATDH to a cost parity with LTDH, which is an unrealistic
expectation.

While it is not the purpose of the study to compare the results
between the two countries it does show identical trends for both
countries, which is that the centralized aspect of LTDH and cost
efficient HIU's give it clear advantage over the alternatives systems
when low temperature thermal sources are applied.

Although CO2 emissions have not been part of this analysis the
authors recognize its importance and the influence it may have on
the decision on what kind of thermal supply system to apply in the
future, and hence it deserves some thoughts. While heat pump
based LTDH system will generally use more electricity than ATDH
systems it does not speak the full story. It is therefore necessary to
consider the different possibilities the systems have to decouple the
heat demand and the heat generation, which is an important
parameter for decarbonization of the heat supply. In this respect
LTDH systems have the same basic building specific decoupling
abilities as ATDH systems. However, LTDH systems have the
advantage that with central thermal storages they can, depending
on the size of the storage, enable full decoupling for days or weeks
and optimize the heat generation based on the CO2 footprint of the
power grid. Moreover, the LTDH system can support the decar-
bonization process of the power grid in general, by being a large
flexible power consumer. Further, due the insulated pipe network
the LTDH system is better positioned take energy efficient advan-
tage of local waste heat streams than ATDH systems, which would
again lead to lower CO2 emissions.

Future research will consider the bi-directionality and high
shares of prosumers in the network as well as advanced risk
assessment for considering the insecurity of key parameters, e.g.
using Monte Carlo simulation [45] and the role of the emerging
residential cooling, both in the ATDH and LTDH systems.
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