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a b s t r a c t

This analysis elaborates further the concept of physical and economic suitability for district heating in
EU28 by an aggregation regarding key dimensions such as land areas, populations, heat demands, and
investment volumes. This aggregation is based on a resolution on hectare level by slicing the total land
area into 437 million pieces. Results show that heat demands in buildings are present in 9% of the land
area. Because of high concentrations in towns and cities, 78% of the total heat demand in buildings
originate from dense urban areas that constitute 1.4% of the total land area and 70% of the population.
Due to these high heat densities above 50MJ/m2 per year, the paper evaluates a setting where district
heating is individually expanded in each member state for reaching a common 50% heat market pro-
portion in EU28 at lowest cost. At this saturation rate, the aggregated EU28 district heat deliveries would
increase to 5.4 EJ/a at current heat demands and represents an expansion investment volume, starting
from current level of 1.3 EJ, of approximately 270 billion euro for heat distribution pipes. Given the
current high heat densities in European urban areas, this study principally confirms earlier expectations
by quantitative estimations.
© 2019 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

In the pursuit of improved energy efficiency and reduced pri-
mary energy demands in the European Union (EU28), one key area
of increasing interest in recent years is the heat market for resi-
dential and service sector buildings. This heat market, which in
2015 consisted of 10.8 EJ of heat provided for space heating and
domestic hot water preparation, has traditionally been dominated
by fossil fuels such as natural gas, oil, and coal. It represents a
segment of the European energy systemwhere significant progress
towards energy demand and emission reduction targets may
realistically be reached, given that appropriate measures are
implemented. From a European policy perspective, this interest has
resulted inter alia in a series of recent communications and legis-
lative acts in the promotion of e.g. energy efficiency standards for
buildings [1,2], energy system synergies [3e6], as well as dedicated
strategies for the heating and cooling market [7e9].

The objective of this study is to assess and evaluate the suit-
ability for district heating in the EU28 heat market for residential

and service sector buildings. This is motivated by the fact that
district heating, a heat supply technology that by its fundamental
idea incorporates energy efficiency and resource synergy principles
[10,11], on average has remained amarginal occurrence in the EU28
(~12% residential and service sector heat market share in 2015 [12]).
Given that district heating occupies residential and service sector
heat market shares in the order of 40%e60% at its highest deploy-
ment levels among contemporary member states [12,13], it is
relevant to investigate the conditions for a further expansion of this
heat supply technology also in a general European context. By
increased deployment levels of district heating, the European
community could expect to benefit from reduced primary energy
demands, reduced dependency on energy imports, increased se-
curity of supply, as well as lowered greenhouse gas emissions from
activities and processes for the provision of heat to residential and
service sector buildings.

Several possible dimensions may be used to distinguish suit-
ability for district heating. In this work, two such dimensions are
elaborated in the main. First, physical suitability is expressed here
by use of the quanta heat density, i.e. the aggregated sum of
building heat demands in a given land area, which in turn is
established on the basis of two underlying concepts; population
density and heat demand. Secondly, economic suitability is* Corresponding author.
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expressed here by use of the distribution capital cost for network
heat distribution, i.e. the annuitized network investment cost by
unit of delivered heat. In addition, two circumstantial dimensions
which may influence the suitability for district heating on member
state heat markets, i.e. current deployment levels and lowered
future heat demands, are part of the study analysis and discussion,
respectively. Other possible dimensions, however, such as for
example national heat market compositions, investment strategies
of utilities, cultural preferences etc., are excluded here as they lie
beyond the study scope.

The present papermay be regarded as an elaborated second part
and a continuation of thework presented in Ref. [14], which laid the
foundation for an analytical approach whereby to assess the
feasibility of district heat distribution by the introduction of a dis-
tribution capital cost model. If the primary contribution of this
original work consisted in the theoretical reformulation of linear
heat density, applied there to a limited selection of 1703 hetero-
geneously shaped city districts in 83 Northwestern European cities,
the value added here consists in its uniform application on a ho-
mogenous hectare grid representation of the entire building heat
market in EU28. Hereby, the significant progression in this paper
does not relate essentially to a further development of the applied
method, but instead to a vast increase in studied objects made
feasible by the development of a comprehensive assembly of
Geographical Information System (GIS) datasets for the EU28 res-
idential and service sector heat market. The novelty of this work is
thus the considerable extension of scope and level of detail in terms
of the targeted and analysed land areas themselves, since EU28 has
a total land area of 437 million hectares. Moreover, the analyses in
this paper have been updated by using data parameters repre-
senting reference year 2015 conditions.

In the introductory section of [14], it is stated that “the main
additional cost for a district heating system compared to a local
heat generation alternative is the unavoidable cost of heat distri-
bution”. This implies that, to be competitive on a heat market, the
customer cost of district heat must be lower than the cost of the
local heat generation alternative. However, the proportion of the

heat distribution cost in the total cost for district heat is under
direct influence of the heat density of the supplied land area. This
situation is illustrated in Fig. 1 with a principal example where the
local heat generation cost is 20 euro/GJ and the district heat price
should be 18 euro/GJ in order to stay competitive. The addition of
the heat distribution cost for district heat is however counteracted
by a considerably lower primary energy cost (heat generation cost)
compared to the local heat generation case, primarily because of
economy-of-scope (access to recycled heat), but also some influ-
ence from economy-of-scale (large volumes).

At dense and very dense conditions, the heat distribution cost
constitutes lower proportions of the total cost, since short distri-
bution pipes can be used per unit of heat delivered. This enables
higher abilities to pay for recycled excess heat from industrial and
commercial activities. On the other hand, at moderate and sparse
densities, the heat distribution cost component becomes a more
considerable proportion of the total cost, since longer pipes are
required. At very sparse densities, the heat distribution cost be-
comes higher than the competitive district heat price, giving no
space at all for the primary energy and heat recycling costs. At
extremely low heat densities, consequently, district heating is
principally not competitive.

In a long-term perspective, as heat densities are expected to
decrease, the heat distribution cost will in general constitute a
relatively higher proportion of the total cost. In this situation, local
availability of low-cost heat sources should have a decisive influ-
ence on the future feasibility and competitiveness of district heat-
ing. Hence, high distribution costs reduce the possibility for
remuneration of recycled heat.

If, then, it would be possible (i) to superimpose a square grid
structure upon the entirety of the EU28 land area, and (ii) to
determine each cells’ residential and service sector building heat
density (physical suitability), a foundation by which to uniformly
assess specific investment costs for district heating (economic
suitability) would have been found. If so possible, two main modes
of representation of these metrics would then be available, one
being their actual spatial distributions (rastermap layers), the other

Fig. 1. Example with cost structure comparison between one local heat generation case and five district heating cases with respect to heat distribution costs, primary energy costs
(heat generation), and the abilities to pay for recycled heat (excess heat recovery). The five district heating cases consider different concentrations of the heat demands.
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being their various aggregates on local, regional, and national levels
(summary graphs and tables). In all its brevity, this proposition is in
fact the central idea of this whole work.

From these considerations, the aim of this study is to answer the
following four research questions concerning the residential and
service sector areas within the EU28 member states:

� What is the physical suitability for district heating with respect
to heat densities?

� What is the economic suitability for district heatingwith respect
to heat distribution costs?

� How do current deployment levels of district heating relate to
economically suitable levels?

� What is the simple aggregated answer to why district heating
can be viable concerning physical suitability?

Our ability to provide answers to these questions should be
understood as a result of several years of dedicated and consistent
cooperation between the authors in the continued development of
approaches and perspectives ever since the distribution capital cost
model was first conceived. The Heat Roadmap Europe concept, i.e.
combining highly resolved temporal energy systemmodelling with
highly resolved spatial energy mapping [15,16], had, already when
it was first conceived in 2011, the outputs from the first distribution
capital cost model publication as one of its fundamental pillars.
After two general European pre-studies, the first in 2012 [17], the
second in 2013 [18], the concept was further developed and applied
explicitly to five EU28 member states in the Stratego project
(2014e2016 [19,20]), where after the Heat Roadmap Europe project
began within the Horizon 2020 research program [21].

In terms of mapping the spatial distribution of building heat
demands, a common denominator through this sequence of pro-
jects, the development of tenable approaches whereby to descend
from the coarser square kilometre grid resolution level to hectares
(100m� 100m) has been a key priority. The important rationale
for this ambition is the fact that suitable conditions for district
heating, which very well may be found also in smaller settlements
and city district areas, may not properly be represented at the
square kilometre level. The main advantage of using a uniform
square grid representation instead of an adaptive grid approach
(e.g. quadtree), is further that computations for overlapping cells,
involving wide intervals of discrete number values from several
different layers, may be performed in a consistent and easily
comparable way. To our current knowledge, such highly resolved
assessments of the economic suitability for district heating has
never previously been published for the complete EU28 residential
and service sector.

The paper is structured with a materials and methods section
(Section 2), which positions the current work in the contemporary
tradition of remote sensing and describes, separately for the two
suitability metrics, the general approaches and theoretical concepts
used to arrive at them. Data inputs used in response to the four
research questions are further presented orderly in this section. In
Section 3, the study results are first presented for three interme-
diate data categories (land areas, populations, and heat demands),
according to their respective distribution by five different classes of
heat densities among the 28 member states (e.g. in Appendix ta-
bles). In four succeeding subsections, again corresponding to the
four research questions posed, the result section then presents the
findings regarding physical and economic suitability, regarding
current deployment levels of district heating and found levels of
economic suitability, and eventually gives a simple answer to why
district heating also can be a viable option in some Mediterranean
countries. In Section 4, the study findings are discussed with focus
on reduced future heat demands, key study assumptions, the two

used suitability concepts; and the possibility of elaborating these
concepts further in future studies. Finally, the main conclusions in
Section 5 present concentrated answers to the four study research
questions.

2. Materials and methods

The main improvements for the application of the distribution
capital cost model in this work, compared to Ref. [14], consist in an
extended extent (28 countries compared to 83 cities in four coun-
tries), an extended scope (national heat markets compared to city
heat markets), and in a homogenous spatial form of representation
(uniform hectare grid compared to heterogeneously shaped city
districts). The main working tool in order to facilitate these im-
provements has been GIS software, e.g. the ArcMap Spatial Analyst
extension, where the tools Raster Calculator (calculating cost pa-
rameters based on densities), and Zonal Statistics (summaries by
density classes and member states) have been used for the imple-
mentation of study formulae and calculations. In terms of format,
hectare grid raster GIS datasets were used for all suitability pa-
rameters, all of which were provided in a common INSPIRE-
compatible spatial reference system, while likewise compatible
vector polygon GIS datasets were used for aggregation by e.g.
NUTS3 regions and member states. Additionally, a more elaborated
approach to assess service sector building heat demands is used
here compared to the simple average statistics-based factor of 1.4
relative to the identified residential sector building heat demands
in the original work.

In terms of data, a fundamental problem for the assessment of
heat density and investment costs for district heating in a European
context is the simple fact that no such data is directly available. This
is itself one of the main challenges in this work and we have solved
this challenge by adapting our methodical approaches so that other
datasets, publicly accessible and initially perhaps intended for
other objectives, can be utilised for the purposes at hand. The
presented assessments may therefore be said to be data-driven and
based on existing data when possible and when not, based on
exploratory multilinear regression modelling (OLS) that uses
already mapped phenomena. If this principle conduct itself may be
regarded as a novelty in theory andmethod, it is for its viability and
success absolutely reliant on the efforts and the devotion whereby
the European community manages to provide such datasets. In this
respect, appropriate credit and acknowledgement should be given
to e.g. Eurostat [22], the European Environmental Agency [23], the
EU Joint Research Centre [24], as well as to specific European Union
initiatives and programs for developing valuable guidelines and
datasets for useful research purposes (e.g. Inspire [25,26], the Ur-
ban Audit [27], Corine [28], and several others).

As for the methodological accounts to be given here, the focus is
exclusively on key features and elements regarding the methods,
approaches, and assumptions whereby the two suitability metrics
were established. The reason for this is that detailed accounts
already have been given and it would be superfluous to repeat
these here (see e.g. Refs. [29,30] for physical suitability and refer-
ences [14,30e32] for economic suitability). As the following sub-
sections thus are devoted essentially to principal methodical as-
pects concerning the two metrics at hand, the unfamiliar reader is
recommended to consult these references for complementary
accounts.

2.1. Heat demand density (physical suitability)

The density of building heat demands may be assessed in
several different ways. One approach is to use georeferenced data
on buildings from national building registers (if available)
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combined with data on building stock characteristics (such as
average heat demand per square meter floor area and year). In the
Danish heat plan projects of 2008 and 2010 [33,34], which may be
regarded as pioneering efforts in the charting of heat demand
distributions on national scale, this approach facilitated highly
detailed mapping of the Danish building heat market. A similar
approach is also applied in the current Hotmaps project [35]. An
alternative source of georeferenced building data (if national
building registers are not available) may be found in the use of
photogrammetry technologies (aerial photo). In Germany, Der
Energieeffizienzverband für W€arme, K€alte und KWK e.v. (AGFW)
initiated such studies already in 2010, which managed to render
highly detailed assessments of heat densities thus based on mea-
surements retrieved from remote sensing [36]. Currently, LiDAR
(Light Detection and Ranging) data are increasingly also being used
to add volumetric building data.

Another source of information whereby to assess spatial distri-
butions of settlements, likewise depending on remote sensing, is
that of interpreted satellite imagery. In the first ever estimate of the
physical suitability for district heating on a European scale, Gils
et al. [37] (see also for the USA [38]) relied in 2012 on population
density and land use data produced by such methods [28,39,40],
combined with energy statistics on energy use in buildings. Prior to
this, remote sensing techniques had been used inter alia by
Kazenko et al. to analyse the compactness of urban areas [41], and
by Sen, when already in 2004 emphasising the importance of a
strong remote sensing regime in contemporary national and in-
ternational energy policy [42]. In parallel, Geiss et al. used a remote
sensing approach for the characterisation of settlement structures
to assess local potentials for district heating [43], a deliberate heat
market focus that emerged also in several other spatial-oriented
studies at the time [44e48], and more recently applied in combi-
nation with e.g. fuzzy logic [49].

Principally, the concept of heat density, qL (J/m2a), may be
expressed as the product of the population density, p (n/m2), the
total building space per capita, a (m2/n), and the specific heat de-
mand for buildings, q (J/m2a), or the product of the population
density and the heat demand per capita, qP (J/n,a), as in Eq. (1):

qL ¼ p,a,q ¼ p,qP
h
J
.
m2a

i
(1)

It is evident by the nature of the three factors in this expression,
that the product may be established in various ways depending on
how the factors themselves are produced. Population density, for
example, may alternatively be assessed for any given land area by
dividing its total building space (floor area, if known) with the
specific building space number for that area. This may serve as an
indication of the multiplicity of approaches whereby heat density
can be determined. However, one distinct division needs to be
made with reference to residential heat demands density, which
principally adheres to population density distributions, and that of
service sectors heat density, which cannot be represented on the
same basis.

In this work, the first step to assess the physical suitability for
district heating has been to develop and use exploratory multi-
linear regression models to determine residential and service
sector floor areas on hectare level for all of EU28. For the residential
sector, referring here to all buildings where people live, single-
family house (SFH) floor areas and multi-family house (MFH)
floor areas were modelled separately, utilising as independent
variables the hectare grid cell data from the European Settlement
Map on built-up coverage [50], the Global Human Settlement Layer
population grid of the EU Joint Research Center [51], and the degree
of soil sealing layer from the European Environmental Agency [52].
For service sector floor areas, referring here to all non-residential

buildings with the exclusion of industries, the above and also the
square kilometre grid data on gross domestic product (GDP) of the
United Nations Environment Program was used as a measure of
economic activity [53].

In the second step, residential heat densities, qL,res (J/ha), were
established by utilising the modelled floor areas together with
population and housing census data on specific building spaces per
dwelling type [54], to determine the number of people living in
single, Pha,SFH,c (n/ha), vs. multi-family houses, Pha,MFH,c (n/ha), for
each hectare grid cell (total cell population counts corrected by use
of [51]). Subsequent summation on member state level rendered
total national population counts per dwelling type (Ptot,SFH (n) and
Ptot,MFH (n)), which together with total member state heat demand
data by dwelling type (Qres,SFH (J) and Qres,MFH (J)) [12], allowed the
proper distribution of the latter in proportion to each grid cell, as
expressed in Eq. (2). In a final step, all distributed grid cell values
were multiplied with a climate and population concentration
correction factor, NHIN3R,WAM, reflecting NUTS3 region values of the
European Heating Index [55], to render residential sector heat
density.

qL;res ¼
�
Pha;SFH;c,Qres;SFH

Ptot;SFH

þ Pha;MFH;c,Qres;MFH

Ptot;MFH

�
,NHIN3R;WAM ½J=ha� (2)

For service sector heat density, the modelled floor areas, Afloo-

r,ha,ser (m2/ha), were used together with NUTS3 regional (N3R)
service sector heat demand data, Qser,N3R (J), established on the
basis of national heat demand data, regional population counts and
the European Heating Index, and regionally distributed service
sector floor areas, Afloor,N3R,ser, (m2), according to:

qL;ser ¼
Qser;N3R,Afloor;ha;ser

Afloor;N3R;ser
½J=ha� (3)

Finally, by addition, the sum of the residential and service sector
building heat densities in a given hectare grid cell represents the
final measure by which its physical suitability for district heating
may be determined. Noteworthy, these heat densities reflect sta-
tistically derived total volumes which only implicitly take into
consideration contextual effects such as urban heat islands. The
effect of the latter, an occurrence resulting in somewhat reduced
heat demands in the most dense areas, is not allocated in this work.
The significance of not doing so should however be minor since
these, the most dense areas, simultaneously have the lowest heat
distribution costs. Likewise, mixed-use building characteristics
(both residential and service sector use) are accounted for only
implicitly by separate spatial mapping of each sector respectively.
By use of five characteristic class levels of heat density, elaborated
by inspiration from Ref. [56], the degree of physical suitability for
district heating may then be distinguished for each hectare cell as
well as summarised in aggregates, as outlined in Table 1.

Table 1
Physical suitability for district heating by classification of five heat density classes.

Heat density
class

Heat density intervals [MJ/
m2]

Concentration of heat
demands

0 0 No modelled heat demand

1 0< qL< 20 Very sparse
2 20� qL< 50 Sparse
3 50� qL< 120 Moderate
4 120� qL< 300 Dense
5 qL� 300 Very dense
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2.2. Distribution capital cost (economic suitability)

The economics of district heat distribution was at the time of
publishing the original paper [14], and has principally so remained,
an area of academic study with quite few reported investigations.
Although the original paper has been cited in the years that have
passed since, most of these citations have referred essentially to
basic premises and principal conclusions from that work (see for
example refs. [57e69]), and less so to the explicit distribution cost
metric. A few studies, however (to our current knowledge), have
since presented examples of heat distribution cost assessments
[70e72], while some others have referred to the specific invest-
ment cost of district heating in more general terms [73e76].

The marginal distribution capital cost, Cd (euro/GJ), or the spe-
cific investment cost, for district heating, expresses the annuitized
(annuity factor: a (�)) payback on investment capital for the heat
distribution piping system buried into the ground, I (euro), by the
annual volume of heat sold to the connected heat customers, QS
(GJ), as expressed in Eq. (4) [10]:

Cd ¼ a,I
QS

¼ a,
�I
L

�
�
QS
L

� ½euro=GJ� (4)

By introducing the total pipe trench length, L (m), the denomi-
nator term QS/L denotes linear heat density (GJ/m), i.e. annual heat
sales by trench route meter, the transformation of which was the
ultimate objective when the heat distribution capital cost model
was first conceived and developed. The transformation of the
traditional expression of linear heat density aimed for its substi-
tution the utilisation of statistically available parameters (inde-
pendent of the existence or not of current district heating systems),
thus converting the empirical expression into an analytical model.
The substitution consisted in the introduction of four new data
parameters: population density, specific building space, specific
heat demand (all of which are represented in Eq. (1)), and effective

width, w (m), as expressed in Eq. (5):

Cd ¼ a,
�I
L

�
p,a,q,w

¼ a,
�I
L

�
e,q,w

¼ a,ðC1 þ C2,daÞ
qL,w

½euro=GJ� (5)

Hereby, linear heat density may be found as the product of heat
density and effective width, while the specific investment cost (I/L)
may be derived empirically as a linear function with intercept C1
(construction cost constant (euro/m)), and the slope determined by
multiplication of C2 (construction cost coefficient (euro/m2)) and
the average system pipe diameter, da (m). As can be seen in Fig. 2,
construction costs were established for three characteristic area
categories: (A) Inner city areas, (B) Outer city areas, and (C) Park
areas, where after an adapted average function on the basis of these
three categories was assessed for pipe diameters up to 0.3m. For
this study, construction costs, which in Ref. [14] were based on
2007 Swedish cost catalog values, were updated by use of a
Swedish entrepreneur index [77e79] to represent average 2015
cost levels (currency exchange rate 9.36 SEK/euro [80]). The ratio-
nale for this conduct is that no newer construction cost data has
been published since, why the index (reflecting the general cost
development in Swedish industrial activities) was used a proxy for
the increase in district heating construction costs during the given
time period. Hereby, an average construction cost constant value of
212 euro/m and an average construction cost coefficient value of
4464 euro/m2 is used uniformly for all considered hectare grid cells
as representative of average current construction cost conditions in
Europe.

Additionally, the product of population density and specific
building space constitute the plot ratio, e (�), which expresses the
ratio of building space area per given land area. In this study, plot
ratio values were established for each hectare grid cell based on
floor area data and used to determine the corresponding effective
width value, according to an adaption of their relationship as pre-
sented in previous studies [32], and as outlined in Eq. (6):

Fig. 2. Average construction cost function based on assessed 2015 investment costs for district heat distribution systems for three characteristic area categories: (A) Inner city areas,
(B) Outer city areas, and (C) Park areas. Sources: [77e80].
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0< e � 0:4;w ¼ 137:5,eþ 5; e>0:4;w ¼ 60 ½m� (6)

For the assessment of pipe diameters, the logarithmic relation-
ship between linear heat density and average pipe diameter
established in the original paper, was used here unaltered (Eq. (7)).
In the calculation of pipe diameters, a lower limit of linear heat
densities at 1.5 GJ/m was set. Below this threshold, pipe diameters
of 0.02m were applied uniformly for all hectare grid cells with
present heat density values above zero.

da ¼ 0:0486,ln ðqL,wÞ þ 0:0007 ½m� (7)

An annuity factor (a) of 0.051, based on 30 years investment
lifetime and a real interest rate of 3%, was chosen to reflect a long
term investment strategy to obtain the benefits of district heating
in the future. Hereby, input values for all the elements in the dis-
tribution capital cost model were established. The model output,
the distribution capital cost in a given hectare grid cell, represents
the final indicator by which the economic suitability for district
heating may be determined. Economic suitability, however, is,
contrary to physical suitability, not subject for characterisation by
class levels in this context. This is due to the fact that capacities for
district heating investments, and whatever cost levels may be
considered acceptable or not, are determined by the unique cir-
cumstances of each single case. For this reason, economic suit-
ability is displayed in this paper as cumulative cost curves reflecting
attainable relative shares for district heating on total heat markets
at corresponding cost levels.

2.3. Comparison with current deployment levels

To facilitate a comparison of current member state deployment
levels of district heating with relation to the economically suitable
levels anticipated in this study, the comprehensive heating and
cooling demand profile dataset developed in work package 3 of the
Heat Roadmap Europe project was used. From this dataset, publicly
available at [81] and further documented in Ref. [12], national
average heat market shares for district heating was derived for the
year 2015.

2.4. Aggregated explanation for physical suitability

The background for the fourth research question is that a wide-
spread perception appears in Europe that district heating is only
viable in cold areas as the North European countries. In order to
rebut this perception, we will provide a simple answer in just one
diagram containing combinations of annual heat demands per

capita and population densities for the three most dense heat
density classes. Each national input for this diagram and the cor-
responding heat density appears in the right columns in Table A3.

3. Results

The results emanating from this work are manifold, both in
terms of character and mode of representation. It should be kept in
mind that the fundamental rationale behind this study has been the
identification of unique local conditions, and the subsequent eval-
uation as of the suitability for district heating in each hectare grid
cell of all 437 million hectares constituting the EU28 land area.

Since the results to be accounted for here refer to aggregates, the
reader is urged to consult the Pan-European Thermal Atlas (PETA),
i.e. the publicly available Heat Roadmap Europe map application
[82]. At this website, both suitability metrics may be viewed in their
full geographical extent as operational layers superimposed on
selectable base maps of the European continent.

In the following, the results of the study are presented in anal-
ogy with the four research questions posed in the introduction
section. As for the certainty of the presented results, it must be
noted that these all relate to a GIS model of the 2015 heat density
distributions of the EU28 member states, not on actual measure-
ments at each location. For this reason, examples of local real-world
deviations from themodelled cases are to be expected, especially so
for some edge grid cells which may not have been properly iden-
tified by corresponding member state ID in the zonal statistics
operations.

Land areas, populations, and heat demands in each member
state are presented by the five applied heat density classes in
Tables A1eA3., respectively. These tables have been established on
the basis of zonal statistics performedwithin the used geographical
information system. The aggregated information for EU28
including average population densities, average heat densities, and
average heat demands per capita is provided in Table 2. Heat
density classes’ 3e5 capture mainly high concentrations of heat
demands in towns and cities. According to Table 2, 78% of the total
heat demand in buildings are located in the three most dense heat
density classes that constitute 1.4% of the total land area and 70% of
the population. It is in these areas that district heating can find its
prospective customers.

3.1. Physical suitability

Concerning the land area of EU28, it amounts to 4.37 million
square kilometres, according to Eurostat land use data for 2015 [83]

Table 2
Aggregated information for EU28 concerning land areas, populations, and heat demands distributed by the five applied heat density classes. All information relates to 2015.

Heat density class 5 4 3 2 1 0 Total

Heat density intervals, MJ/m2 >300 120e300 50e120 20e50 <20 zero

Land area, thousand km2 4.81 16.3 41.8 42.6 297 3967 4370
Population, million 65.2 114 175 80.0 60.4 13.5 509
Heat demand, EJ/a 2.20 3.00 3.21 1.40 0.97 0 10.8

Average population density, n/km2 13,559 7018 4189 1877 203 3 116
Average heat density, MJ/m2 458 184 77 33 3 0 2
Heat demand per capita, GJ/a 33.7 26.2 18.3 17.5 16.0 0 21.2

Proportion of land area 0.1% 0.4% 1.0% 1.0% 6.8% 90.8% 100%
Proportion of population 12.8% 22.5% 34.4% 15.7% 11.9% 2.6% 100%
Proportion of heat demand 20.4% 27.9% 29.7% 13.0% 9.0% 0% 100%

Accumulated proportion of land area 0.1% 0.5% 1.4% 2.4% 9.2% 100%
Accumulated proportion of population 12.8% 35.3% 69.7% 85.5% 97.4% 100%
Accumulated proportion of heat demand 20.4% 48.3% 78.0% 91.0% 100% 100%
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and as summarised in Table 2. When studying the land area dis-
tributions by heat density classes in Table 2, it is clear that only 9.2%
of the EU28 land area hosts residential and service sector buildings
with corresponding presence of heat demands. If further dis-
regarding the 6.8% represented by the very sparse heat density class
consisting of purely rural areas, and the 1.0% semi-rural areas land
area assigned to the sparse heat density class, the remaining 1.4%
represent urban land areas with moderate, dense, and very dense
conditions.

National conditions in terms of land areas with presence of
building heat demands, as outlined in Table A1., reveal that most
member states align fairly well with the EU28 average value
although some significant member state deviations are present, for
example Finland (~2%), Sweden (~3%), and Spain (~3%). Significant
deviations are also present with respect to the opposite case, where
e.g. Malta (54%), the Netherlands (29%), and Belgium (22%), repre-
sent member states with very high proportions of land areas
designated to residential and service sector buildings.

Concerning the EU28 population, it was 509million at the end of
2015 according to Table 2. According to our estimations, only 13.5
million, or 2.6%, live in areas without buildings or heat demands.
Hence, this estimation can be apprehended as the estimation error
in our method since these heat demands, due principally to
geographic resolution issues, have not been allocated in our GIS
analysis. If focussing only at heat density classes with appropriate
physical suitability levels for district heating (i.e. moderate, dense,
and very dense conditions), a population of 355 million inhabitants
live within these three dense classes. It is also evident from Table 2
that the population densities are very high in these dense heat
density classes.

National conditions can be obtained from Table A2 where na-
tional differences in typical settlement structures are implicitly
visible. Several member states appear to have relatively high shares
of population counts located in moderate (3) and dense (4) heat
density classes, but significantly less so in the highest class (5). This

is the typical case for member states such as e.g. the Netherlands
(40%, 49%, and 3%), the United Kingdom (70%, 16%, and 2%), and
Bulgaria (23%, 25%, and 3%), which indicate preferences for single-
family housing, albeit in highly densified residential areas. The
reversed case, where the preference within the top-three high heat
density classes appears to be that of multi-family housing and
dedicated urban settlement structures, seems to be the order in
member states such as Latvia (13%, 20%, and 27%), Spain (20%, 30%
and 24%), and Italy (22%, 30%, and 21%).

Concerning heat demand in EU28 during 2015, it was 10.8 EJ
according to Table 2. A profound observation is that 5.2 EJ is situ-
ated within the dense and very dense heat density classes, meaning
in principal that half of this heat market exhibits strong physical
suitability for district heating. The heat demands per capita are also
much higher in the more dense areas, since most service sector
buildings are located in these areas. In Fig. 3, the detailed distri-
bution of the heat demand and the population proportions are
presented by proportions of land area for the whole EU28. At the
lowest proportion of land area presented, the proportion of heat
demands is ten times higher than the proportion of population. By
descending heat densities, the accumulated heat demand propor-
tion is always situated above the accumulated population propor-
tion, again revealing that the heat demands are concentrated to
areas with high heat densities.

National conditions for heat demands can be identified in
Table A3. Germany (~2.4 EJ), France (~1.6 EJ), the United Kingdom
(~1.4 EJ), and Italy (~1.3 EJ), represent by far the four largest national
heat markets in terms of annual demand volumes. The national
heat demand proportions with respect to heat density classes are
also visualised in Fig. 4, by descending order of the proportion of
heat demands in the very dense class. If summing up the pro-
portions for classes 3e5, some member states reach totals well
above the EU28 average, such as the Netherlands (90%), the United
Kingdom and Luxembourg (both at 89%), and Germany (86%), while
some others are well below this level, such as Cyprus (11%),

Fig. 3. Proportions of EU28 heat demands in buildings and population by proportion of total land area and by descending order of heat density. Hereby, high heat densities appear
to the left in the diagram and low heat densities appear to the right.
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Portugal (47%), and Romania (47%). If considering the two top
classes (4 and 5) only, member states like Latvia (71%), Italy (64%),
and Sweden (58%) provide indications of very high proportions of
total national heat demands within these two demand segments.

3.2. Economic suitability

The final result output regarding found economic suitability
levels for district heating in each member state are in the following
presented in four graphs (Fig. 5, Fig. 6, Fig. 7, and Fig. 8), which are
all designed in allegory with those presented in the original paper
[14]. This means that after summation of all hectare grid cell heat
demands possible to satisfy at each corresponding distribution
capital cost level, these have been consecutively sorted from the
lowest to the highest and then plotted with respect to the

corresponding national heat market shares that they represent.
This modelling, for which a 100% connection rate to district heating
networks have been generally assumed, has been based on the
methodology and input data accounted for above, and distin-
guishes further between the marginal distribution capital cost, as
established in Eq. (4) and Eq. (5), and the average distribution
capital cost, Cd,a. This latter cost metric expresses the quota of
accumulated investment costs by accumulated heat demands for
each marginal distribution capital cost level.

The overall resulting distribution capital cost curves, marginal as
well as average, for EU28 are shown in Fig. 5. By the grand total
curve for the marginal distribution capital cost, which is included
for reference also in the following graphs, we do recognise the
general line characteristic of that found in Ref. [14], i.e. a levelling-
out tendency in the lower heat market share segment. However,

Fig. 4. Proportions of national heat demands by the five heat density classes applied and sorted according to the proportion of heat demands in the most dense heat density class.
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since total national heat markets constitute the reference in this
study (not just a few randomly selected urban heat markets as in
the original work), this tendency is less pronounced here, and also
less extensive.

If, by reference to the 48% heat demand share found in dense
and very dense heat density classes, as presented in Table A3., half
of the EU28 building heat market were to be supplied by district
heat, this would imply marginal investment costs in the order of

6.34 euro/GJ, corresponding to average cost levels of 3.01 euro/GJ.
With reference to the current average EU28 heat market share for
district heating (~12%), market expansions up to 30% (~3.08 euro/
GJ, marginal cost) are associated with less rapidly increasing spe-
cific investment costs, compared to those appearing above this heat
market share, and average EU28 district heat market shares above
60% must be deemed hardly, if at all, feasible.

To better understand the varying conditions of economic

Fig. 5. Current distribution capital cost levels and the corresponding district heat market shares in EU28 on average.

Fig. 6. Current marginal distribution capital cost levels and the corresponding district heat market shares in the EU28 member states.
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suitability for district heating among the 28 member states, Fig. 6
depicts national cost curves for the marginal distribution capital
cost. Here, the full spread of such varying conditions are delimited
by the two extremes found in the data. On the on hand, Cyprus
exemplifies poor economic suitability conditions due, principally,
both to low levels of population concentrations as well as of low
levels of annual heat demands. At the other end of the spectrum,

Latvia illustrates highly favourable economic suitability conditions,
resulting from both high levels of population concentrations as well
as of considerable annual heat demands, resulting in a conceivable
70% national heat market share for district heating at marginal cost
levels well below 6.0 euro/GJ.

The spectrum of poor versus favourable economic suitability
conditions for district heating may be further exposed if from the

Fig. 7. Current marginal distribution capital cost levels and the corresponding district heat market shares in the nine member states with marginal distribution capital cost levels
above 4.0 euro/GJ at 30% market shares (low economic suitability).

Fig. 8. Current marginal distribution capital cost levels and the corresponding district heat market shares in the seven member states with marginal distribution capital cost levels
below 2.5 euro/GJ at 30% market shares (high economic suitability).
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study population extracting those member states that are most
representative of each respective category. Thus, Fig. 7 shows the
extraction of those nine member states which all were found to
have marginal distribution capital cost levels above 4.0 euro/GJ at
30% district heating heat market shares (low economic suitability).
With the exception of Ireland, which indeed exhibit very favourable
economic suitability up to heat market shares of approximately
25%e30%, district heating expansions in most of these member
states are, in general, likely to be associated with higher specific
investment costs compared to average EU28 conditions.

In Fig. 8, a comparative extract of those seven member states
which all were found to have marginal distribution capital cost
levels below 2.5 euro/GJ at 30% district heat market shares (high
economic suitability) is presented. Here, Austria, Italy, and
Luxembourg, exhibit similar high economic suitability conditions

as those found in two Nordic (Sweden and Finland) and two Baltic
(Estonia and Latvia) member states.

Noteworthy, it should be underlined in this respect that the
aggregated accounts outlined in Figs. 6, Figs. 7 and 8, certainly
provide indications with regards to general, national level, condi-
tions of economic suitability for district heating, while, however,
the true merit of the study results are their identification and
representation of genuine, local conditions. This merit is exempli-
fied for the urban area of the Danish city of Aalborg in Fig. 9.
Likewise, possible deviations in the outputs may be due to the use
of Swedish construction cost levels, generalised for the purpose of
continental mapping and further reflecting mature district heating
market conditions which may be lower than those occurring on
novel markets, and as well the chosen exchange rate SEK/euro. In
terms of economic suitability, further, specific investment costs

Fig. 9. Economic suitability for district heating by marginal distribution capital cost at hectare level for the urban area of Aalborg, Denmark.
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have here been assessed by use of an average linear cost function
(as presented in Fig. 2), which inevitably implies a certain degree of
generalisation.

3.3. Comparison with current deployment levels

As for the issue of how current deployment levels of district
heating in the EU28 member states relate to the levels assessed
here as economically suitable, the study findings are presented in
Table 3. By economically suitable, a conservative approach has been
chosen here thus considering a heat market saturation as appli-
cable only with reference to the top-two heat density classes, i.e.
dense (4) and very dense (5). From the above, further, we know that
this equates approximately to a total EU28 annual heat demand
volume of 5.2 EJ (48%, Table A3.), to a total population count of some
180 million (35%, Table A2.) and to some 21 thousand square kilo-
metres out of the total EU28 land area (0.5%, Table A1.). We further
know from Fig. 5 that an average EU28 district heating heat market
share of 50% under current conditions would correspond to a
marginal distribution capital cost of 6.34 euro/GJ, a cost level which
therefore has been used as a saturation benchmark when
expanding district heating on the 28 national heat markets.

It can be seen in Table 3 that, when applying the general EU28
benchmark condition for an average 50% heat market share (6.34
euro/GJ, marginal distribution capital cost, corresponding to 3.01
euro/GJ, average distribution capital cost), the feasible expansion
limit of district heating differ on different national heat markets. If
for the moment ignoring Cyprus (which due to no reported pres-
ence of district heating at current is a non-representative case),

these differences range from 26% (Croatia) to Latvia (71%), and are
quite dispersed in general.

If further assessing the expansion characteristics from current
levels, as stipulated by this level of saturation, an average EU28
expansion factor for district heating is found at approximately four
times current levels, while two member states (Denmark and
Lithuania) already at present have deployed district heating beyond
this level of saturation. From this, the monetary value in terms of
total investment costs, if expanding district heating on all national
heat markets to its full saturation level, corresponds to 269 billion
euro (2015).

If selecting, finally, those member states with largest expansion
potentials in terms of annual heat demand volumes, thus in an
attempt to pinpoint the most substantial expansion markets for
district heating in EU28, the eight member states presented in
Fig. 10 and assembled in Table 4 is the result. Together these eight
member states represent 89% of the total expansion investment
volume and 90% of the total expansion heat demand, at an average
expansion factor of 30. Note also that national marginal distribution
capital costs curves, as well as additional information, for these
selected member states are given in the country reports (Heat
Roadmaps) associated with [84].

3.4. Aggregated explanation for physical suitability

Combinations of national averages of the annual heat demand
per capita and population densities are provided in Fig. 11 for the
three most dense heat density classes. Products of these two av-
erages generate the national average heat densities for these heat

Table 3
Current and saturated deployment levels of district heating (DH) for residential and service sector buildings in the EU28 member states with corresponding average distri-
bution capital costs and total investment costs (I). The saturated deployment level corresponds to a common average EU28market share of 50% at marginal distribution capital
cost of 6.34 euro/GJ.

MS Current situation (2015) Saturated (EU28, 50% average)

DH [PJ/a] DH [%] Average distribution
capital cost [euro/GJ]

I [billion euro] DH [PJ/a] DH [%] Average distribution
capital cost [euro/GJ]

I [billion euro]

AT 65 28% 1.5 1.88 109 47% 2.4 5.2
BE 5 2% 1.1 0.11 137 42% 2.6 7.1
BG 17 25% 3.3 1.11 31 45% 4.1 2.5
CY 0 0% e 0 0.02 0% 6.1 0.0
CZ 68 29% 1.9 2.59 133 56% 2.9 7.6
DE 264 11% 1.5 7.60 1339 56% 2.9 76.9
DK 95 58% 3.7 6.92 76 47% 2.7 4.0
EE 15 45% 2.1 0.61 19 55% 2.6 0.9
EL 2 1% 1.6 0.05 55 47% 3.5 3.7
ES 2 0.5% 1.0 0.04 328 67% 3.1 20.0
FI 107 47% 1.8 3.86 111 49% 2.0 4.3
FR 81 5% 1.2 1.98 669 43% 3.2 41.4
HR 7 10% 2.9 0.38 17 26% 4.0 1.3
HU 27 13% 1.7 0.88 71 34% 2.7 3.7
IE 1 1% 0.3 0.00 34 32% 1.7 1.1
IT 51 4% 1.0 0.98 828 65% 2.9 46.9
LT 24 52% 3.3 1.54 23 51% 3.2 1.5
LU 3 13% 1.0 0.07 14 53% 2.4 0.7
LV 23 50% 1.5 0.67 33 71% 2.2 1.4
MT 0 0% e 0 2 55% 4.4 0.1
NL 21 5% 2.3 0.95 230 54% 3.9 17.4
PL 206 31% 2.2 8.85 304 46% 2.9 17.3
PT 1 2% 2.9 0.07 22 35% 4.7 2.0
RO 42 23% 3.0 2.48 74 40% 3.8 5.5
SE 156 53% 2.1 6.27 165 56% 2.3 7.3
SI 4 13% 1.6 0.14 16 45% 2.9 0.9
SK 23 24% 2.4 1.06 47 49% 3.4 3.1
UK 21 2% 1.0 0.41 503 37% 3.4 33.9

EU28 1343 12% 2.0 51.5a 5398 50% 3.0 318

a Note that a corrected sum of 48.5 billion euro is used since both DK (6.92e4.0¼ 2.92 billion euro) and LT (1.54e1.5¼ 0.04 billion euro) already at current conditions have
expanded district heating beyond the stipulated saturation level.
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density classes. The two aggregated EU28 averages became an
average annual heat demand per capita of 23.7 GJ per capita and an
average population density of 5635 inhabitants per square kilo-
metre. The effective EU28 average heat density became then
134MJ/m2. Located to the right in the figure, most cold countries
with high heat demands per capita have low population densities;
whilewarm countries with low heat demands per capita (located to
the left in the figure) have high population densities. This charac-
teristic circumstance results in a moderate variation of the national
heat density averages among the member states.

The arithmetical average heat density among the EU28 member
states became 139MJ/m2 with a small standard deviation of 37MJ/
m2. Hence, most countries have average heat densities in dense
areas between 100 and 175MJ/m2. Below this interval, the lowest
heat densities appear in Cyprus (57MJ/m2), Croatia (92MJ/m2), and
Portugal (92MJ/m2) giving high heat distribution costs. Above the
average interval, the highest heat densities are found in Latvia
(248MJ/m2), Sweden (190MJ/m2), and Finland (181MJ/m2) giving
low heat distribution costs. Some paradoxes appear inside the

average interval, since both Italy (171MJ/m2) and Spain (156MJ/
m2) have higher heat densities (and lower heat distribution costs)
than for example Denmark (142MJ/m2) and Germany (139MJ/m2).
Although the heat demands per capita are higher in Denmark and
Germany, the population densities are much higher in Italy and
Spain.

The major implication from this short analysis of estimated
national heat densities for dense areas is that the heat distribution
costs are quite similar in the member states. This implication har-
monises with the results presented in Fig. 6.

4. Discussion

In view of the presented suitability conditions for feasible
network heat distribution, and especially so considering the influ-
ence of population density on the physical suitability metric, the
since-long consistent trend of increasing urbanisation in Europe is
worthy a brief consideration. While total EU28 population counts,
which after decades of continuous growth appear to level out and
begin to decline by the year 2045 [85], the growth of the urban
population share exhibit no such indication of decline. On the
contrary, compared to a 73% fraction in 2015, according to Ref. [86],
four out of five Europeans will be urban dwellers in the year 2050,
which would imply even more densely populated metropolitan
areas in the decades to come.

This trendmay partly counteract the simultaneous development
towards lower specific heat demands in future buildings in Europe,
which inevitably will lead to reduced total heat demands in the
considered sectors. For 2050, relative to 2015 levels, this reduction
was assessed in the Heat Roadmap Europe project for 14 member
states representing 90% of these demands at minus ~20% (baseline)
and minus ~24% (Heat Roadmap) respectively, according to the
future scenarios developed in Ref. [87] and further presented in
Ref. [88]. This implies that an actual future EU28 expansion volume
at market saturation (~50%) would be found within the interval
4.1 EJ to 4.3 EJ per year rather than at the 5.4 EJ per year as

Fig. 10. Current marginal distribution capital cost levels and the corresponding district heat market shares for eight selected member states with largest expansion volumes,
according to physical suitability by heat density classes 4 and 5 (EU28 average heat market share of ~50% at marginal distribution capital cost of 6.34 euro/GJ).

Table 4
Expansion of district heating on residential and service sector heat markets for eight
selected EU28 member states with largest expansion volumes, according to physical
suitability by heat density classes 4 and 5 (EU28 average heat market share of ~50%
at marginal distribution capital cost of 6.34 euro/GJ).

MS DH [PJ/a] Expansion factor [�] I [billion euro]

DE 1076 5 69.3
IT 777 16 45.9
FR 587 8 39.4
UK 482 24 33.5
ES 326 144 19.9
NL 209 11 16.5
BE 132 27 7.0
PL 98 1.5 8.4

Total 3687 30 240

EU28 4076 4 269

U. Persson et al. / Energy 176 (2019) 604e622616



stipulated here. However, since neither future heat demand vol-
umes nor their spatial distribution can be known at present, this
interval must be regarded as a general conjecture rather than as a
dedicated prognosis for the future.

In this respect, it should also be underlined that themodelling of
saturation rates and expansion volumes were performed under the
general assumption of 100% connection rates, meaning that all
building heat demands in a given hectare cell were modelled as
being provided by district heat. In practise, although not analysed
here, connection rates lower than the modelled level should be
expected. However, very high connection rates, above 90%, are not
uncommon in urban areas and cities operating large district heat-
ing systems today.

As for economic suitability, this study has analysed the demand
and the distribution aspect of district heating only, while the third
aspect influencing its overall feasibility, that of heat supply, has
been excluded from these analyses since it represents another
research field in its own right. However, this third aspect, as out-
lined by the primary energy cost and the ability to pay for recycled
heat in Fig. 1, constitute a key cost component in the total cost for
district heat and may therefore be regarded as an additional factor
determining economic suitability. On this fact rests the funda-
mental insight that large-scale thermal synergies (such as excess
heat recoveries from energy, industry, and commercial sector ac-
tivities), are attainable only if cost-efficient network heat distri-
bution infrastructures are in place. If not, available excess heat
resources will either be practically impossible to recover or too
expensive to distribute for utilisation. If indeed, the recovery and
reuse of such available excess heat resources constitute the very
fabric of the structural energy efficiency properties that district
heating has to offer.

Here, the noteworthy distinction emphasised in the Heat
Roadmap Europe project, between individual energy efficiency
measures (demand side) and structural energy efficiency measures
(supply side), facilitates a recognition of the two principal

approaches whereby primary energy demands may be reduced,
and of the appropriate balance to be sought between them. As the
European community strives for a circular economy [89], an energy
union [4], for higher integration of renewable energy sources [90],
and for significant reductions of primary energy demands [91], the
general project recommendation for the building heat market is
consequently to aim for cost-optimal combinations of both indi-
vidual and structural measures [15,84]. The future energy infra-
structure landscape that this recommendation outlines is
approaching that of so-called Smart Energy Systems [92e95], where
e.g. high levels of integration between power, gas, and thermal
networks, in combination with various energy storage solutions,
provide the necessary availability and flexibility for its proper
functionality [96e99].

The comparison of current and saturated deployment levels of
district heating on the 28 national EU member state heat markets
reveals clearly that very different progress has been made in
different countries. Two member states, Denmark and Lithuania,
has already today reached market penetration levels above those
characterised here as saturated levels, and a few others, e.g. Swe-
den, Latvia, Finland, and Estonia, are very close at reaching such
levels under current conditions. Given that physical as well as
economic suitability for district heating similar to that present in
these countries are present also in several other countries, e.g.
Austria, Italy, Luxembourg, Germany, and Spain, the relatively low
heat market shares found in these latter member states today,
compared to full saturation levels, must be explained by other di-
mensions of causes. Although beyond the scope of this study to
investigate more thoroughly, such dimensions could be those of
national decisions and discourses, cultural and traditional prefer-
ences, as well as other particular circumstances unique for each
respective country.

The introduction of suitability concepts for district heating may
in this respect provide a new vocabulary by which to express more
precise explanations as for the reasons and causes why district

Fig. 11. Population density averages versus annual heat demands per capita for heat density classes 3e5 (including all land areas with heat densities above 50MJ/m2 per year) for
the EU28 member states. The product of these two parameters equals the heat density according to Eq. (1) and the lines for the four threshold heat densities have also been included
for facilitating the interpretation of the diagram.
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heating might be a dismissed or favoured heating solution on
different national heat markets. While physical suitability for dis-
trict heating very well may exist, this might be so under pure
economic, or political, or other, conditions that reduces the eco-
nomic suitability for its actual deployment. Hence, by elaborating
such suitability concepts further and by introducing, for example,
corresponding distinctions with regard to local availability of
excess and renewable heat supply (resource suitability), govern-
mental and jurisdictional devotion and preparedness (political
suitability), public awareness and traditional technology prefer-
ences (cultural suitability) etc., a deeper and more profound un-
derstanding of nation-specific conditions may be obtained. Given
the acceptance and establishment of such concepts, any discussion
as to why a technology solution, such as district heating, might be
deployed in disagreement with its physical suitability, should be in
access of a more adequate terminology whereby to determine the
causes for this state-of-affairs, which eventually could enable
greater success in addressing them.

Finally, with regards to the simple aggregated answer as to why
district heating can be viable concerning physical suitability, it is
quite a paradox that somemember states with none or very limited
deployment of district heating today, in high density areas in fact
are better suited for district heating than are many member states
with high deployment levels. While many Southern member states
have lower than EU28 average heat demands per capita in such
high-density areas, they simultaneously display significantly higher
population densities than do their Northern counterparts, which
amounts to the fact that physical suitability for district heating,
principally, is equally present in European high density areas irre-
spective of geographical location, as outlined in Fig. 11.

5. Conclusions

The main conclusion from this work is that the deployment of
district heating in EU28, on average, is far from having reached a
saturated state, on the contrary, its further expansion in e.g. inner
city areas should be associated with generally beneficial feasibility
conditions. The main explanation for this is the observable ten-
dency of continued population clustering into towns, suburbs, and
city areas, which leads to a corresponding spatial concentration of
residential and service sector building heat demands. Hereby, there
are no major principal market barriers for the proposed introduc-
tion of 4th generation district heating [100] with respect to heat
distribution costs.

In response to the first research question, the physical suitability
for district heating must be considered high since principally half of
the total sector heat demand originate in urban areas characterised
as dense and very dense. The significance of this cannot be other
than to conclude on the generally high level of physical suitability
for district heating in European urban areas, although, both local
and national deviations from these general conditions are present.
Conversely, it may accordingly be stated that, on average, other
local heat generation alternatives, such as heat pumps, biomass
boilers etc., may certainly represent appropriate choices on those
heat markets segments that are characterised by more sparsely
concentrated populations.

Second, concerning economic suitability, specific marginal in-
vestment costs for district heating expansions, up to half of the
EU28 residential and service sector heat market, are expected to be
found in the interval between zero and six euro per gigajoule
(corresponding to specific average investment costs between zero
and three euro per gigajoule). Here, naturally, significant variations
are as well present among the 28 member states, where this cost
interval is correspondingly broader in warmer climate areas, and
narrower in colder regions. However, a keymessage from this work

is that this metric always should be evaluated locally in each
particular case, due to the influence of other external factors (e.g.
investment strategies).

Third, with reference to the found general level of physical
suitability, current deployment levels of district heating in the
EU28 member states relate quite differently to the levels assessed
here as economically suitable. Two member states (Denmark and
Lithuania) have already expanded district heating beyond these
levels, while for EU28 on average, a four-fold district heating
expansion factor, from current levels, indicates the vast presence of
economically feasible deployment opportunities for district heating
in densely populated urban areas around Europe. The magnitude of
an EU28 district heat market if saturated to its full extent, according
to physical and economic suitability, has been found to represent
principally half of the current total residential and service sector
heat market. If fully saturated, this heat market share represents an
expansion investment volume for future district heating networks
of approximately 270 billion euro. By identifying the eight member
states with the largest expansion volumes at current, the study has
further pinpointed the most relevant national heat markets where
such an expansion of district heating would have most impact.
Together, these eight countries represent nine tenths of the total
expansion volume, both in terms of annual heat deliveries and total
investments.

Fourth, in view of the quite startling results presented in this
paper, which principally confirms the findings of the original paper
by arriving at a vast feasible expansion potential for district heating
in Europe, it is recognised that additional concepts are needed if to
fully understand and interpret current deployment levels. For, how
should we explain the fact that district heating has remained such a
marginal occurrence on the EU28 residential and service sector
heat market in general, when both physical and economic suit-
ability conditions for its expansion are sowidely in place? Although
this is not the context where to ponder on a more exhaustive
answer to this question, the findings from this work suggests that
many central European countries have focussed more on the spe-
cific heat demandmetric of buildings when assessing opportunities
for district heating, and less so on the heat density parameter itself.
Because it is by the spatial concentration of heat demands, and not
primarily by their volumetric magnitudes, that beneficial condi-
tions for viable district heat distribution are formed.

Declaration of interest

None.

Acknowledgements

The work presented in this paper is the result of research ac-
tivities in the IEE Stratego project and in the Heat Roadmap Europe
(HRE) project of the H2020-EE-2015-3-Market Uptake call (project
number 695989). The work is also a part of the Strategic Research
Centre for 4th Generation District Heating (4DH), which has
received funding from The Innovation Fund Denmark. The pre-
sented results represent the final, overall, and complete docu-
mentation of the district heat distribution capital cost aspect for all
of EU28. Fragments of these results have been published in various
project reports in the Heat Roadmap Europe project, and they may
further be regarded as partly revised versions of the Stratego
project outputs. The authors would also like to acknowledge the
valuable contribution fromM.Sc. Luis S�anchez Garcia, who assisted
in the work on updating the Swedish construction cost parameters
to 2015 values.

U. Persson et al. / Energy 176 (2019) 604e622618



Appendix

Table A.1
Land use areas by heat density classes for EU28 member states, in thousand square kilometres (left) and relative shares of total national land use areas (right). Heat density
classes as defined in Table 1.

Land area by heat density class [kkm2] Land area by heat density class [%]

MS 0 1 2 3 4 5 Total 0 1 2 3 4 5

AT 74.8 6.7 1.2 0.83 0.22 0.13 83.9 89% 8% 1.4% 1.0% 0.3% 0.16%
BE 23.8 3.2 1.5 1.69 0.31 0.16 30.7 78% 11% 4.8% 5.5% 1.0% 0.53%
BG 105.7 4.6 0.4 0.22 0.11 0.00 111.0 95% 4% 0.3% 0.2% 0.1% 0.00%
CY 8.0 1.1 0.1 0.02 0.00 0.00 9.2 86% 12% 1.5% 0.2% 0.0% 0.00%
CZ 70.3 6.2 1.2 0.60 0.39 0.13 78.9 89% 8% 1.6% 0.8% 0.5% 0.17%
DE 300.6 36.2 6.5 9.66 4.03 1.35 358.3 84% 10% 1.8% 2.7% 1.1% 0.38%
DK 35.0 6.5 0.8 0.57 0.20 0.08 43.2 81% 15% 1.8% 1.3% 0.5% 0.20%
EE 42.8 2.3 0.1 0.07 0.04 0.02 45.3 94% 5% 0.3% 0.2% 0.1% 0.05%
EL 124.8 5.9 0.7 0.33 0.18 0.03 131.9 95% 4% 0.5% 0.3% 0.1% 0.02%
ES 483.0 10.9 2.1 1.26 0.92 0.26 498.5 97% 2% 0.4% 0.3% 0.2% 0.05%
FI 329.2 6.5 0.9 0.62 0.18 0.12 337.5 98% 2% 0.3% 0.2% 0.1% 0.03%
FR 469.6 62.1 8.0 6.72 2.25 0.49 549.1 86% 11% 1.5% 1.2% 0.4% 0.09%
HR 50.9 4.7 0.6 0.28 0.07 0.00 56.5 90% 8% 1.1% 0.5% 0.1% 0.01%
HU 85.3 4.6 2.1 0.77 0.14 0.10 93.0 92% 5% 2.2% 0.8% 0.1% 0.11%
IE 60.1 9.4 0.6 0.42 0.01 0.04 70.6 85% 13% 0.9% 0.6% 0.0% 0.06%
IT 261.7 29.7 3.6 3.06 2.40 0.82 301.3 87% 10% 1.2% 1.0% 0.8% 0.27%
LT 60.0 5.1 0.2 0.09 0.08 0.01 65.4 92% 8% 0.3% 0.1% 0.1% 0.02%
LU 2.2 0.2 0.1 0.08 0.04 0.02 2.6 87% 6% 2.2% 3.0% 1.5% 0.69%
LV 61.8 3.5 0.1 0.06 0.05 0.04 65.5 94% 5% 0.1% 0.1% 0.1% 0.07%
MT 0.1 0.1 0.0 0.01 0.01 0.00 0.3 46% 43% 5.1% 3.6% 2.0% 0.04%
NL 26.9 7.1 0.7 1.95 1.18 0.05 37.8 71% 19% 1.8% 5.1% 3.1% 0.12%
PL 277.1 29.3 4.6 1.83 0.79 0.31 313.9 88% 9% 1.5% 0.6% 0.3% 0.10%
PT 79.6 8.6 0.3 0.26 0.06 0.00 88.8 90% 10% 0.4% 0.3% 0.1% 0.00%
RO 223.0 14.2 1.2 0.36 0.30 0.01 239.1 93% 6% 0.5% 0.2% 0.1% 0.00%
SE 436.3 11.1 1.3 0.68 0.27 0.21 449.9 97% 2% 0.3% 0.2% 0.1% 0.05%
SI 18.9 1.1 0.2 0.07 0.05 0.02 20.3 93% 5% 1.0% 0.4% 0.2% 0.08%
SK 45.3 2.5 0.7 0.27 0.17 0.03 49.0 92% 5% 1.4% 0.6% 0.3% 0.06%
UK 220.1 13.6 2.8 9.03 1.89 0.35 247.8 89% 5% 1.1% 3.6% 0.8% 0.14%
EU28 3966.9 297.0 42.6 41.80 16.34 4.81 4369.4 91% 7% 1.0% 1.0% 0.4% 0.11%

Table A.2
Population by heat density classes for EU28 member states, in million inhabitants (left) and relative shares of total national population counts (right). Heat density classes as
defined in Table 1.

Population by heat density class [Mn] Population by heat density class [%]

MS 0a 1 2 3 4 5 Total 0 1 2 3 4 5

AT 0.19 1.08 1.74 2.91 1.15 1.52 8.58 2% 13% 20% 34% 13% 18%
BE 0.27 0.58 1.90 5.59 1.45 1.45 11.24 2% 5% 17% 50% 13% 13%
BG �0.13 2.15 1.47 1.67 1.83 0.20 7.20 �2% 30% 20% 23% 25% 3%
CY �0.26 0.45 0.55 0.10 0 0 0.85 �30% 54% 65% 12% 0% 0%
CZ 0.11 1.34 2.34 2.38 2.48 1.89 10.54 1% 13% 22% 23% 24% 18%
DE 1.02 4.38 9.11 33.12 20.44 13.12 81.20 1% 5% 11% 41% 25% 16%
DK 0.21 0.78 1.26 1.78 0.78 0.85 5.66 4% 14% 22% 31% 14% 15%
EE 0.03 0.27 0.21 0.26 0.28 0.26 1.31 2% 20% 16% 20% 21% 20%
EL 0.68 2.50 1.98 2.23 2.64 0.83 10.86 6% 23% 18% 21% 24% 8%
ES 2.00 3.21 7.00 9.44 13.82 10.97 46.45 4% 7% 15% 20% 30% 24%
FI 0.49 0.91 0.85 1.46 1.09 0.67 5.47 9% 17% 15% 27% 20% 12%
FR 3.82 7.79 11.30 21.85 12.25 9.45 66.46 6% 12% 17% 33% 18% 14%
HR 0.07 0.82 1.31 1.24 0.72 0.07 4.23 2% 19% 31% 29% 17% 2%
HU �0.07 0.93 4.17 3.66 0.52 0.64 9.86 �1% 9% 42% 37% 5% 6%
IE 0.17 0.99 1.20 2.11 0.08 0.13 4.68 4% 21% 26% 45% 2% 3%
IT 1.93 6.82 7.83 13.30 17.97 12.95 60.80 3% 11% 13% 22% 30% 21%
LT �0.09 1.00 0.55 0.51 0.69 0.26 2.92 �3% 34% 19% 17% 24% 9%
LU 0.05 0.02 0.05 0.19 0.19 0.07 0.56 9% 4% 9% 33% 33% 12%
LV �0.08 0.66 0.22 0.26 0.40 0.53 1.99 �4% 33% 11% 13% 20% 27%
MT 0.04 0.10 0.15 0.10 0.05 0.00 0.44 8% 22% 34% 23% 12% 0%
NL 0.26 0.53 0.58 6.79 8.20 0.55 16.90 2% 3% 3% 40% 49% 3%
PL �0.38 5.77 9.74 9.99 8.40 4.48 38.01 �1% 15% 26% 26% 22% 12%
PT 0.54 5.01 1.82 2.04 0.97 0.00 10.37 5% 48% 18% 20% 9% 0%
RO �0.21 7.83 4.47 2.72 4.63 0.44 19.87 �1% 39% 22% 14% 23% 2%
SE 0.33 1.55 1.98 2.39 1.76 1.74 9.75 3% 16% 20% 24% 18% 18%
SI 0.13 0.61 0.45 0.31 0.29 0.27 2.06 6% 29% 22% 15% 14% 13%

(continued on next page)
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Table A.2 (continued )

Population by heat density class [Mn] Population by heat density class [%]

MS 0a 1 2 3 4 5 Total 0 1 2 3 4 5

SK 0.02 0.82 1.66 1.22 1.18 0.51 5.42 0% 15% 31% 23% 22% 9%
UK 2.31 1.54 4.09 45.47 10.10 1.37 64.88 4% 2% 6% 70% 16% 2%
EU28 13.46 60.43 79.95 175.10 114.39 65.22 508.54 3% 12% 16% 34% 22% 13%

a For the assessment of population counts belonging to this class, a comparison to total member state population counts [101], was made. In this comparison, when
subtracting the sum of all population counts attributed to heat density classes 1e5, as found by use of [51], from those of [101], the remaining difference has been assigned to
the zero class. Due partly to different reference years (and total volumes) in the two datasets, 2011 in Ref. [51] and 2015 in Ref. [101], and due partly to aggregation
mechanisms in the zonal statistics operation (where e.g. the identification of grid cells located at national borders occasionally fails, resulting in exclusion), this has resulted in
negative numbers in a few instances.

Table A.3
Physical suitability for district heating by aggregated member state hectare grid cell heat demands per heat density class, in volumes (left) and relative shares of total national
residential and service sector heat markets (right). Heat density classes as defined in Table 1. The three last columns to the right consider aggregated annual heat demands per
capita, population densities and average heat densities for heat density classes 3e5 and constitutes input to Fig. 11.

Heat demand by heat density class [PJ] Heat demand by heat density class [%] Aggregated by heat density classes
3e5

MS 1 2 3 4 5 Total 1 2 3 4 5 GJ/capita n/km2 MJ/m2

AT 25 39 59 41 69 232 11% 17% 25% 17% 30% 30.2 4758 144
BE 16 50 122 59 77 324 5% 15% 38% 18% 24% 30.4 3935 120
BG 18 12 17 19 2 68 27% 17% 25% 29% 2% 10.3 10,992 114
CY 3 4 1 0 0 8 41% 48% 11% 0% 0% 9.3 6149 57
CZ 22 39 45 74 56 237 9% 17% 19% 31% 24% 26.0 6007 156
DE 106 222 736 766 583 2413 4% 9% 31% 32% 24% 31.3 4432 139
DK 16 27 42 37 42 164 10% 16% 25% 22% 26% 35.3 4018 142
EE 5 4 5 8 11 34 16% 13% 16% 24% 31% 29.8 5844 174
EL 25 21 26 34 10 116 22% 18% 22% 29% 9% 12.4 10,458 129
ES 37 71 98 172 111 489 8% 14% 20% 35% 23% 11.1 14,024 156
FI 31 29 48 33 86 226 14% 13% 21% 15% 38% 51.6 3505 181
FR 179 263 496 403 221 1562 11% 17% 32% 26% 14% 25.7 4604 118
HR 14 21 20 12 1 68 20% 31% 29% 17% 1% 16.1 5714 92
HU 20 71 48 29 41 210 10% 34% 23% 14% 19% 24.6 4790 118
IE 24 21 27 2 30 104 23% 20% 26% 2% 28% 25.6 4918 126
IT 94 114 249 445 381 1283 7% 9% 19% 35% 30% 24.3 7054 171
LT 12 6 7 15 6 46 25% 14% 15% 34% 12% 19.0 8085 153
LU 1 2 7 7 10 26 4% 7% 26% 26% 37% 51.5 3239 167
LV 6 2 5 9 23 46 14% 5% 11% 21% 50% 31.4 7880 248
MT 0 0 1 1 0 3 16% 16% 33% 34% 2% 12.6 8822 111
NL 20 23 169 198 16 426 5% 5% 40% 47% 4% 24.6 4902 121
PL 97 152 126 153 130 658 15% 23% 19% 23% 20% 17.9 7779 139
PT 23 10 20 10 0 64 36% 17% 32% 15% 0% 10.0 9207 92
RO 63 34 28 54 4 183 34% 18% 16% 30% 2% 11.1 11,489 128
SE 32 41 50 51 120 294 11% 14% 17% 17% 41% 37.5 5069 190
SI 8 6 6 9 7 35 22% 17% 16% 25% 20% 24.3 6412 156
SK 11 22 21 31 11 96 11% 23% 22% 33% 12% 21.7 6196 134
UK 58 94 725 331 154 1363 4% 7% 53% 24% 11% 21.3 5053 107
EU28 968 1399 3205 3002 2201 10,776 9% 13% 30% 28% 20% 23.7 5635 134

U. Persson et al. / Energy 176 (2019) 604e622620

http://refhub.elsevier.com/S0360-5442(19)30609-7/sref1
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref1
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref2
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref2
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref2
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref2
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref3
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref3
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref3
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref4
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref4
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref4
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref5
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref5
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref5
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref6
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref6
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref6
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref6
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref7
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref7
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref7
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref7
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref8
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref8
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref8
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref8
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref8
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref8
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref9
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref9
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref9
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref9
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref9
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref9
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref10
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref10
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref11
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref11
https://heatroadmap.eu/wp-content/uploads/2018/11/HRE4_D3.1.pdf
https://heatroadmap.eu/wp-content/uploads/2018/11/HRE4_D3.1.pdf
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref13
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref13
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref13
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref14
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref14
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref14


[15] Connolly D, Lund H, Mathiesen BV, Werner S, M€oller B, Persson U, et al. Heat
Roadmap Europe: combining district heating with heat savings to decar-
bonise the EU energy system. Energy Policy 2014;65:475e89.

[16] Persson U, M€oller B, Werner S. Heat Roadmap Europe: identifying strategic
heat synergy regions. Energy Policy 2014;74(0):663e81.

[17] Connolly D, Vad Mathiesen B, Alberg €Ostergaard P, M€oller B, Nielsen S,
Lund H, et al. Heat Roadmap Europe 2050 - first pre-study for EU27. Euro-
heat & power. 2012. Brussels. Available at: https://www.euroheat.org/
publications/reports-and-studies/heat-roadmap-europe-pre-study-1/.
[Accessed 10 December 2018].

[18] Connolly D, Vad Mathiesen B, Alberg €Ostergaard P, M€oller B, Nielsen S,
Lund H, et al. Heat Roadmap Europe 2050 - second pre-study for EU27.
Brussels: Euroheat & Power; 2013. Available at: https://www.euroheat.org/
publications/reports-and-studies/heat-roadmap-europe-pre-study-2/.
[Accessed 10 December 2018].

[19] Connolly D, Hansen K, Drysdale D, Lund H, Vad Mathiesen B, Werner S, et al.
Enhanced heating and cooling plans to quantify the impact of increased
energy efficiency in EU member states. Translating the heat Roadmap Europe
methodology to member state level.. Work Package 2. Main Report: Execu-
tive Summary.: Stratego: Enhanced Heating and Cooling Plans. Project No:
IEE/13/650. 2016. Available at: http://stratego-project.eu/wp-content/
uploads/2014/09/STRATEGO-WP2-Executive-Summary-Main-Report.pdf.
[Accessed 10 December 2018].

[20] M€oller B, Werner S. Quantifying the potential for district heating and cooling
in EU member states. Work package 2. Background report 6. Deliverable No.
D 2.2. Stratego: multi-level actions for enhanced heating & cooling plans.
2015.

[21] HRE. Heat Roadmap Europe - a low-carbon heating and cooling strategy for
Europe. 2018. Available at: https://heatroadmap.eu/. [Accessed 21 November
2018].

[22] Eurostat. Your key to European statistics. Eurostat, European commission.
Luxembourg. 2018. Available at: https://ec.europa.eu/eurostat/data/
database?node_code¼hid_tsdpc240. [Accessed 15 October 2018].

[23] EEA. European Environment agency. 2018. Copenhagen. Available at: https://
www.eea.europa.eu/. [Accessed 15 October 2018].

[24] JRC. Joint research Centre. European Commission; 2018. Available at: https://
ec.europa.eu/info/departments/joint-research-centre_en. [Accessed 15
October 2018].

[25] Inspire. Inspire knowledge base. Infrastructure for spatial information in
Europe. European Commission; 2018. Available at: https://inspire.ec.europa.
eu/. [Accessed 15 October 2018].

[26] EU. Directive 2007/2/EC of the European parliament and of the council of 14
March 2007 establishing an infrastructure for spatial information in the
European community (INSPIRE). Brussels: European Parliament and the
Council; 2007.

[27] Eurostat. Urban Audit. Eurostat. 2018. Luxembourg. Available at: https://ec.
europa.eu/eurostat/web/gisco/geodata/reference-data/administrative-units-
statistical-units/urban-audit. [Accessed 15 October 2018].

[28] EEA. Corine land cover 2012. Copenhagen: European Environment Agency;
2017. Available at: http://land.copernicus.eu/pan-european/corine-land-
cover/clc-2012. [Accessed 20 April 2017].

[29] M€oller B, Wiechers E, Persson U, Grundahl L, Connolly D. Heat Roadmap
Europe: identifying local heat demand and supply areas with a European
thermal atlas. Energy 2018;158:281e92.

[30] Persson U, M€oller B, Wiechers E. Methodologies and assumptions used in the
mapping. Deliverable 2.3: a final report outlining the methodology and as-
sumptions used in the mapping. August 2017. Heat Roadmap Europe 2050, A
low-carbon heating and cooling strategy. 2017. Available at: https://
heatroadmap.eu/wp-content/uploads/2018/11/D2.3_Revised-version_
180928.pdf. [Accessed 10 December 2018].

[31] Persson U. District heating in future Europe: modelling expansion potentials
and mapping heat synergy regions. Dissertation Thesis. Series Nr: 3769.
G€oteborg: Energy and Environment. Chalmers University of Technology;
2015.

[32] Persson U, Werner S. Effective width - the relative demand for district
heating pipe lengths in city areas. In: 12th international symposium on
district heating and cooling, 5th to 7th of september, Tallin; 2010. p. 128e31.

[33] Dyrelund A, Lund H, M€oller B, Mathiesen BV, Fafner K, Knudsen S, et al.
Varmeplan Danmark (heat plan for Denmark). Ramboll Denmark and Aal-
borg University; 2008. Available at: http://vbn.aau.dk/files/16591725/
Varmeplan_rapport.pdf. [Accessed 10 December 2018].

[34] Dyrelund A, Lund H. Heat Plan Denmark 2010 : a road map for implementing
the EU directive on renewable energy (Varmeplan Danmark). Rambøll and
Aalborg University; 2010. Available at: http://vbn.aau.dk/da/publications/
varmeplan-danmark-2010%280480328d-8f23-45d5-804f-90dde1f5cde6%
29.html. [Accessed 10 December 2018].

[35] Hotmaps. Hotmaps - the open source mapping and planning tool for heating
and cooling. 2018. Available at: http://www.hotmaps-project.eu/. [Accessed
31 August 2018].

[36] AGFW. Verfahren zur Entwicklung einer digitalen W€armebedarfskarte für
die Bundesrepublik Deutschland (Approaches to develop a digital heat de-
mand map for Germany). Forschung und Entwicklung, Heft 14. Der Ener-
gieeffizienzverband für W€arme. K€alte und KWK e. V. Frankfurt am Main;
2010.

[37] Gils HC. A GIS-based assessment of the district heating potential in Europe.

In: 12th symposium energieinnovation, vols. 15e17. Austria: Feb. Graz;
2012.

[38] Gils HC, Cofala J, Wagner F, Sch€opp W. GIS-based assessment of the district
heating potential in the USA. Energy 2013;58:318e29.

[39] EEA. Population density disaggregated with corine land cover 2000. Joint
Research Centre; 2012. Available at: https://www.eea.europa.eu/data-and-
maps/data/population-density-disaggregated-with-corine-land-cover-2000-
2 (2018-10-15).

[40] Gallego FJ. A population density grid of the European Union. Popul Environ
2010;31(6):460e73.

[41] Kasanko M, Sagris V, Lavalle C. Analysing the compactness of urban areas by
using indicators derived from data acquired by remote sensing. In: 2007
urban remote sensing Joint event, 11-13 April 2007; 2007. Report Number:
2334-0932 pp.1e7 DOI: 101109/URS2007371839.

[42] Sen A. The benefits of remote sensing for energy policy. Space Pol
2004;20(1):17e24.

[43] Geiß C, Taubenb€ock H, Wurm M, Esch T, Nast M, Schillings C, et al. Remote
sensing-based characterization of settlement structures for assessing local
potential of district heat. Rem Sens 2011;3(7):1447e71.

[44] M€oller B. A heat atlas for demand and supply management in Denmark.
Manag Environ Qual Int J 2008;19(4):467e79.

[45] M€oller B, Lund H. Conversion of individual natural gas to district heating:
geographical studies of supply costs and consequences for the Danish energy
system. Appl Energy 2010;87(6):1846e57.

[46] Finney KN, Sharifi VN, Swithenbank J, Nolan A, White S, Ogden S. De-
velopments to an existing city-wide district energy network e Part I: iden-
tification of potential expansions using heat mapping. Energy Convers
Manag 2012;62(0):165e75.

[47] Nielsen S, M€oller B. GIS based analysis of future district heating potential in
Denmark. Energy 2013;57(0):458e68.

[48] M€oller B, Nielsen S. High resolution heat atlases for demand and supply
mapping. Int J Sustain Energy Plan and Manag 2014;1. https://doi.org/10.
5278/ijsepm.2014.1.4.

[49] Knies J. A spatial approach for future-oriented heat planning in urban areas.
Int J Sustain Energy Plann Manag 2018;16:3e30.

[50] JRC. European settlement map (ESM). Joint research Centre, institute for the
protection and security of the citizen, global security and crisis Management
unit. Brussels: European Commission; 2017. Retrieved, https://land.
copernicus.eu/pan-european/GHSL/european-settlement-map/EU%20GHSL%
202014?tab¼download. [Accessed 21 July 2017].

[51] JRC. Joint Research Centre Data Catalogue: GHS population grid, derived from
EUROSTAT census data (2011) and ESM 2016. Brussels: Joint Research
Centre. European Commission; 2017. Retrieved, http://data.jrc.ec.europa.eu/
dataset/jrc-ghsl-ghs_pop_eurostat_europe_r2016a. [Accessed 13 July 2017].

[52] EEA. Degree of soil sealing (2014-11-13). European Environment Agency;
2014. Available at: https://www.eea.europa.eu/data-and-maps/data/eea-
fast-track-service-precursor-on-land-monitoring-degree-of-soil-
sealing#tab-european-data. [Accessed 12 November 2016].

[53] UNEP/DEWA/GRID. UNEP/DEWA/GRID-Geneva. Gross domestic product
2010. United Nations Environment Programme (UNEP); 2012. Retrieved,
http://preview.grid.unep.ch/index.php?
preview¼data&events¼socec&evcat¼1&lang¼eng. [Accessed 29 May 2017].

[54] Eurostat. Eurostat census hub. Population and housing census. Eurostat.
Luxembourg. 2011. Retrieved, http://ec.europa.eu/eurostat/web/population-
and-housing-census/census-data/2011-census. [Accessed 2 March 2017].

[55] Werner S. The new European heating index. In: 10th international sympo-
sium on district heating and cooling. Hannover, Germany; 2006.

[56] Energistyrelsen. Individual heating plants and energy transport: technology
data for energy plants, May 2012. Energistyrelsen (Danish Energy Agency);
2012.

[57] Mazhar AR, Liu S, Shukla A. A state of art review on the district heating
systems. Renew Sustain Energy Rev 2018;96:420e39.

[58] Soltero VM, Chacartegui R, Ortiz C, Vel�azquez R. Potential of biomass district
heating systems in rural areas. Energy 2018;156:132e43.

[59] Ciapała B, Jurasz J, Janowski M. Ultra-low-temperature district heating sys-
tems e a way to maximise the ecological and economical effect of an in-
vestment? E3S Web Conf 2018;44:00018. Available at: https://doi.org/10.
1051/e3sconf/20184400018. [Accessed 10 December 2018].

[60] Ziemele J, Cilinskis E, Blumberga D. Pathway and restriction in district
heating systems development towards 4th generation district heating. En-
ergy 2018;152:108e18.

[61] Lake A, Rezaie B, Beyerlein S. Review of district heating and cooling systems
for a sustainable future. Renew Sustain Energy Rev 2017;67:417e25.

[62] Wang P, Sipil€a K. Energy-consumption and economic analysis of group and
building substation systems d a case study of the reformation of the district
heating system in China. Renew Energy 2016;87(Part 3):1139e47.

[63] Werner S. International review of district heating and cooling. Energy
2017;137:617e31.

[64] Bj€ornebo L, Spatari S, Gurian PL. A greenhouse gas abatement framework for
investment in district heating. Appl Energy 2018;211:1095e105.

[65] Dalla Rosa A, Christensen JE. Low-energy district heating in energy-efficient
building areas. Energy 2011;36(12):6890e9.

[66] Tol H_I, Svendsen S. Improving the dimensioning of piping networks and
network layouts in low-energy district heating systems connected to low-
energy buildings: a case study in Roskilde, Denmark. Energy 2012;38(1):

U. Persson et al. / Energy 176 (2019) 604e622 621

http://refhub.elsevier.com/S0360-5442(19)30609-7/sref15
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref15
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref15
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref15
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref15
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref16
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref16
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref16
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref16
https://www.euroheat.org/publications/reports-and-studies/heat-roadmap-europe-pre-study-1/
https://www.euroheat.org/publications/reports-and-studies/heat-roadmap-europe-pre-study-1/
https://www.euroheat.org/publications/reports-and-studies/heat-roadmap-europe-pre-study-2/
https://www.euroheat.org/publications/reports-and-studies/heat-roadmap-europe-pre-study-2/
http://stratego-project.eu/wp-content/uploads/2014/09/STRATEGO-WP2-Executive-Summary-Main-Report.pdf
http://stratego-project.eu/wp-content/uploads/2014/09/STRATEGO-WP2-Executive-Summary-Main-Report.pdf
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref20
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref20
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref20
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref20
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref20
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref20
https://heatroadmap.eu/
https://ec.europa.eu/eurostat/data/database?node_code=hid_tsdpc240
https://ec.europa.eu/eurostat/data/database?node_code=hid_tsdpc240
https://ec.europa.eu/eurostat/data/database?node_code=hid_tsdpc240
https://www.eea.europa.eu/
https://www.eea.europa.eu/
https://ec.europa.eu/info/departments/joint-research-centre_en
https://ec.europa.eu/info/departments/joint-research-centre_en
https://inspire.ec.europa.eu/
https://inspire.ec.europa.eu/
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref26
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref26
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref26
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref26
https://ec.europa.eu/eurostat/web/gisco/geodata/reference-data/administrative-units-statistical-units/urban-audit
https://ec.europa.eu/eurostat/web/gisco/geodata/reference-data/administrative-units-statistical-units/urban-audit
https://ec.europa.eu/eurostat/web/gisco/geodata/reference-data/administrative-units-statistical-units/urban-audit
http://land.copernicus.eu/pan-european/corine-land-cover/clc-2012
http://land.copernicus.eu/pan-european/corine-land-cover/clc-2012
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref29
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref29
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref29
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref29
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref29
https://heatroadmap.eu/wp-content/uploads/2018/11/D2.3_Revised-version_180928.pdf
https://heatroadmap.eu/wp-content/uploads/2018/11/D2.3_Revised-version_180928.pdf
https://heatroadmap.eu/wp-content/uploads/2018/11/D2.3_Revised-version_180928.pdf
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref31
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref31
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref31
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref31
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref31
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref32
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref32
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref32
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref32
http://vbn.aau.dk/files/16591725/Varmeplan_rapport.pdf
http://vbn.aau.dk/files/16591725/Varmeplan_rapport.pdf
http://vbn.aau.dk/da/publications/varmeplan-danmark-2010%280480328d-8f23-45d5-804f-90dde1f5cde6%29.html
http://vbn.aau.dk/da/publications/varmeplan-danmark-2010%280480328d-8f23-45d5-804f-90dde1f5cde6%29.html
http://vbn.aau.dk/da/publications/varmeplan-danmark-2010%280480328d-8f23-45d5-804f-90dde1f5cde6%29.html
http://www.hotmaps-project.eu/
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref36
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref36
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref36
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref36
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref36
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref36
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref36
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref36
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref37
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref37
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref37
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref37
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref38
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref38
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref38
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref38
https://www.eea.europa.eu/data-and-maps/data/population-density-disaggregated-with-corine-land-cover-2000-2
https://www.eea.europa.eu/data-and-maps/data/population-density-disaggregated-with-corine-land-cover-2000-2
https://www.eea.europa.eu/data-and-maps/data/population-density-disaggregated-with-corine-land-cover-2000-2
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref40
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref40
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref40
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref41
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref41
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref41
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref41
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref41
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref42
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref42
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref42
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref43
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref43
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref43
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref43
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref43
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref43
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref44
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref44
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref44
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref44
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref45
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref45
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref45
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref45
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref45
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref46
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref46
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref46
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref46
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref46
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref46
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref47
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref47
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref47
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref47
https://doi.org/10.5278/ijsepm.2014.1.4
https://doi.org/10.5278/ijsepm.2014.1.4
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref49
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref49
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref49
https://land.copernicus.eu/pan-european/GHSL/european-settlement-map/EU%20GHSL%202014?tab=download
https://land.copernicus.eu/pan-european/GHSL/european-settlement-map/EU%20GHSL%202014?tab=download
https://land.copernicus.eu/pan-european/GHSL/european-settlement-map/EU%20GHSL%202014?tab=download
https://land.copernicus.eu/pan-european/GHSL/european-settlement-map/EU%20GHSL%202014?tab=download
http://data.jrc.ec.europa.eu/dataset/jrc-ghsl-ghs_pop_eurostat_europe_r2016a
http://data.jrc.ec.europa.eu/dataset/jrc-ghsl-ghs_pop_eurostat_europe_r2016a
https://www.eea.europa.eu/data-and-maps/data/eea-fast-track-service-precursor-on-land-monitoring-degree-of-soil-sealing#tab-european-data
https://www.eea.europa.eu/data-and-maps/data/eea-fast-track-service-precursor-on-land-monitoring-degree-of-soil-sealing#tab-european-data
https://www.eea.europa.eu/data-and-maps/data/eea-fast-track-service-precursor-on-land-monitoring-degree-of-soil-sealing#tab-european-data
http://preview.grid.unep.ch/index.php?preview=data&amp;events=socec&amp;evcat=1&amp;lang=eng
http://preview.grid.unep.ch/index.php?preview=data&amp;events=socec&amp;evcat=1&amp;lang=eng
http://preview.grid.unep.ch/index.php?preview=data&amp;events=socec&amp;evcat=1&amp;lang=eng
http://preview.grid.unep.ch/index.php?preview=data&amp;events=socec&amp;evcat=1&amp;lang=eng
http://preview.grid.unep.ch/index.php?preview=data&amp;events=socec&amp;evcat=1&amp;lang=eng
http://preview.grid.unep.ch/index.php?preview=data&amp;events=socec&amp;evcat=1&amp;lang=eng
http://preview.grid.unep.ch/index.php?preview=data&amp;events=socec&amp;evcat=1&amp;lang=eng
http://preview.grid.unep.ch/index.php?preview=data&amp;events=socec&amp;evcat=1&amp;lang=eng
http://preview.grid.unep.ch/index.php?preview=data&amp;events=socec&amp;evcat=1&amp;lang=eng
http://ec.europa.eu/eurostat/web/population-and-housing-census/census-data/2011-census
http://ec.europa.eu/eurostat/web/population-and-housing-census/census-data/2011-census
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref55
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref55
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref56
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref56
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref56
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref57
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref57
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref57
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref58
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref58
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref58
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref58
https://doi.org/10.1051/e3sconf/20184400018
https://doi.org/10.1051/e3sconf/20184400018
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref60
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref60
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref60
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref60
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref61
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref61
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref61
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref62
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref62
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref62
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref62
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref62
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref62
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref63
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref63
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref63
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref64
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref64
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref64
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref64
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref65
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref65
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref65
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref66
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref66
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref66
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref66


276e90.
[67] Brand M, Thorsen JE, Svendsen S. Numerical modelling and experimental

measurements for a low-temperature district heating substation for
instantaneous preparation of DHW with respect to service pipes. Energy
2012;41(1):392e400.

[68] Lund H, Werner S, Wiltshire R, Svendsen S, Thorsen JE, Hvelplund F, et al. 4th
Generation District Heating (4GDH): integrating smart thermal grids into
future sustainable energy systems. Energy 2014;68:1e11.

[69] Averfalk H, Werner S. Novel low temperature heat distribution technology.
Energy 2018;145:526e39.

[70] Büchele R, Müller A, Hummel M, Kranzl L, Hartner M, Deng Y, et al.
Comprehensive assessment of the potential for efficient district heating and
cooling and for high-efficient cogeneration in Austria. Int J Sustain Energy
PlanManag 2016;10:3e19.

[71] Gudmundsson O, Thorsen JE. Competitiveness of district heating. Cost-
effectiveness of district heating: a comparative analysis. English edition10
1. Brussels: EuroHeat&Power; 2013. 2013.

[72] Nussbaumer T, Thalmann S. Influence of system design on heat distribution
costs in district heating. Energy 2016;101:496e505.

[73] Gebremedhin A. Introducing district heating in a Norwegian town e po-
tential for reduced local and global emissions. Appl Energy 2012;95:300e4.

[74] Eriksson L, Morandin M, Harvey S. Targeting capital cost of excess heat
collection systems in complex industrial sites for district heating applica-
tions. Energy 2015;91:465e78.

[75] UNEP. District energy in cities: unlocking the potential of energy efficiency
and renewable energy. United Nations Environment Programme; 2015.

[76] Rezaie B, Rosen MA. District heating and cooling: review of technology and
potential enhancements. Appl Energy 2012;93(0):2e10.

[77] Statistics Sweden. Entreprenadindex f€or husbyggnad och anl€aggning
(Entrepreneur index for buildning construction and premises). Sveriges
Byggindustrier (Swedish Construction Industries). Statistiska centralbyrån
(SCB) (Statistics Sweden). 2017.

[78] Statistics Sweden. Nya Entreprenadindex med bas januari 2011 och E84
(new entrepreneur index with bases January 2011 and E84). Sveriges
byggindustrier (Swedish construction industries). Statistiska centralbyrån
(SCB) (statistics Sweden). 2017.

[79] SDHA. Kulvertkostnadskatalog (District heating pipe cost catalogue). Report
2007:1. In: Stockholm: The Swedish District Heating Association; 2007.

[80] Sveriges riksbank. Ackumulerat årsgenomsnitt 2015 (januari - december):
SEK/EUR. (Accumulated annual average 2015 (January - December): SEK/
EUR). Sveriges riksbank. Swedish National Bank); 2017.

[81] Fleiter T, Elsland R, Rehfeldt M, Steinbach J, Reiter U, Catenazzi G, et al.
Deliverable 3.1: profile of heating and cooling demand in 2015 - data annex.
2017. Downloaded file: [HRE4-Exchange-Template-WP3_v22b_
website.xlsx]. Heat Roadmap Europe 2050, A low-carbon heating and cool-
ing strategy. Available at: https://heatroadmap.eu/heating-and-cooling-
energy-demand-profiles/. [Accessed 14 December 2018].

[82] PETA 4. Pan-European Thermal Atlas 4 (PETA 4). Heat Roadmap Europe - a
low-carbon heating and cooling strategy for Europe. 2018. Available at:
https://heatroadmap.eu/peta4/. [Accessed 10 December 2018].

[83] Eurostat. Land use overview by NUTS 2 regions [lan_use_ovw]. Last update:
2017-12-01. Luxembourg: Eurostat; 2018. Download date: 2018-07-29.

[84] Paardekooper S, Lund R, Mathiesen BV, Chang M, Petersen UR, Grundahl L,
et al. Heat Roadmap Europe: quantifying the impact of low-carbon heating
and cooling Roadmaps. Deliverable 6.4. August 2018. Heat Roadmap Europe
2050, a low-carbon heating and cooling strategy. 2018. Available at: http://
vbn.aau.dk/files/288075507/Heat_Roadmap_Europe_4_Quantifying_the_

Impact_of_Low_Carbon_Heating_and_Cooling_Roadmaps..pdf. [Accessed 10
December 2018].

[85] Eurostat. Population on 1st January by age, sex and type of projection [proj_
15npms]. Luxembourg: Eurostat; 2018. Last update: 2018-01-17. Download
date: 2018-04-01.

[86] UN. World urbanization prospects: the 2011 revision. (Data in digital form
POP/DB/WUP/Rev.2011/1/F2). Population division, Department of economic
and social affairs, united nations. 2012. Available at: http://esa.un.org/unpd/
wup/index.htm. [Accessed 10 December 2018].

[87] Fleiter T, Elsland R, Herbst A, Manz P, Popovski E, Rehfeldt M, et al. Baseline
scenario of the heating and cooling demand in buildings and industry in the
14 MSs until 2050. D3.3 and D3.4 report. Heat Roadmap Europe 2050, A low-
carbon heating and cooling strategy. 2017. Available at: https://
heatroadmap.eu/wp-content/uploads/2018/11/HRE4_D3.3andD3.4.pdf.
[Accessed 14 December 2018].

[88] Paardekooper S, Lund R, Mathiesen BV, Chang M, Petersen UR, Grundahl L,
et al. A final report presenting the heating and cooling scenarios, including a
description about how these results can be used by lead-users. D6.4 report.
Heat Roadmap Europe 2050, A low-carbon heating and cooling strategy.
2018. Available at: http://vbn.aau.dk/files/288075507/Heat_Roadmap_
Europe_4_Quantifying_the_Impact_of_Low_Carbon_Heating_and_Cooling_
Roadmaps..pdf. [Accessed 14 December 2018].

[89] EC. COM. 398 final/2. Towards a circular economy: a zero waste programme
for Europe. Brussels: European Commission; 2014.

[90] EU. Directive 2009/28/EC ot the European Parliament and of the Council of
23 April 2009 on the promotion of the use of energy from renewable sources
and amending and subsequently repealing Directives 2001/77/EC and 2003/
30/EC. Brussels: European Parliament and the Council; 2009.

[91] EC. COM. 15 final. A policy framework for climate and energy in the period
from 2020 to 2030. {SWD(2014) 15 final}. {SWD(2014) 16 final}. Brussels:
European Commission; 2014.

[92] Mathiesen BV, Lund H, Connolly D, Wenzel H, Østergaard PA, M€oller B, et al.
Smart Energy Systems for coherent 100% renewable energy and transport
solutions. Appl Energy 2015;145:139e54.

[93] Dincer I, Acar C. Smart energy systems for a sustainable future. Appl Energy
2017;194:225e35.

[94] Lund H, Duic N, Østergaard PA, Mathiesen BV. Smart energy systems and 4th
generation district heating. Energy 2016;110:1e4.

[95] Scherpen JMA. Distributed supplyedemand balancing and the physics of
smart energy systems. Eur J Control 2015;24:63e71.

[96] Lund H. Renewable energy systems: a Smart energy systems approach to the
choice and modeling of 100% renewable solutions. second ed. Waltham, USA.
Oxford, UK: Academic Press; 2014.

[97] Lund H, Andersen AN, Østergaard PA, Mathiesen BV, Connolly D. From
electricity smart grids to smart energy systems - a market operation based
approach and understanding. Energy 2012;42(1):96e102.

[98] McKenna R. The double-edged sword of decentralized energy autonomy.
Energy Policy 2018;113:747e50.

[99] Connolly D, Lund H, Mathiesen BV. Smart Energy Europe: the technical and
economic impact of one potential 100% renewable energy scenario for the
European Union. Renew Sustain Energy Rev 2016;60:1634e53.

[100] Lund H, Østergaard PA, Chang M, Werner S, Svendsen S, Sorknæs P, et al. The
status of 4th generation district heating: research and results. Energy
2018;164:147e59.

[101] Eurostat. Population on 1 January by age and sex [demo_pjan]. Luxembourg:
Eurostat; 2018. Last update: 2018-02-27. Download date: 2018-07-29.

U. Persson et al. / Energy 176 (2019) 604e622622

http://refhub.elsevier.com/S0360-5442(19)30609-7/sref66
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref66
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref67
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref67
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref67
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref67
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref67
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref68
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref68
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref68
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref68
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref69
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref69
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref69
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref70
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref70
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref70
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref70
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref70
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref71
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref71
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref71
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref71
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref72
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref72
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref72
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref73
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref73
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref73
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref73
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref74
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref74
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref74
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref74
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref75
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref75
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref76
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref76
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref76
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref77
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref77
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref77
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref77
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref77
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref77
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref78
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref78
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref78
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref78
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref79
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref79
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref80
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref80
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref80
https://heatroadmap.eu/heating-and-cooling-energy-demand-profiles/
https://heatroadmap.eu/heating-and-cooling-energy-demand-profiles/
https://heatroadmap.eu/peta4/
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref83
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref83
http://vbn.aau.dk/files/288075507/Heat_Roadmap_Europe_4_Quantifying_the_Impact_of_Low_Carbon_Heating_and_Cooling_Roadmaps..pdf
http://vbn.aau.dk/files/288075507/Heat_Roadmap_Europe_4_Quantifying_the_Impact_of_Low_Carbon_Heating_and_Cooling_Roadmaps..pdf
http://vbn.aau.dk/files/288075507/Heat_Roadmap_Europe_4_Quantifying_the_Impact_of_Low_Carbon_Heating_and_Cooling_Roadmaps..pdf
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref85
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref85
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref85
http://esa.un.org/unpd/wup/index.htm
http://esa.un.org/unpd/wup/index.htm
https://heatroadmap.eu/wp-content/uploads/2018/11/HRE4_D3.3andD3.4.pdf
https://heatroadmap.eu/wp-content/uploads/2018/11/HRE4_D3.3andD3.4.pdf
http://vbn.aau.dk/files/288075507/Heat_Roadmap_Europe_4_Quantifying_the_Impact_of_Low_Carbon_Heating_and_Cooling_Roadmaps..pdf
http://vbn.aau.dk/files/288075507/Heat_Roadmap_Europe_4_Quantifying_the_Impact_of_Low_Carbon_Heating_and_Cooling_Roadmaps..pdf
http://vbn.aau.dk/files/288075507/Heat_Roadmap_Europe_4_Quantifying_the_Impact_of_Low_Carbon_Heating_and_Cooling_Roadmaps..pdf
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref89
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref89
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref90
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref90
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref90
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref90
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref91
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref91
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref91
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref92
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref92
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref92
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref92
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref92
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref92
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref93
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref93
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref93
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref94
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref94
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref94
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref94
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref95
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref95
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref95
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref95
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref96
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref96
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref96
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref97
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref97
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref97
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref97
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref97
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref98
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref98
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref98
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref99
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref99
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref99
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref99
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref100
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref100
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref100
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref100
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref100
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref101
http://refhub.elsevier.com/S0360-5442(19)30609-7/sref101

	Heat Roadmap Europe: Heat distribution costs
	1. Introduction
	2. Materials and methods
	2.1. Heat demand density (physical suitability)
	2.2. Distribution capital cost (economic suitability)
	2.3. Comparison with current deployment levels
	2.4. Aggregated explanation for physical suitability

	3. Results
	3.1. Physical suitability
	3.2. Economic suitability
	3.3. Comparison with current deployment levels
	3.4. Aggregated explanation for physical suitability

	4. Discussion
	5. Conclusions
	Declaration of interest
	Acknowledgements
	Appendix
	References


