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Factors influencing the environmental and
economic feasibility of district heating
systems—a perspective from integrated
spatial and energy planning
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Abstract

Background: District heating systems have been gaining importance in the last years. However, local
circumstances, e.g. regarding heat demand and available heat sources, are diverse and new technologies especially
in the low-temperature sector arise. Central aim of this research is to identify the impact of integrated spatial and
energy planning on the environmental and economic sustainability of district heating systems, to distinguish
between more and less appropriate areas for district heating and to build the basis for a low-barrier decision tool
for local authorities regarding the identification of areas suitable for district heating, also showing spatial planning
strategies to enhance the opportunities for district heating. Future changes until 2050 are analysed and planning
principles derived; therefore, unpredictable parameters such as energy prices and subsidies are not included in this
research.

Methods: Based on the system analysis according to Vester, a modified method was developed. The following
research fields were involved: spatial planning, resource management, environmental planning, and energy and
building technology.

Results: As main integrated spatial and energy planning aspects relevant for district heating, mix of functions, potential
of compacting and extension, density of buildings, inhabitants and employees, building type, thermal insulation potential,
and the used heat source(s) were identified. By steering these parameters, the feasibility of district heating systems can be
enhanced. Indicators, directly linked to the feasibility of district heating systems are energy consumption density, number
of annual full load hours, temperature level, and available heat source(s). Climate change, changes in building density,
thermal insulation, and the mix of functions will influence district heating systems regarding environmental and
economic aspects. Reduced heat consumption can be a threat to district heating systems, but can be balanced by
decreasing inlet temperatures, making waste heat and renewables accessible.

Conclusions: As district heating systems are often advantageous to other forms of providing heat due to higher
resilience, the economies of scale effect, or the potential of using energy surpluses (‘waste heat’), spatial planning policies
must seek ways to provide for adequate building density and to enhance the mix of functions in order to ensure the
long-term feasibility of district heating systems.

Keywords: Heat demand, Environmental feasibility, Economic feasibility, Heating, Vester, District heating, Heat grid, Spatial
planning, System analysis
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Background
District heating is a grid-based technology of delivering
heating energy by distributing warm water (rarely steam)
used for different demands such as process heating, room
heating, warm water, or even cooling. District heating sys-
tems (DHS) can rely on multiple energy sources. In com-
parison to other forms of heating (e.g. gas or biomass
heating), DHS are more complex and variant due to the
fact that the energy source mix in DHS with multiple heat
sources (like gas CHP (combined heat and power) plants,
waste incineration, industrial waste heat, biomass) can
change on annual and even daily basis. Therefore, the en-
vironmental and economic feasibility of DHS addresses
both energy source mix and load profiles, contrary to other
heating systems. Despite this high degree of complexity and
dynamic, DHS are of increasing importance. In Austria, for
example, the final energy distributed through DHS in-
creased from 54,333 TJ in 2005 to 72,718 TJ in 2016, ac-
counting for 6.5% of the total energy consumption in 2016
[1], representing a share of 21% in the space heating mar-
ket. On a worldwide scale, the market share is very diverse:
58% in Denmark, 48% in Finland, 12% in Germany, and
1.2% in Japan [2]. In total, 80,000 district heating systems
exist, 6000 of them in Europe [3].
Considering already established systems, most DHS are

designed for delivering heat only. However, there also exist
grids covering heating as well as cooling purposes. They are
called ‘ambient DHS’ or ‘low temperature DHS’1 and dis-
tribute heat at temperatures between 10 and 20 °C. Such
grids include decentralized heat pumps delivering the par-
ticularly needed temperature, whereas standard technology
grids distribute heat at directly usable temperature level. If
at least 1 kWh of cooling energy per 5.7 kWh of heating en-
ergy is needed, a common grid for heating and cooling pur-
poses is preferable [4]. In the future, cooling will gain
importance due to climate change. Therefore, such com-
bined systems are likely to become more popular.
Realization of low-temperature district heating can posi-

tively influence the usability of renewables and waste heat
[5]. In this respect, the Suurstoffi quarter in Switzerland
shall be mentioned, representing an example for ambient
DHS. Within the quarter, residential, industrial, and com-
mercial buildings are mixed, while the energy supply sys-
tem depends on renewable energy only. The DHS at hand
consists of two pipes, where the inlet flow pipe for heating
is the return flow pipe for cooling and vice versa. Waste
heat from cooling or industrial processes can be either
used directly for heating another ‘prosumer’ (producing
cooling energy means consuming heating energy and vice
versa) or put into a seasonal geothermal storage. PVT col-
lectors (photovoltaic thermal resp. hybrid solar collectors)
deliver electricity for the heat pumps as well as heat for re-
covering the seasonal storage [6]. By using non-fossil tech-
nologies in DHS, the independence of volatile fuel prices

can be reached. However, sources are often low-
temperature and small-scale; therefore, the grids have to
be adapted (cascading, storing, etc.) as well as buildings
(floor heating). Also, the low availability of sources during
wintertime makes storages necessary; on the other hand,
absorption chillers can use surpluses in summer for cool-
ing [7]. District cooling is a comparably small market (150
European systems [3]) but is not only limited to a warmer
climate. Even for a quarter in Malmö, Sweden, the annual
cooling energy consumption exceeds the annual heat en-
ergy consumption [8]. Quarters where annual heating and
cooling demands are approximately balanced are ideal for
combined heating and cooling grids.
Another trend can be linked to the usability of cur-

rently rather unnoticed energy sources such as wastewa-
ter ([9–12]) which has a remarkable potential for
ambient DHS. An international example represents
Tokyo, where 180MW can be produced from sewage
resp. 250MW from wastewater treatment plants. The
energy potential in Austria resulting from effluent waste-
water is estimated at 3.1 TWh/a. Other sources usable
for ambient DHS are groundwater, soil, waste heat from
cooling, solar thermal energy, and outside air [13] con-
sider wastewater as the most favourable heat source for
heat pumps among seven investigated ambient and
waste heat sources for heat pumps regarding
temperature, stability/security, and proximity to urban
areas.
Despite these positive cases of application, the ques-

tion of advantages and disadvantages of district heating
and/or district cooling systems compared to other en-
ergy supply technologies must be answered case by case.
According to a literature research, the following advan-
tages can be stated:

(i) DHS are flexible regarding a change of energy
sources. Due to the mix of heterogeneous energy
sources, DHS can be seen as a resilient technology
([14, 15]). Local heating generation systems (per
house or flat) rely on only one energy source, e.g.
natural gas. If its delivery is blocked for whatever
reason (most European countries are net importers
of fossil fuels), local boilers cannot work. In DHS
with multiple energy sources, modifications in the
heat production mix can be managed to a certain
extent without implementing new production sites in
case of lack or price change of one energy source
[11]. Adapting the energy source mix in a DHS is
associated with less effort than changing the boilers
in thousands of households (e.g. 391,733 households
are attached to the DHS in Vienna [16]).

(ii) Apart from the opportunity of using different heat
sources to optimize environmental and economic
parameters, DHS profit from the ‘economies of
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scale effect’, commonly known in microeconomics;
large enterprises obtain cost advantages due to a
larger scale of operation. Even large DHS such as
the Korean District Heating Corporation, selling 13
TWh of heat in 2013, could become more cost-
effective by extension of their heating grid [17]. This
effect also affects exhaust gas cleaning devices for
all combustion plants; more effective cleaning tech-
nologies can be implemented in DHS than in local
boilers. Accordingly, the market share of district
heating is higher in larger cities; however, this is
also due to a higher heat demand density [18].

(iii)DHS can have positive effects on the economic
feasibility of renewable electric power plants. Using
electricity in DHS via electric boilers or—more
efficiently—via heat pumps may stabilize electricity
prices, leading to higher prices for volatile
renewable energies. This may reduce the need of
subsidies for renewable electricity technologies [19].

(iv)No individual boilers are needed which reduces
investment and maintenance costs as well as
needed space within households. Moreover, in
many cases, lower consumer energy prices as well
as higher market prices of houses compared to
houses with other forms of heat supply occur [17].

Besides, various disadvantages or limitations of DHS
have to be mentioned:

(i) Constructing grid infrastructure needs resources like
insulation material and metal as well as energy. The
more heat can be delivered in a certain grid (higher
heat consumption density: minimum values vary
between 50 kWh/m2a [20] and 120 kWh/m2a [2]), the
less this effect will be relevant. Especially, spatial
planning parameters have a large impact on DHS [21].

(ii) Heat losses within the grid reduce the overall
system efficiency. Again, this effect has to be related
to the delivered heat.

(iii) In conventional DHS, the grid temperature has to
be adjusted to the consumer that needs the highest
temperature within one grid [22]. Subsequently,
many systems run on temperatures above 100 °C
although most attached consumers would only need
lower temperatures. This excludes the utilization of
many waste and renewable heat sources while fossil
sources are not affected. Grids with decentralized
heat pumps can surpass this effect, however,
representing the minority in the DHS stock.

In addition to these general advantages and disadvan-
tages, current development processes influence the
long-term feasibility of DHS. Therefore, several chal-
lenges regarding DHS can be enumerated:

(a) Climate change [23] affects DHS by increased
outside temperatures, leading to a reduced heat
energy consumption density; therefore, investments
into grids will become less cost-effective.

(b) Thermal insulation reduces the heat consumption
density and therefore also the economic feasibility
[18], but may enhance the feasibility of DHS by
reducing the needed temperature levels. This would
have positive effects on the feasibility of heat pump
solutions and may decrease heat losses.

(c) The functions of supplied buildings have a
remarkable influence on their consumption profiles
[24]. Well-mixed quarters have a higher number of
annual full load hours [11], leading to a better eco-
nomic feasibility for DHS. An energy surplus (waste
heat) can be transferred to other heat consumers
via DHS. Without DHS, waste heat can only be
stored or cannot be used at all. Using local energy
surpluses is also advantageous to reach regional en-
ergy autonomy which strengthens the local econ-
omy, creates workplaces, and decreases dependency
on fossil fuel imports from politically instable re-
gions. This means the future challenge will be to
design well-mixed urban quarters.

(d) Passive houses and building stock refurbishments
reduce the specific thermal energy consumption and
subsequently reduce the heat consumption density.
Therefore, in newly built or refurbished areas, DHS
face new challenges regarding their environmental
and economic feasibility as higher heat consumption
densities are beneficial. However, process heat and
heat for domestic hot water production are not
affected by enhanced building insulation.

(e) The priorisation of energy sources can influence the
economically optimal DHS configuration [25]—e.g.
the dimensioning of heat storages has different
economic optima depending on the priorisation of
energy sources. This means that changing price
relations between different energy sources may
impair the economic feasibility of a DHS.

Analysing the abovementioned advantages, disadvan-
tages, and challenges, the following main questions may
arise referring to the long-term feasibility of DHS:

(R1) Which are the main drivers that determine the
economic and environmental feasibility of DHS?
(R2) How can these drivers be influenced in a positive
way and what are the main indicators showing this
positive influence?
(R3) How will future development processes influence these
drivers and therefore the long-term feasibility of DHS?
(R4) Which planning principles and recommendations
can be derived from these findings?
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To answer these questions, this article addresses the sys-
tem interrelations between spatial structures as well as en-
vironmental, technical, and economic issues of DHS.
Factors which are unpredictable and volatile, especially
concerning the 2050 perspective, such as energy prices,
subsidies and taxes, are excluded. However, the compari-
son between prices for district heating and local heat gen-
eration depending on the spatial framework conditions is
the main focus of this research as the installation costs de-
pending on the spatial structure are analysed and heat
sources in district heating systems are diverse and flexible
(and often the same as in local boilers). Consequently,
possible developments influencing the feasibility of DHS
until 2050 are discussed. In order to perform a fundamen-
tal analysis of the system ‘district heating’, experts from
different research fields gave insights on DHS, resulting in
an interdisciplinary research approach. Derived from the
variety of expert views, a coordinated set of planning prin-
ciples will be introduced upon this research, which can
enhance the environmental and economic feasibility of
DHS in the future.

Materials and methods
The complexity of the system ‘district heating’ necessitates
specific methods to understand the interaction between in-
fluencing parameters and to predict the future of DHS
under given changes. Therefore, a four-step methodological
framework was developed (see Fig. 1).
The identification of parameters (first two lines in Fig. 1)

builds the fundament of further analysis as it defines the pa-
rameters taken into account in the further research on the

economic and environmental feasibility of DHS. Therefore,
a comprehensive literature research as well as discussion
rounds with experts from all relevant research fields is per-
formed: spatial planning, environmental planning, energy
technology, buildings technology, and resource manage-
ment (see Table 1). The derived parameters are arranged in
two main groups: DHS technical parameters and spatial
planning parameters. All parameters have a connection to
either environmental (energy consumption, emissions, re-
source demand) or economic or both aspects.
However, a list of parameters does not help to analyse

the influence dynamics within DHS. Therefore, a system
analysis after F. Vester was performed. Here, the influ-
ence of each parameter on each other parameter is eval-
uated (see the ‘Identification of pairwise interactions
between system parameters’ section). Parameters which
influence a lot of other parameters are of special interest
as they act as ‘(influencing) system drivers’. They influ-
ence district heating systems (DHS) via the ‘(influence-
able) indicators’ which describe the changes of the DHS
in a representative way and can be found among the
remaining parameters. Moreover, some parameters will
neither be system drivers nor be suitable indicators.
Hereinafter, future developments of the system drivers are

investigated as they influence the future economic and en-
vironmental feasibility of DHS (see the ‘Scenarios for DHS
until 2050’ section). A quantitative analysis of the influence
of the system drivers on the indicators is done wherever
possible, or else a qualitative discussion is performed.
Finally, the obtained results are reflected and their

relevance for future DHS projects is analysed. This is

Fig. 1 Classification of the identified system parameters and connection to the scenarios (own illustration)
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performed within the research team as well as with an
advisory board. Finally, overall planning principles are
derived from the findings. The following subsections de-
scribe the first three methodological steps in more detail,
while step 4 will be performed within the ‘Discussion’
section of this paper.

Identification of parameters
In a first step, relevant parameters for DHS were col-
lected by experts in the fields of spatial planning, envir-
onmental planning, energy technology, buildings
technology, and resource management. Table 1 illus-
trates the motivation for the inclusion of the aforemen-
tioned disciplines and links them to the responsible
institutions within this research project.
Based on a disciplinary literature review and experi-

ence from previous projects, an interdisciplinary list of
parameters was identified. Based on these literature re-
views, all together, 55 parameters were identified, refer-
ring to all of the aforementioned disciplines. To reduce
complexity and to facilitate further analyses, the set was
narrowed down to finally 31 parameters by determining
the relevance of each individual parameter within the re-
search team (see Table 3 in the ‘Results’ section). For all
55 parameters, an impact analysis was performed; mono-
mial impacts were taken into account, while impacts of
higher order were neglected. If two or more parameters
showed a similar impact, the most universal or meaning-
ful one was selected (e.g. instead of ‘total lifetime of the
grid’ and ‘age of the grid’, the ‘remaining lifetime of the
grid’ was considered). Parameters for which a poor data
availability was assumed (such as ‘future subsidies’ or
‘price development of energy sources’, ‘interest rates’)
were also taken from the list. During the whole project,
an intensive involvement of an advisory board took
place, consisting of one senior expert of each of the in-
stitutions shown in Table 2. The advisory board was
already included when designing the project. All mem-
bers provided letters of intent showing that the project

idea was acknowledged and supported by these relevant
institutions. Based on the identified set of 31 system pa-
rameters, the pairwise influence of parameters on each
other was analysed according to the method after F.
Vester.

System analysis after Vester
The system analysis after Vester ([26–29]) is a system
analytic method of characterizing the influence of pa-
rameters on a system, like on a DHS. It was developed
in the 1970s and is designed to (a) gain an overview over
relations within complex systems, (b) to clarify
cause-and-effect chains between identified parameters,
and (c) to encourage networked thinking. In this re-
search, it is used to take a comprehensive look on DHS
as it allows evaluating the influence of the 31 system pa-
rameters on each other in order to identify the system
drivers and to get an overview over possible indicators.
To perform the method after Vester, the already iden-

tified system parameters are needed (described in the
‘Identification of parameters’ section) in order to (a) il-
lustrate the pairwise interactions between those parame-
ters and (b) evaluate the overall result.

Identification of pairwise interactions between system
parameters
Before performing the system analysis, all selected pa-
rameters are put into a matrix. Hereinafter, the influence
of each parameter in the row on each parameter in the
column is evaluated. After doing this for all n x (n – 1)
combinations, the sums in each row (‘active sum’) and in
each column (‘passive sum’) are calculated to analyse
how much the system parameters influence the system
and are influenced within the system. Accordingly, the
active sum refers to the number of parameters on which
a certain parameter has an impact, whereas the passive
sum corresponds to the number of parameters which in-
fluence a certain parameter. To describe the concrete in-
fluence, three different approaches exist, which either

Table 1 Research fields included in the system analysis on DHS and corresponding institutions (own illustration)

Discipline Motivation for inclusion Institution

Spatial
planning

Spatial aspects are important for determining the environmental
and economic feasibility of DHS. Therefore, aspects of spatial
planning are included into the system analysis of DHS.

BOKU–IRUB: University of Natural Resources and Life Sciences,
Vienna, Institute of Spatial Planning, Environmental Planning and
Land Rearrangement

Environmental
planning

Building and operating DHS has an environmental impact that is
a key issue of this research and is therefore considered.

BOKU–IRUB

Energy
technology

Also, energy aspects play an important role when analysing DHS,
e.g. chosen energy sources, grid design, and new developments
regarding renewable sources.

AEA—Austrian Energy Agency, Vienna

Buildings
technology

Thermal quality of buildings, needed temperature levels, applied
heating distribution systems, and new developments are
essential to understand the heat demand side.

AEA

Resource
management

For constructing DHS, materials for plants, grids, storages, etc. are
needed.

RMA—Resources Management Agency, Vienna
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correspond to the original method of Vester or represent
modifications:

� Version 1: The strength of influence is assessed by
using a classification (very strong, strong, low, no
influence, etc.) (Fig. 2a) [29].

� Version 2: The strength of influence is replaced by
the direction of influence (Fig. 2b) (own
considerations after [29, 30]).

� Version 3: The strength and the direction of
influence are not relevant. It is only stated whether
there is an influence or not (Fig. 2c) [30].

Version 1 represents the original method according to
Vester. This version had been criticized in the literature
as the ratings for the strength of influence are ordinal
data and therefore unsuitable for calculations. Still, addi-
tions and divisions were performed ([21, 31]). Version 2
replaces the ratings of strength by the direction of influ-
ence. It is important to define the meaning of ‘positive’
and ‘negative’, e.g. for ‘economic feasibility’. For some pa-
rameters, this is impossible, e.g. ‘building type’ or ‘con-
struction material’, while others can be evaluated in this
way. Version 3 represents a simplified method (Fig. 2c),
taking the former critics into account by only indicating

the existence or absence of influence by inserting ‘1’ (in-
fluence) resp. ‘0’ (no influence).
To avoid the highlighted problems regarding versions 1

and 2, version 3 was chosen for further research. At first,
the matrix was filled by each of the research groups separ-
ately. Grid cells where all research groups obtained the
same result were directly adopted for the final result and
not further discussed; if the result was not consensual,
each of the impacts was discussed until a consensus was
reached. Finally, the impact analysis was discussed and
confirmed by the advisory board. In this way, a consensus
for all system parameter combinations was obtained.
Different results can be reasoned as follows: (a) differ-
ent expertise of the experts, (b) different understand-
ing of the parameters’ definition (can be minimized
by precise definitions), and (c) neglecting small or
second order influence (A influences B; B influences
C ➔ A influences C).

Evaluation of the results
In a set of 31 system parameters, each can influence be-
tween 0 and 30 other parameters and can also be influ-
enced by 0 to 30 parameters. Hereby, four types of
parameters can be defined using the method after Vester:

Table 2 Member institutions of the advisory board

Institution (name in German) Field of work

City of Vienna, MA 20 Energy Planning Department of the Vienna City Administration

Wien Energie Company operating power plants (CHP, waste incineration, biomass, photovoltaics, wind, etc.) of several
kinds and sizes; main energy provider in Vienna

Wiener Netze Responsible for the design and maintenance of the Vienna district heating, gas, and electricity grid

Städtebund (Austrian Association of
Cities and Towns)

Representing the interests of the 255 cities and medium-sized towns in Austria, mostly over 10,000 inhabi-
tants, covering around 50% of the Austrian population

Grazer Energieagentur Expertise through several scientific projects about district heating

Land Salzburg (Department of Energy
Economics)

Responsible for the provincial energy strategy; energy consulting with respect to renewable energies and
energy performance certificates in the province of Salzburg

Fig. 2 System analysis by F. Vester. a The strength of influence (version 1). b The direction (positive (↑) or negative (↓)) of influence (version 2). c
The existence of influence (version 3). par., parameter; red arrow, evaluation of the influence of one system parameter (in the row) on another (in
the column) (own illustration)
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� Active parameters: influencing the majority of other
system parameters but influenced only by a minority
of them

� Passive parameters: influencing only a minority of
other system parameters but influenced by the
majority of them

� Critical parameters: influencing the majority of
other system parameters and also influenced by the
majority of them

� Buffering parameters: influencing only a minority of
other system parameters and also influenced only by
a minority of them

Each of the four categories has certain characteristics
of influence; a change of active parameters shows a large
impact on the whole system. As they are not influenced
by many other parameters, they will remain mostly
stable when other system parameters change. Still, they
can be changed directly, e.g. by policymakers. A change
of critical parameters also shows a large impact on the
system, but as they are influenced by a lot of other pa-
rameters, it is harder to predict their changes and there-
fore their impact on the whole system.
On the contrary, passive parameters can be used as

‘indicators’ as they react sensitively on changes of the
other system parameters. Still, not all passive parameters
can be taken as indicators as many of them are very spe-
cific and therefore not suitable for a general analysis.
Buffering parameters can be seen as stabilizers of the
system, but if AS and PS are both very low, they could
also be excluded from the system analysis as they hardly
interact with the particular research topic.
Following this differentiation into four types of parame-

ters, the relevant parameters can be clustered into ‘system
drivers’ and ‘indicators’. In order to actively induce
changes within DHS, the identified active and critical pa-
rameters are of primary interest. Together, they form the
group of ‘system drivers’. They can be changed by policy-
makers through adapted spatial planning strategies and
building insulation policies and influence the ‘indicators’.
‘Indicators’ are important as they describe how the sys-

tem will change. However, their identification is not as
clear as that of the system drivers. In principle, they
should be found among the passive parameters, while in
some cases, buffering parameters especially influenced
by active and critical parameters are of additional inter-
est. It is important to focus on the most important indi-
cators; otherwise, the total influence on the system
cannot be assessed. At the first stage, passive and buffer-
ing parameters together shall build the group of ‘poten-
tial indicators’. In the second step, each of those is
analysed separately in order to derive a final set of indi-
cators. The environmental and economic feasibility
parameters themselves shall not be considered as

indicators, because indicators are understood as influ-
ence factors which indicate the environmental and
economic feasibility (and not describe them directly).
Furthermore, individual parameters and parameters
that show no direct influence on DHS as well as
those containing information that is obtained by other
parameters should not be considered. Especially, if a
lot of influence factors can only be assessed qualita-
tively, an overall effect on the system can only be
identified with a small indicator set.

Scenarios for DHS until 2050
A crucial question is the long-term feasibility of DHS
with respect to several changes until 2050. As DHS are
long-term investments, but framework conditions can
change rapidly, it is important to understand future de-
velopments. Therefore, for each of the system drivers (or
compatible groups), a scenario is defined. Estimated fu-
ture trends are based, wherever possible, either on re-
cent developments or on existing scenarios resp.
prognoses; otherwise, expert judgements have to be
made. As the impact on DHS can only be assessed via
indicators (parts of the passive and buffering parameters
of the Vester analysis), the impact of the identified sys-
tem drivers on these indicators is defined. In the end, an
overall impact on each indicator is assessed from the
single impacts of the system drivers. The results for the
indicators can be summarized in order to obtain a full
picture of the future environmental and economic feasi-
bility of DHS.
However, fluctuating parameters like prices cannot be in-

cluded as they are too speculative. Impacts that can be
assessed by numbers will be calculated, and the other types
of influence will be discussed qualitatively to give a complete
picture of the possible directions of future changes.

Results
Identification and evaluation of parameters
After collecting influencing factors from the research
groups and narrowing down the set to the most important
influence factors, 31 system parameters were obtained.
Table 3 shows all 31 parameters identified in the ana-

lysis on DHS. Furthermore, the table indicates the exist-
ence respectively absence of interactions between the 31
parameters (see also ‘Identification of pairwise interac-
tions between system parameters’ section).

System drivers
After identifying and evaluating the parameters, they can
be clustered into ‘system drivers’, ‘indicators’, and ‘neither
system drivers nor indicators’. To start this classification,
the original Vester method is followed and explained in
the ‘Evaluation of the results’ section (see Fig. 3). The
right half of Fig. 3 displays the active and critical

Zach et al. Energy, Sustainability and Society            (2019) 9:25 Page 7 of 20



Ta
b
le

3
M
at
rix

fo
r
th
e
sy
st
em

an
al
ys
is
fo
r
D
H
S;
in
flu
en

ce
of

th
e
ro
w

pa
ra
m
et
er

on
th
e
co
lu
m
n
pa
ra
m
et
er
;‘
0’
=
no

in
flu
en

ce
,‘
1’
=
in
flu
en

ce
ex
is
ts
(o
w
n
ill
us
tr
at
io
n)

Th
em

at
ic
gr
ou

p
Sy
st
em

pa
ra
m
et
er

N
r

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15
16

17
18

19
20

21
22

23
24

25
26

27
28

29
30

31
Ac
tiv
e

su
m

En
er
gy

re
le
va
nc
e

of
sp
at
ia
l

st
ru
ct
ur
es

St
ru
ct
ur
e
of

us
e

M
ix
of

fu
nc
tio

ns
1

1
1

0
1

1
1

0
0

1
1

1
1

1
1

1
1

1
1

1
1

0
1

1
1

0
0

0
0

1
1

22

Sh
ar
e
of

op
en

sp
ac
e

2
1

1
1

1
1

0
0

0
1

1
0

0
1

1
0

0
0

0
0

0
0

0
0

1
0

1
0

1
1

1
14

St
ru
ct
ur
e
of

se
tt
le
m
en

ts
Po
te
nt
ia
lo
fc
om

pa
ct
in
g
an
d
ex
te
ns
io
n

3
1

1
1

1
1

0
0

0
1

1
1

0
1

1
1

1
1

1
1

1
0

0
0

1
0

0
0

0
1

1
19

Bu
ild
in
g
de

ns
ity

4
0

1
1

1
1

1
0

0
1

1
1

1
1

1
0

1
1

0
1

0
0

0
0

1
0

0
0

1
1

1
18

Po
pu

la
tio

n
de

ns
ity

5
0

1
1

1
1

1
0

0
1

1
1

1
1

1
0

0
0

0
1

0
0

0
0

1
0

0
0

1
1

1
16

D
en

si
ty

of
w
or
kp
la
ce
s

6
0

1
1

1
1

1
0

0
1

1
1

1
1

1
0

1
1

1
1

0
0

0
0

1
0

0
0

1
1

1
19

St
ru
ct
ur
e
of

bu
ild
in
gs

Bu
ild
in
g
ty
pe

7
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
0

0
1

1
0

0
0

1
1

1
25

Th
er
m
al
in
su
la
tio

n
po

te
nt
ia
l

8
0

0
0

0
0

0
0

0
1

1
1

1
1

1
1

1
1

1
1

1
0

1
1

1
0

0
1

1
1

1
19

Th
er
m
al
bu

ild
in
g
st
an
da
rd

(in
su
la
tio
n)

9
0

0
0

0
0

0
0

1
1

1
1

1
1

1
0

1
1

0
1

1
0

0
1

1
0

0
0

0
1

1
15

Sp
at
ia
la
nd

en
vi
ro
nm

en
ta
l

co
m
pa
tib

ili
ty

of
th
e

he
at
in
g
in
fra
st
ru
ct
ur
e

Lo
ca
tio

n(
s)
of

th
e
he

at
so
ur
ce
(s
)

10
0

0
1

0
0

0
0

0
0

1
1

0
0

0
0

1
1

1
1

0
0

1
0

1
0

0
0

1
1

1
12

Ro
ut
es

of
th
e
he

at
in
g
gr
id

11
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

1
1

0
0

1
1

1
0

1
1

1
1

1
1

1
12

En
vi
ro
nm

en
ta
le
ffe
ct
s
of

th
e
di
st
ric
t

he
at
in
g
su
pp

ly
12

0
0

0
0

0
0

0
0

0
1

1
0

0
0

0
1

1
1

1
0

1
0

0
0

1
1

0
1

1
1

12

En
vi
ro
nm

en
ta
le
ffe
ct
s
of

al
te
rn
at
iv
es

to
th
e
D
H
su
pp

ly
13

0
0

0
0

0
0

0
0

0
1

1
0

0
0

0
1

1
0

1
0

0
0

0
0

0
0

0
1

1
1

8

Sp
at
ia
l

re
le
va
nc
e
of

th
e
di
st
ric
t

he
at
in
g
gr
id

En
er
gy

de
m
an
d

H
ea
t
co
ns
um

pt
io
n
de

ns
ity

14
0

0
0

0
0

0
0

0
0

1
1

1
0

0
0

1
1

0
1

1
1

0
0

1
0

0
0

1
1

1
12

Co
ol
in
g
en
er
gy

co
ns
um

pt
io
n
de
ns
ity

15
0

0
0

0
0

0
0

0
0

1
1

1
0

0
0

1
1

0
1

0
1

0
0

1
0

0
0

1
1

1
11

N
um

be
r
of

fu
ll
lo
ad

ho
ur
s

16
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

1
1

1
1

1
0

1
0

1
1

0
0

1
1

1
11

En
er
gy

su
pp

ly
an
d

st
or
ag
e

U
se
d
he

at
so
ur
ce
(s
)

17
0

0
0

0
0

0
0

0
0

1
1

1
1

0
0

0
1

1
1

1
0

1
1

1
1

0
1

1
1

1
16

U
nu

se
d
he

at
so
ur
ce
(s
)

18
0

0
0

0
0

0
0

0
0

1
1

1
1

0
0

0
0

0
1

1
0

1
1

1
0

0
1

1
1

1
13

Sp
at
ia
la
nd

tim
el
y
di
st
rib

ut
io
n

of
he

at
ga
in
s

19
0

0
0

0
0

0
0

0
0

1
1

1
0

0
0

0
1

1
1

1
0

1
1

0
0

0
1

1
1

1
13

Ex
is
te
nc
e
of

al
te
rn
at
iv
es

to
th
e

su
pp

ly
by

di
st
ric
t
he

at
in
g

20
0

0
0

0
0

0
0

0
0

1
1

1
1

0
0

0
1

1
1

1
0

1
1

0
0

0
1

1
1

1
14

U
si
ng

te
m
pe

ra
tu
re

ca
sc
ad
es

21
0

0
0

0
0

0
0

0
0

0
1

1
0

0
0

0
1

1
1

1
0

1
1

1
0

0
0

1
1

1
12

C
on

st
ru
ct
io
n
an
d

op
er
at
io
n
of

gr
id

C
ho

ic
e
of

m
at
er
ia
ls
an
d
re
cy
cl
ab
ili
ty

22
0

0
0

0
0

0
0

0
0

0
0

1
1

0
0

0
0

0
0

0
1

1
1

1
1

1
1

1
1

1
12

Re
qu

ire
d
se
cu
rit
y
of

su
pp

ly
23

0
0

0
0

0
0

0
0

0
0

1
0

0
0

0
0

1
1

1
0

0
0

0
0

0
1

1
1

1
1

9

Te
m
pe

ra
tu
re

le
ve
l

24
0

0
0

0
0

0
0

0
0

0
1

1
1

0
0

0
1

1
0

1
1

1
1

1
1

0
1

1
1

1
15

Lo
ss
es

of
he
at
in
g
(a
nd

co
ol
in
g)

en
er
gy

25
0

0
0

0
0

0
0

0
0

0
0

1
0

0
0

0
0

0
0

1
1

0
0

1
0

0
0

0
1

1
6

C
on

di
tio

n
an
d
re
m
ai
ni
ng

lif
et
im

e
of

th
e
gr
id

26
0

0
0

0
0

0
0

0
0

0
0

1
0

0
0

0
0

0
0

1
1

0
1

1
1

0
1

1
1

1
10

Re
qu

ire
d
re
pa
ra
bi
lit
y

27
0

0
0

0
0

0
0

0
0

0
1

1
0

0
0

0
0

0
0

0
0

1
1

0
0

1
0

1
0

1
7

Re
qu

ire
d
ad
ap
ta
bi
lit
y
to

th
e
he

at
de

m
an
d

28
0

0
0

0
0

0
0

0
0

1
1

0
0

0
0

0
1

1
1

1
1

0
1

1
1

0
0

1
0

1
12

Ec
on

om
ic
as
pe

ct
s

C
os
ts
of

co
ns
tr
uc
tio

n,
m
ai
nt
en

an
ce

an
d
de

co
ns
tr
uc
tio

n
29

0
0

0
0

0
0

0
0

0
0

1
1

0
0

0
0

1
1

1
0

1
1

1
1

1
1

0
0

1
1

13

O
pe

ra
tin

g
co
st
s

30
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
1

1
1

0
1

0
1

0
0

1
0

0
0

1
7

Ec
on

om
ic
fe
as
ib
ili
ty

an
d
pa
yb
ac
k

pe
rio

d
31

0
0

0
0

0
0

0
0

0
0

0
1

0
0

0
0

1
1

1
0

1
1

1
1

1
1

0
0

0
0

10

Pa
ss
iv
e
su
m

3
6

7
5

6
6

4
2

1
18

24
23

12
9

9
4

23
24

16
22

20
8

18
15

23
10

5
10

24
27

30

Zach et al. Energy, Sustainability and Society            (2019) 9:25 Page 8 of 20



parameters (system drivers) which are of special import-
ance when analysing the evolution of existing DHS grids
as well as for constructing new ones. In the following,
the system drivers are described and ranked according
to their active sum (AS) (if equal, then according to their
passive sum (PS) in increasing order). The maximum
value for both active and passive sum is 30.
Based on the adapted system analysis after Vester

(Version 3, see the ‘Identification of pairwise interactions
between system parameters’ section), eight system
drivers were identified among the 31 system parameters,
which show the most impact on the other system pa-
rameters. Due to their importance, they are described
separately in more detail:

(I) Building type (AS = 25; PS = 4) examples are
residential, industry, office, hospital, retail,
agriculture, etc. They lead to different energy
consumption profiles and therefore affect the
environmental and economic feasibility of DHS.

(II)Mix of functions (AS = 22; PS = 3) describes the
spatial mix of building functions. Different forms of
use of buildings are residential, working, leisure,
culture, education, industry, mobility,
communication, etc. Each of those shows specific
load profiles. The mix of functions leads to a mix of
load profiles which enlarges the number of annual
full load hours. Therefore, by mixing functions,
investments into DHS pay off easier and the need
for heat storages is reduced. Different mixes of
functions show different effectiveness regarding the
increase of full load hours [4]. Different needed
temperatures within one grid tend to necessitate
higher net temperatures as they have to be adapted
to the highest temperature demand (not applicable
to low-temperature grids with decentralized heat
pumps). This can exclude low-temperature sources
and cause higher net losses, but giving the potential
of using cascades. Further effects of mixed functions
are shorter distances between living, working, shop-
ping, and leisure as well as possible user conflicts
(noise, pollution, etc.).

(III)Thermal insulation potential (AS = 19; PS = 2)
defines the potential of enhancing the thermal
insulation quality of buildings, leading to a reduced
heating energy consumption. This parameter
especially affects long-term feasibility. Depending
on the type and age of supplied buildings, insulation
potential can vary. Monument conservation is a fac-
tor reducing the thermal insulation potential; an-
other is economic feasibility. Saving effects are
often lower than expected due to rebound effects
(users tend to increase temperatures or start to heat
unneeded rooms, etc.) [32].

(IV)Density of workplaces (AS = 19; PS = 6) indicates the
number of workplaces per area. A definition using
the full-time equivalents is more appropriate, still
leaving an uncertainty due to diverse types of work-
ing places and related energy use, varying widely be-
tween offices (low energy consumption) and
steelworks (high energy consumption). This param-
eter summarizes the energy consumption of non-
residential buildings, while ‘Population density’ that
of residential buildings.

(V)Potential of compacting and extension (AS = 19;
PS = 7) means an increase of density, either square
meter building areas per hectare or the number of
inhabitants/hectare, workplaces/hectare, etc. This
can be reached either by constructing new
buildings, adding storeys to existing buildings, or
reusing existing buildings [33]. It is an important
factor for DHS as energy consumption density can
be increased. It can also be understood as the
potential of connecting buildings to an existing
DHS. In [34], it was shown for 104 Chinese cities
that cities with more centralized and compact
urban forms show less CO2 emissions.

(VI)Building density (AS = 18; PS = 5) can be
understood in two different ways. Karathanassi et
al. [35] defined it as buildings’ coverage percentage
of the total surface, i.e. not taking building height
into account. To classify areas according to their
heat consumption, it makes more sense to define it
as usable floor space of buildings in a defined
surface area ([36], also providing a method of
analysing the building density using LiDAR (Light
detection and ranging) data).

(VII)Population density (AS = 16; PS = 6) refers to the
number of inhabitants per area. As building use can
differ (percentage of non-residential buildings area,
floor space per person), densities of buildings and of
inhabitants do not necessarily correlate; therefore, it
is considered separately. It is also important as
warm water energy consumption correlates with
the number of persons and is responsible for an in-
creasing percentage of domestic overall energy con-
sumption due to higher building insulation
standards. Taking other densities into account, e.g.
of hotels, shopping centers, industrial workplaces,
would give even more insight, but also increase the
complexity. Densities of buildings, inhabitants, and
employees shall be taken as representative.

(VIII)Used heat source(s) (AS = 16; PS = 23) means the
primary energy sources that feed the DHS and is
the only critical parameter found in the system
analysis. In the environmental impact analysis, the
used heat sources play a central role [3], because
emissions vary significantly. Regarding the
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economic dimension of DHS, large price differences
can occur, depending on the energy source as well
as on the individual price a DHS operator has to
pay (possibly time-dependent).

Indicators
Following the analysis of the eight relevant system drivers,
influenceable indicators also play a decisive role for the
long-term feasibility of DHS. However, the identification
and evaluation of such indicators have no part in the ori-
ginal method after Vester. Therefore, we adapted the initial
approach:
Referring to Fig. 3, passive and buffering parameters

can be found on the left side of the illustration. Here,
relevant indicators can be found, while it is important
to identify the most important ones for further re-
search. The environmental and economic feasibility
parameters themselves shall not be considered as in-
dicators, because indicators are understood as influ-
ence factors which indicate the environmental and
economic feasibility (and not describe them directly).
Other parameters are very individual, e.g. location of
heat sources or routes of the heating grid, some show
no direct effect on DHS, and some cover similar as-
pects like heat losses and temperature level. Table 4
gives an overview over all 31 system parameters and
whether they were identified as system drivers, indicators,
or neither one of both. The reasons why potential

indicators were not further taken into account can be
found in the right column.
Nineteen potential indicators were excluded while the

following four indicators turn out to be a feasible ap-
proach for analysing the effects on the environmental
and economic feasibility of DHS:

(1) Heat consumption density (AS = 12; PS = 9)
describes the annual heat consumption per area or
per grid length. DHS are characterized by relatively
high investment costs. Moreover, the absolute heat
losses in the grid increase with higher distances of
heat transport. This shows that a high heat
consumption density is of advantage both for the
environmental and economic feasibility of a DHS
(less heat dissipation in relation to the distributed
heat and less material and construction effort for
installing grids). Higher heat consumption in a
smaller area means that for distributing a certain
amount of heat, a shorter grid length is necessary.
The heat consumption per area is a product of
building density and specific heat consumption per
floor space. It is clearly not desirable to actively
increase the specific heat consumption per floor
space. This means that in order to enhance the
environmental and economic framework conditions
for DHS, spatial planning policies must seek to
reach adequate building densities. To secure high

Fig. 3 Classification of the system parameters according to their active (x-axis) and passive sum (y-axis) into active, passive, critical, and buffering
parameters. Numbers are in line with those in Table 3 (own illustration)
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living quality especially in residential areas, density
should stay modest.

(2) Full load hours (AS = 11; PS = 4) describe the
quotient of annual energy consumption and
maximum heat load. A higher heat load at a given
annual energy consumption makes higher heat
production capacities necessary. Also, the grid has
to be designed for the maximum needed heat
power (pumps, diameters of pipes including
insulation, etc.). Therefore, the number of full load
hours should be high. It depends on the heat
consumption curve of the collective of heat
consumers. The mix of functions has a huge impact
on this parameter, while areas with domestic
households have 2000 full load hours per year and
less, multi-functional areas reach about 4500 [11].

(3) The available heat sources (AS = 15; PS = 24; as a
combination of used and unused heat sources)
affect the energy prices as well as the emission
factors and are therefore relevant for the
environmental and economic feasibility of DHS.
Most renewables (like solar energy or heat pumps
using ambient sources) are only accessible if grid
temperatures in DHS are lower than in most grids
currently in operation.

(4) The temperature level (AS = 15; PS = 15) depends on
the purpose of heat (industrial—depending on the
branch, residential heating—high and low
temperature, warm water, etc.). If different heat
consumers within a DHS require different
temperature levels, the return flow of the higher
temperature heat consumer can serve as the inlet
flow of the lower temperature heat consumer
(temperature cascade). This concept enlarges the
spread between inlet flow and return flow of the
district heating power plant making the grid more
effective (higher potential of heat consumption can
be covered by the grid) and more efficient (the ratio
between electric energy for pumping and useful
energy output at the consumers’ sites decreases).
Accordingly, combining different forms of
building use (residential, commercial, and
industrial—ideally different branches) increases
the number of full load hours and potentially the
temperature spread between the inlet and return
flow. It is the result of a good spatial planning
strategy to care for well-mixed quarters. The
trend towards lower temperatures was already
shown, and efforts are being made towards redu-
cing return temperatures in existing grids [37].

Indicators 1, 2, and 4 can be found among the buffer-
ing parameters (Fig. 3). Two of them are only influenced
by spatial parameters, which shows the great influence

of spatial aspects on DHS. The available heat sources are
a combination of used and unused heat sources; the
average of their AS and PS gives a passive parameter.
In order to assess the future environmental and

economic feasibility of DHS, the influence of the 8
system drivers on the 4 indicators is pointed out
(Table 5). It has to be noted that the set of identified
system drivers is able to influence the most relevant
indicators identified by this research.

Scenarios for DHS 2050 for Austria
For assessing future challenges of DHS, realistic
changes of the system drivers are set and the influ-
ence on the indicators is assessed. Expected trends
until 2050 within large and mid-sized cities in mod-
erate climates are included. Only those effects are
analysed which are marked in Table 5.

Scenario 1—increased density
Three density parameters are among the system drivers
(IV, VI, and VII). This indicates high importance of
density as it influences the energy consumption density
and in parts the available heat sources. (The effect of
‘compacting and extension’ as another density-related
parameter shall be included in this scenario as well.
However, its effect on the energy consumption density
and available heat sources is covered by the effects of
changed density. Its effect on the annual full load hours
depends on the accompanied change in the mix of func-
tions which will be discussed in the ‘Scenario 4—mix of
functions/building type’ section.) As for population
density, future trends are well documented, and this sin-
gle density parameter shall be taken as a representative
also for the others. In the past years, not only Austria as
a whole but especially urban regions showed an increase
of inhabitants ([16, 38]), being in line with the trend in
many European and worldwide countries [39].
If the settlement boundaries are conserved and growth

can be managed only by compacting existing areas,
population growth and density of inhabitants’ growth
will correlate 1:1. Between 2017 and 2050, population of
large Austrian cities will grow by about 10%. Limited
availability of development areas and an increasing num-
ber of inhabitants will lead to the necessity of increased
building density. It can be assumed that the needed area
for workplaces goes in line with an increased number of
inhabitants. Concluding, the increase of density may
have effects on indicators 1 and 3 (Table 6), while indi-
cators 2 and 4 are not affected according to Table 5.

Scenario 2—thermal insulation potential
Reacting to climate change and the limited resource
availability, countries have introduced minimum thermic
insulation requirements for new and refurbished buildings.

Zach et al. Energy, Sustainability and Society            (2019) 9:25 Page 11 of 20



In Austria, the thermal refurbishment rate of the building
stock is around 1% per year [40]. Taking into account a
constant insulation rate until 2050, a decreased building en-
ergy consumption by 50% and a reduction of 16% of energy
consumption in the building stock are realistic.
Depending on the climate change scenario (see the ‘Sce-

nario 3—climate change’ section), the heat consumption
of non-residential buildings of different building ages will

be reduced by up to 30% until 2050, while cooling energy
consumption will nearly double, especially for older build-
ings [41]. Therefore, district cooling will become more im-
portant, while district heating could, together with the
impact of global warming, lose importance. Local gener-
ation potentials like (building integrated) photovoltaic
(PV) in combination with power-to-heat solutions (via
electric resistance or heat pump heating) reduce the heat

Table 4 Summary of all system parameters and their classification after the system analysis (own illustration)

Number System parameter AS PS Category in system
analysis

Comment

1 Mix of functions 22 3 Active Driver II

2 Share of open space 14 6 Buffering Effect is covered by heat consumption density

3 Potential of compacting and extension 19 7 Active Driver V

4 Building density 18 5 Active Driver VI

5 Population density 16 6 Active Driver VII

6 Density of workplaces 19 6 Active Driver IV

7 Building type 25 4 Active Driver I

8 Thermal insulation potential 19 2 Active Driver III

9 Thermal building standard (insulation) 15 1 Buffering Effect is covered by heat consumption density

10 Location(s) of the heat source(s) 12 18 Passive Depending on local situations, not generically operable

11 Routes of the heating grid 12 24 Passive Depending on local situations, not generically operable

12 Environmental effects of the district heating
supply

12 23 Passive Depending on local situations, not predictable, not
generically operable

13 Environmental effects of alternatives to the
DH supply

8 12 Buffering Depending on local situations, not predictable, not
generically operable

14 Heat consumption density 12 9 Buffering indicator 1

15 Cooling energy consumption density 11 9 Buffering Included in heat consumption density and temperature level

16 Number of full load hours 11 4 Buffering Indicator 2

17 Used heat source(s) 16 23 Critical Driver VIII, part of indicator 3

18 Unused heat source(s) 13 24 Passive Part of indicator 3

19 Spatial and timely distribution of heat gains 13 16 Passive Not stable, not predictable, not generically operable

20 Existence of alternatives to the supply by
district heating

14 22 Passive Depending on local situations, not predictable

21 Using temperature cascades 12 20 Passive Effect is covered by temperature level and full load hours

22 Choice of materials and recyclability 12 8 Buffering Individual decision of grid operator, not predictable, not
generically operable

23 Required security of supply 9 18 Passive Individual decision of grid operator, not predictable, not
generically operable

24 Temperature level 15 15 Buffering Indicator 4

25 Losses of heating (and cooling) energy 6 23 Passive Effect is covered by heat consumption density and
temperature level

26 Condition and remaining lifetime of the grid 10 10 Buffering Individual situations, not generically operable

27 Required reparability 7 5 Buffering Individual situations, not generically operable

28 Required adaptability to the heat demand 12 10 Buffering Individual situations, not generically operable

29 Costs of construction, maintenance, and
deconstruction

13 24 Passive Not stable, not predictable, not generically operable

30 Operating costs 7 27 Passive Not stable, not predictable, not generically operable

31 Economic feasibility and payback period 10 30 Passive Not stable, not predictable, not generically operable

Numbers in the left column correspond to those in Fig. 3 and Table 3
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demand additionally. The power resp. energy output of re-
alized installations in the future is hardly quantifiable, but
must be kept in mind as a district heating grid planner.
Still, the absolute values of heat consumption will not ne-
cessarily decrease because of increasing numbers of inhab-
itants. As shown in Table 5, the thermal insulation
potential affects all four indicators. The concrete effects
are described in Table 7.

Scenario 3—climate change
Climate monitoring shows that the increase of
temperature between 1880 and 2014 in Austria amounts
to 2 °C ([43], p.267). Higher temperatures obviously lead
to a lower heat energy consumption density. The num-
ber of heating degree days in Austria from 2010 to 2050
will decrease from 3252 to 2907 (− 10.6%) [44]. Referring
to the four indicators, indicators 1, 2, and 4 will be af-
fected by climate change (Table 8).

Scenario 4—mix of functions/building type
The future development of the mix of functions depends
on the political framework conditions, especially regard-
ing spatial planning policies. However, no prognoses
exist. Still, it can be estimated that spatial planning will
have an increasing impact as in the last years the topic
found its way into central national and international cli-
mate policy papers. Therefore, the influence of an in-
creasing mix of functions shall be estimated (Table 9).
As the building type and its functions are very much
aligned, the effects on the indicators correlate and the
effects of the building type are not discussed separately.

Effects of future scenarios on the four indicators
After the separate analysis of the four scenarios, a sum-
mary of the changes on the indicators for DHS until
2050 can be given. It has to be mentioned that the sce-
narios were discussed in the light of the system drivers,
whereas the impacts on the DHS have to be discussed
considering the influences on the indicators. Therefore,

from each scenario, the impacts per indicator are col-
lected and put together in Table 10.
Total heat consumption density will decrease by ap-

proximately 16% on average in existing settlements. This
means a negative impact on the future feasibility of
DHS. The effect on the economic feasibility of DHS de-
pends on the present market share and on the accepted
cost level [18]. However, values are highly variable lo-
cally. An increase of about 8% of the number of annual
full load hours can be estimated, which means a positive
impact on the future feasibility of DHS. Furthermore, a
larger variety of available heat sources is expected. Fi-
nally, a slight decrease in the main needed temperature
level is expected, which goes in line with a larger variety
of heat sources.
However, the overall effect on the environmental

and economic feasibility of DHS will depend on the
local circumstances, but the results show that de-
creasing energy consumption does not seem to be a
big threat for DHS in the future as it will be balanced
by three other positive impacts.

Discussion
In the discussion, the findings of this research are
highlighted from different perspectives while the first
three research questions will be answered. Hereinafter,
the applied methods, their benefits, and possible short-
comings are discussed. Finally, we derive planning prin-
ciples and recommendations from our findings.

System drivers and indicators of DHS
A central outcome of the research is the identification of
the most relevant system drivers on a DHS and of the
most representative indicators that describe their influ-
ence. Regarding the whole set of parameters identified as
relevant for DHS, there are two main groups. The first
one is the parameters of the DHS itself, mainly the heat
sources, heat generation sites, grids, storages, heat
losses, etc. The second one regards systems interacting

Table 5 Influence of the system drivers on the indicators of the DHS extracted from Table 3 (own illustration)

Parameters referring to technical aspects of the
DHS and spatial planning

Indicators

(1) Energy consumption
density

(2) Number of full load hours
per year

(3) Available heat
source(s)

(4) Temperature
level

System
drivers

(I) Building type ✓ ✓ ✓ ✓

(II) Mix of functions ✓ ✓ ✓ ✓

(III) Thermal insulation potential ✓ ✓ ✓ ✓

(IV) Density of workplaces ✓ ✓

(V) Potential of compacting and
extension

✓ ✓ ✓

(VI) Building density ✓ ✓

(VII) Population density ✓

(VIII) Used heat source(s) ✓ ✓
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with DHS like consumers, buildings, and their spatial
distribution. In the course of the system analysis, it was
shown that none of the parameters related to the first
group is among the active parameters; only the used
heat source(s) was a critical parameter. This means that
by changing only the energy system, the chance of en-
hancement of the environmental and economic feasibil-
ity of a DHS is rather low, i.e. the way of planning
district heating grids does not substantially affect their
environmental and economic feasibility. On the con-
trary, environmental and economic feasibility are highly
dependent on grid-external factors. In order to create a
DHS-friendly environment, mainly those have to be
taken into account, on one hand, the connected build-
ings, their density and their use, thermal standard, etc.
are of relevance [45]. On the other hand, the spatial dis-
tribution of buildings and their different functions are
important factors. Therefore, policies that focus on en-
hancing conditions for DHS have to consider the heat
consumers and their spatial distribution. Policy issues
relevant for DHS cover ownership structures, legal
frameworks, pricing, and other issues like awareness
raising campaigns and knowledge development [3].
Spatial planning policies can build upon these results.

Increasing building densities and mix of functions as well
as using adjacent waste heat potentials will help ensuring
that DHS will be able to operate economically and envir-
onmentally successfully also on a long-term scale [2]. Im-
pacts that will occur (like climate change or thermal
insulation of buildings) can be compensated by fore-
sighted spatial planning strategies which allow mixing
building functions or increasing density in a way that al-
lows higher quality of life. This also affects other parts of
the environment such as a reduction of traffic, accordingly
the opportunity for inhabitants to save time, and a reduc-
tion of emissions and expenses for transport as well as an
increase of quality of life. This means spatial planning
strategies that are favourable for DHS also enhance the
environmental and economic feasibility as well as the
overall quality of systems in totally different topics.
It was shown that there is a certain risk for some DHS

to stay economically feasible and competitive against the
environmental impacts of alternative heating systems as
the energy consumption density will decrease by about
16%. Among others, the reduction is reasoned by en-
hanced thermal insulation and climate change. It can be
estimated that despite all international agreements,

climate change will inevitably take place and thermal
insulation of buildings is in principle desirable (leaving
behind issues about the sustainability of fossil-based
insulation materials). Therefore, on a regional scale,
these issues can or shall not be influenced in favour of
DHS (means there is no reasonable option to increase
heat consumption density within existing buildings).
Positive influences can only be derived from increasing
building density. The feasibility of this approach depends
on the local circumstances.
The parameter of full load hours is essential to care

for a stable heat load which means investments into the
grid infrastructure pay off earlier. However, in systems
with a large share of renewables, fluctuation of heat pro-
duction and heat excess in summer will become more
important issues. This means that full load hours now-
adays mainly indicating the timely distribution of con-
sumption will be accompanied by a factor indicating the
timely distribution of the production side. For some
sources such as solar thermal heat, there is no option to
change the production profile, therefore either the con-
sumption profiles are changed (possible through local
storages) or the large storages within the grid have to be
applied. The optimization of storage dimensioning and
management will accordingly gain importance.
The variety of available heat sources is difficult to dis-

cuss on a general scale as the local availability is essential.
However, it is clear that renewable sources have gained
importance in the last years and decades and this trend
will continue. Most of the renewable sources (except bio-
mass and burned organic waste) are low-temperature
sources. This is why the fourth indicator ‘temperature
level’ is very much aligned to the available heat sources.
The importance of new grid typologies with local heat
pumps has already been highlighted. In existing quarters,
it will be difficult to implement such systems as the heat-
ing system of the buildings has to be adapted, space for
more heat pumps is required, and existing grids cannot be
used since existing diameters are too small due to pres-
ently higher spreads between the inlet and return flow.
Therefore, in the establishment phase, this technology will
most probably be widely used in new urban quarters; in
existing settlements, a smaller reduction of the inlet flow
temperature is more realistic than a solution with the ne-
cessity of local heat pumps.
Moreover, the results of this research can be put into a

calculation scheme which allows assessing the long-term

Table 6 Influence of increased density on the indicators (own illustration)

Indicator Influence of increased density

(1) Energy consumption
density

If living space per person stays constant, the density of inhabitants will lead to a 10% increase of energy consumption
density.

(3) Available heat source(s) In the course of increased density, the variety of available heat sources expands at least for waste heat potentials while
distances decrease.
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feasibility of concrete DHS resp. projects. It should close
the gap between just guessing and sophisticated calcula-
tion tools that can only be operated by experts with a lot
of detailed data which is usually not available at or be-
fore the beginning of a project. The identified system
drivers build a set of input parameters. Via calculating
the indicators using the input parameters, an analysis is
possible, whether a DHS can be environmentally and
economically feasible. The most important research
fields in this context are the spatial suitability, energy
consumption, environmental feasibility (CO2 footprint,
etc.), economic analysis, and the materials’ input. Ac-
cording to this approach, a tool was developed [46] and
tested [47] regarding its functionality and usability to-
wards the long-term feasibility of DHS. It can be ex-
pected that from this tool, the motivation to start
dealing with district heating increases and projects espe-
cially in smaller communities can be developed.

Benefits and limitations of the applied methods
The central method for the system analysis is the meth-
odology after F. Vester. This method allows revealing
unexpected influence parameters on systems (like DHS)
and overcoming usual views as the importance for the
whole system is assessed via identifying pairwise impacts
of parameters on parameters. During this process of
evaluating influences, the risk of being biased is less as
the variety of interrelations that have to be evaluated
amounts to several hundreds.
The methodology of Vester ([26–29]) was analysed

and adapted within the last years [21]. However, the
method still shows some pitfalls: One potential risk

exists at the beginning, when the set of parameters is de-
fined, that some important parameters are neglected.
This can be avoided by including experts from different
research fields. Still, in this research, it can be criticized
that climate change was not considered as separate sys-
tem parameter since it was only implicitly included by
the parameter of heat demand and cooling demand
density; however, it was added in the scenario section as
a result of a further literature research.
The method delivers a feasible approach to identify

the system drivers—parameters which influence the ma-
jority of other system parameters can automatically be
taken. However, until now, the method did not include
the identification of the relevant indicators. It only gives
hints on which parameters could be taken as indicators.
According to the literature, especially passive parameters
should be adequate indicators. On the contrary, in this
research, suitable parameters were identified among the
buffering parameters. The reason is that some buffering
parameters were mostly influenced by the active param-
eters whereas some passive parameters were influenced
by a higher quantity of parameters which were no active
parameters themselves. Taking all buffering or even pas-
sive and buffering parameters as indicators would lead
to a confusing picture, at least in the performed analysis
23 parameters could have been potential indicators. In
this research, the potential indicators were analysed each
for each, coming to a set of 4 relevant indicators which
represent future trends in a sufficient and manageable
way. To understand the influence of the identified sys-
tem drivers in a more refined way, the identification of
indicators is a crucial task. The approach specified in

Table 7 Influence of the thermal insulation potential on the indicators (own illustration)

Indicator Influence of thermal insulation potential

(1) Energy consumption
density

For existing domestic buildings, heat consumption density will decrease by around 15% (less than 16% as domestic
hot water energy consumption will approximately stay stable; process heat is not assessed). New buildings will have
a lower energy consumption which means that depending on the local circumstances (removing old buildings and
replacing by new ones vs. compacting), the effect can be higher or lower. However, an average of 15% shall be
estimated.

(2) Number of full load hours
per year

Decreasing energy consumption by climate change reduces the number of annual full load hours [42]. This is a result
of lower energy consumption in general and therefore applicable for decreasing energy consumption due to thermal
insulation as well. The effect is not very high and not given for all scenarios either; not always a correlation can be
observed. A decrease of full load hours due to thermal insulation and climate change of around 10% is possible.

(3) Available heat source(s) The number of available heat sources increases with decreasing grid temperature. Thermal insulation of buildings can
contribute to a temperature decrease and therefore influence both indicators in a positive way, but as in
conventional grids the temperature is adjusted to the highest temperature need this effect might not be realizable.(4) Temperature level

Table 8 Influence of climate change on the indicators (own illustration)

Indicator Influence of climate change

(1) Energy consumption
density

The effect on the energy consumption density is approximately proportional, slightly lower as hot water demand will
not change, and is therefore set to − 10%.

(2) Number of full load hours
per year

The effect on available heat sources and grid temperature corresponds to the effect by the thermal insulation
potential.

(4) Temperature level
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this research helps to better understand how the rele-
vant indicators can be identified in a general approach,
taking into account the mentioned special importance of
influence coming from system drivers.
Furthermore, there remains the question of the rele-

vance of each parameter. If a parameter influences more
relevant parameters among the system parameters, it
should rather be categorized as ‘active’ or ‘critical’ than
such parameters which influence less relevant parame-
ters. This of course would increase the necessity to
evaluate the importance of each system parameter,
which depends very much on the expertise of the in-
volved researchers. Classifying system parameters as im-
portant or less important brings new fuzziness into the
analysis. An alternative approach would be to set the-
matic groups with equal number of parameters. As an
example, total costs can be separated into investment
costs, energy costs, and maintenance costs. The choice
of either defining ‘total costs’ as a system parameter or
‘investment costs’, ‘energy costs’, and ‘maintenance costs’
would change the number of parameters influencing
costs or being influenced by costs.
It is proposed not to set strict borders between the

sub-categories ‘active’, ‘passive’, ‘critical’, and ‘buffering’.
Rather, an overlap should be established (‘to be further
discussed’) and the parameters within its borders should
be analysed each for each. Subsequently, there would be
another step of discussion needed. This proposed
method can be shown at the example of the quadrant
analysis in Fig. 4. The width of the section ‘to be further

discussed’ in Fig. 4 was set to 15% of the overall width,
but this is subject to an iterative process.
This proposed further discussion can be based on

similarities between classified and unclassified parame-
ters, and also, the position within the unclassified area
can give a hint. Anyhow, the method of Vester is no
mathematically precise way to analyse a system. It helps
to understand how parameters interact with each other
and should be applied for complex systems (e.g. DHS)
bearing in mind its qualitative nature.

Planning principles derived from the findings
In the ‘Results’ section and the previous discussion, it
was shown which changes affect the environmental and
economic feasibility of DHS in a positive way. From
these findings general planning principles regarding
spatial structures, buildings, and grids can be deducted
that are given in the following.

Spatial planning aspects

(a) Analyse the waste and renewable heat sources
potentials in a region

It was mentioned that a higher variety of heat sources
can enhance the environmental and economic feasibility
of DHS. Often, non-fossil sources are unknown and
therefore not considered. Local authorities shall investi-
gate the potential of waste heat and renewables in their

Table 9 Influence of change of mix of functions and building type on the indicators (own illustration)

Indicator Influence of mix of functions/building type

(1) Energy consumption
density

The mean value of energy consumption density is not affected by rearranging functions; only on a local level
changes will take place.

(2) Number of full load hours
per year

A better (higher) mix of functions can increase the number of annual full load hours significantly, from 2000 up to
4500 [11]. If spatial planning policies are effective enough, they can lead to a higher number of full load hours by
diversifying local functions. A concrete mean value of achievable increase is speculative, but may be set to 20%
which is easily accessible within the mentioned range.

(3) Available heat source(s) The number of available heat sources will rise as the variety of waste heat sources within a certain radius increases.

(4) Temperature level Temperature level in mixed areas could rise as the grid has to be designed for the highest needed temperature.
However, if applying local high temperature heat pumps, those consumers could be supplied without affecting the
overall temperature. Temperature cascades could be used as well. Therefore, the effect of mix of functions on the
temperature level will depend on the local circumstances and the specific technical approach.

Table 10 Estimated change the four indicators until 2050 considering different scenarios (own illustration)

Scenarios Energy consumption density
until 2050

Annual full load hours
until 2050

Variety of available heat sources
until 2050

Temperature level
until 2050

Density (building/population/
workplaces)

+ 10% ± 0% Increasing No effect

Thermal insulation − 15% − 10% Increasing Decreasing

Climate change − 10% Increasing Decreasing

Mix of functions/building type ± 0% + 20% Increasing Diverse

Total − 16% + 8% Increasing Decreasing
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area and make the use of identified sources in DHS ob-
ligatory if appropriate.

(b) Increase building density in a modest way

In growing urban areas, it makes more sense to in-
crease the building density within the settlement
borders than to extend the borders. This is beneficial
for DHS and additional reasons such as the reduc-
tion of traffic and the conservation of land for other
use, e.g. for agriculture.

(c) Enhance the mix of functions

A better mix of functions can make waste heat poten-
tials available and increase the number of full load hours
in order to use the grid capacity to a higher extent,
which is favourable especially for the economic, but also
for the environmental feasibility.

(d) Connect different infrastructure systems

A stable district heating (and cooling) grid offers new
possibilities to deal with the volatility of renewable en-
ergy generation. For instance, the power to heat or cold
solutions in smart grids might help to store locally avail-
able surplus electricity, e.g. from building-integrated PV
generation. As pointed out before, spatial parameters de-
termine the environmental and economic feasibility of
DHS and therefore the options to connect different in-
frastructure systems along the DHS grid.

Buildings’ aspects

(a) Implement low-temperature heating systems and
domestic hot water heat pumps

Low-temperature heating systems allow heat grids to
run on lower temperature making waste heat and renew-
able potentials easier to access and reducing heat losses.

(b) Make surplus energy available for the grid

Building technologies should be customized to the
available framework conditions. When a grid is available,
the spatiotemporal patterns of energy supply and de-
mand should be optimized in relation to the grid.

Planning of grids’ aspects

(a) Considering new grid typologies with disperse heat
producers

Buildings can be adapted towards lower temperatures,
but the grid has to take this opportunity; otherwise, re-
newable and waste heat potentials remain excluded.
Therefore, larger diameters of pipes have to be foreseen
and the opportunity for customers to feed in heat has
to be secured. Moreover, seasonal storages can in-
crease the potential of renewables as they are often
available in summer while consumption occurs in winter
predominantly.
With these planning principles, the complex interrela-

tions between the spatial structures and district heating
planning can be made operational. Spatial planners can
be made aware that parameters of urban planning highly
influence the possibilities of grid-bound heating and
cooling supply. Assuming that such energy grids will
also be essential in the future for integrating volatile
renewable energy generation via power-to-heat and
power-to-cold solutions, this contribution of spatial
planning to the energy transition may not be underes-
timated. Energy planners are empowered to consider
dynamics of the urban fabric where both changes in
the existing building stock and of new developments
in relation to available renewable energy sources and
climate change impacts influence the future feasibility
of district heating grids. How this system analysis can
be transferred into a decision support model is described
in [46]. Examples for application and lessons learned are
presented in [47].

Conclusion
The crucial indicators for district heating systems (DHS)
are ‘energy consumption density’, ‘full load hours’,
‘temperature level’, and ‘usable heat sources’. They can
be influenced by the active and critical system parame-
ters (system drivers) ‘mix of functions’, ‘potential of com-
pacting and extension’, ‘building density’, ‘density of
inhabitants’, ‘density of employees’, ‘building type’, ‘thermal
insulation potential’, and ‘used heat source(s)’. These pa-
rameters were identified in the system analysis after F.
Vester and describe the feasibility of future DHS.
While the energy consumption density will decrease in

average due to climate change and thermal insulation of
existing buildings until 2050 (new settlements are likely to
have even lower energy consumption densities), the num-
ber of full load hours and the variety of usable heat sources
will increase and temperature level is likely to decrease.
Newer (4th generation; [3, 22]) grid typologies running

at low temperature with decentralized heat pumps also
usable for cooling will gain importance [6]. Centralized
heat production will be complemented by feeding in
local heat sources, and thermal storages will gain im-
portance [48]. Grid temperatures will decrease especially
in new urban areas. For concrete DHS, changes until
2050 are more precisely quantifiable. According to the
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need for calculating long-term effects on DHS, research
was recently done towards the development of a tool
that shows the feasibility of DHS based on spatial, en-
ergy, material, and cost parameters ([46, 47]).
It was shown that there are a lot of reasons why DHS

can be advantageous: connection between areas with
thermal energy surplus and heat energy consumption,
economies of scale and higher resilience due to less im-
port dependency, and intensified use of local sources.
Nevertheless, resource intensity of the infrastructure,
heat losses in the grid, and highly insulated new build-
ings leading to low heat consumption densities set limits
to the areas where DHS lead to environmental and eco-
nomic benefits.
Knowing about locally available heat sources increases

the variety of available energy sources, and constructing
low-temperature heating systems in new and refurbished
buildings will support especially the environmental feasi-
bility of DHS. The design of grids will have to adapt to
these changes where necessary. Moreover, spatial plan-
ning turns out to be a central policy issue. By compact,
densely built settlements with a good mix of functions,
the framework conditions for DHS can be enhanced es-
sentially. It will depend on the future spatial planning
policies how large the share of DHS in the heating en-
ergy market will be. Nevertheless, DHS will remain en-
vironmentally and economically feasible in the future,
especially in densely built quarters with already existing
buildings.

Endnotes
1The term ‘anergy grids’ is also frequently used; however,

from a physics point of view, this term does not make sense.
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