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Abstract: Fourth-generation district heating networks (4GDH) can play a special role in the efficient
and climate-friendly use of energy. In this study, we have examined the strengths, weaknesses,
opportunities, and threats (SWOT) of this innovative technology. Using a combination of qualitative
and quantitative research methods, we assessed the SWOT-factors in terms of their importance.
Among the factors that were weighted with the highest relative importance were the ability of
4GDH to serve as a label bundling and stimulating considerations with respect to the further
development of district heating systems and the increased value creation within the national
economy through the inclusion of local, renewable energy sources. Moreover, the interviewed
experts agreed that regulatory frameworks in the context of 4GDH have to be further developed.
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1. Introduction

Climate change has severe consequences for nature and humanity, including sea level rise, ocean
acidification, and ecosystems loss [1]. The energy transition towards renewables is crucial for
reducing greenhouse gases and, thus, for mitigating climate change. The heating and cooling sector
is the largest single source of energy demand in Europe [2]. In the European Union, approximately
50% (6350 TWh) of the final energy demand in 2015 was used for heating and cooling. Since more
than 65% of the consumed energy was produced by fossil fuels [3], this sector has a significant
potential to reduce greenhouse gas emissions. To reduce greenhouse gas emission from the heating
and cooling sector, (i) energy usage must be reduced, (ii) systems have to integrate more renewable
and excess energy, (ii) the efficiency for generating, distributing, and using energy has to be
improved. The concept of smart energy systems was introduced by Lund et al. [4] to explore
synergies between different sectors. District heating has the potential to play a key role in future
smart energy systems [5,6]. Historically, the development of district heating has been classified into
different generations. The first generation of district heating systems was first installed in the United
States of America in the 1880s; these systems were based on steam, which led to high heat losses and
dangerous operational conditions. Systems of the first generation are still used today (e.g., in Paris or
New York). Starting in 1930, the first district heating systems based on pressurized hot water were
built. These systems belong to the second generation of district heating. The supply temperature in
most systems was above 100 °C. In the 1970s, the third generation of district heating systems was
introduced. The main difference to the previous generation was a lower supply temperature.
Additionally, the first renewables were integrated into the system. The fourth generation concept (4th
generation district heating (4GDH)) aims to achieve an integral role for district heating systems in an
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overall intelligent energy system. The main differences to the previous generation are lower supply
temperatures, the integration of low-temperature excess heat, and the integration of large shares of
renewable heat sources [6,7]. The introduction of 4GDH involves technical challenges, such has low
supply temperatures [8,9], large-scale renewable energy integration [10,11], or the integration of
storage technologies [12,13], but also non-technical challenges, such as consumer acceptance [14,15],
new business models for district heating [16,17], or regulatory frameworks [18,19]. Figure 1 shows a
keyword analysis on Scopus [20].
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Figure 1. The number of publications between 2012 and 2018 that include the term 4th generation
district heating in their article title, abstract, or keywords according to the literature database Scopus.
A significant increase in such publications can be observed between 2015 and 2017.

Since it is a relatively new concept, an elaborate analysis of its technology-inherent strengths
and weaknesses and external opportunities and threats of the technology environment is lacking.
This study thus aims to identify the most important strengths, weaknesses, opportunities, and threats
(SWOT)—the factors that might significantly influence the further development and dissemination
of 4GDH, both positively and negatively.

Main Contribution

The major contribution of this research is a comprehensive discussion about 4GDH based on a
survey of expert opinion. Therefore, we carried out a two-stage empirical study with the participation
of 41 experts in the field of district heating with an involvement in the 4GDH system. We applied a
hybrid method by combining a SWOT analysis with an analytic hierarchy process (AHP), resulting
in a SWOT-AHP analysis. To the authors’ knowledge, a research design of this kind is novel in the
field. Furthermore, we asked experts about research gaps in the field of 4GDH. The questionnaire,
together =~ with  all  quantitative  answers, is freely  available at  GitHub:
https://github.com/GersHub/Survey-on-4GDH.

2. Method

To achieve this goal, we pursued a three-stage research plan, consisting of a literature review,
qualitative expert interviews, and a quantitative expert survey. First, we analyzed the relevant
scientific literature to identify those aspects and challenges that scholars considered to be particularly
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important for the further development of the technology. Based on this, we employed a two-stage
empirical survey. The purpose of the first empirical round was to validate or extend the factors that
had been derived from the literature by expert interviews. For the development and dissemination
of 4GDH, we identified four major expert groups: (i) academia, (ii) energy providers/network
operations, (iii) public authorities, and (iv) building project organizers. We selected the individual
experts from academia based on their number of publications on 4GDH or related topics that are
listed in the literature database Scopus [20]. The experts from practice were chosen according to their
actual or potential involvement in 4GDH projects. In the first empirical round, we invited a total of
ten persons to qualitative interviews, of which eight agreed (see Table 1).

In these interviews, which took place in April 2019, we introduced the topics in a very broad
context and asked open questions to avoid possible biased answers and to avoid missing important
issues and perspectives. We transcribed the interviews and conducted a qualitative content analysis
of the answers, following the method by Mayring [21] for systematic text analysis. The analysis ended
in a list of relevant technology-inherent strengths and weaknesses, as well as technology-external
opportunities and threats of 4GDH, representing the findings from the literature review and the first
round of expert interviews.

Subsequently, we carried out a second round of expert survey, to get expert judgments on the
relative importance of the SWOT-factors. For this, we applied the analytic hierarchy process (AHP)
method, according to Saaty [22]. The AHP method has been applied in a wide range of different
studies, such as on strategic energy management in industry [23], renewable energy technologies
[24,25], or modeling and simulation techniques [26,27]. The goal of the combination of a SWOT and
an AHP analysis is to quantify the relative importance of the respective SWOT factors. In our second
empirical round, 148 experts from the four expert groups received the link to an online survey
constructed with the survey tool Lime Survey, leading to a total number of 41 complete answers; 24
of them from academics and 17 from practitioners (see Table 1). Thus, the response rate was 27.7%.

In the online survey, experts were asked to compare each factor in a SWOT group with all other
factors in the respective group in pairs, for example, to determine which strength is more important
for each pair of strengths and how much more important. The relative importance of the factors could
be classified using a nine-level ratio scale proposed by Saaty [28]. The scale ranged from 9:1 (the
first factor is considered to be much more important than the second factor) to 1:9 (the second factor
is considered to be much more important than the first factor). The middle of the scale was 1:1 and
meant that both factors were considered equally important. Even numbers were omitted as
intermediate values to not offer a too high number of gradations that would have exceeded the
human ability to differentiate. Since we had three factors in each SWOT group, three comparisons
were necessary within each group following the logic explained above. Hereby, we randomly
changed the order in which the SWOT factors were compared so that the order could not lead to a
systematic bias of the answers. After the pair comparisons in each SWOT category, the experts were
also asked to name other potentially important factors that had not been considered in the pair
comparisons. After the comparisons within the four SWOT categories, the experts had to make
comparisons between the four SWOT groups, which required an additional six comparisons.

The results of the pair comparisons show the relative importance of one factor relative to the
other. Thus, the importance of factor a relative to factor b given by expert i can be represented by the
quotient w(a);/w(b);. If the quotient results in an odd number from 3 to 9, this means that factor a
is considered more important than factor b; the reciprocal value means that factor b is considered
more important than factor 4; the value 1 means that both factors are equally important. We have
aggregated the results of the comparisons by individual experts by calculating the average values of
all respondents within the respective groups. Then, we have normalized these values so that the less
important factor gets always the value 1, and consequently, the more important factor a value
between 1 and 9.

These normalized values and their reciprocal values were subsequently entered into the five
evaluation matrices, one 3 X 3 matrix for each SWOT category and one 4 X 4 matrix for comparing
the SWOT categories with each other. We used the eigenvalue method, according to Saaty [29] to
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calculate the weighting factors and relative priorities. Here, we squared the judgment matrices,
calculated the sums for each line, and normalized the values so that the vector sums to 1. We
repeated this process until the difference between the values in the vector became marginal. In this
case, the highest difference between the values of the first and the second vector was already as low
as 0.002, so that only one repetition was necessary. Further, we calculated the consistency ratios for
each judgment matrix, according to Saaty [29]. Finally, we multiplied the values of the eigenvectors
of the judgment matrices for each SWOT category (local priorities) with the weighting factor of the
respective SWOT group. In this way, we obtained the overall weighting factors for all the SWOT
factors, again normalized so that they sum to 1.

Table 1. Composition of the samples of the first and second phases of the empirical survey.

Approach Research Practitioner
Buildi
Academic Public wiaing Network
S Project Other Total
Experts Authorities . Operators
Organizers
SWOT. Ph.ase 1 3 » 5 1 ) 3
qualitative
SWOT Phase 2
semi- 24 4 3 8 2 41
quantitative
Qualitative
Questions 24 3 3 8 2 40
(Phase 2)

In addition to the pair-wise comparisons, we added qualitative questions in the survey to gain
further information about research fields in the context of 4GDH. We asked the experts to assess their
level of agreement with 13 statements on a seven-level Likert scale. The possible levels at the scale
were (7) Entirely agree, (6) Mostly agree, (5) Somewhat agree, (4) Neither agree nor disagree, (3) Somewhat
disagree, (2) Mostly disagree and (1) Entirely disagree. In total, 40 respondents completed this part of the
survey (see Table 1).

2.1. Presentation of the Results

Hallowell and Gambatese [30] pointed out that the median value is preferable to the mean value
for presenting and discussing results; the median value is less prone to outliers. Sachs [31] argued
that the interpolated median is better suited than the median value. The interpolated median gives a
measure within the lower and upper bound of the median, in the direction that makes the data more
heavily weighted. The interpolated median is calculated as follows:

Mifn, =0
M= —0s+ 22" in, 2 00 g
2

where N stands for the total number of responses, n; for the number of values strictly lower than
M, and n, for the number of values equal to M [32]. The responses are analyzed in terms of their
interpolated median (IM), median (M), and mean. This should guarantee a transparent presentation
of the results. Furthermore, the results of the quantitative questions are presented in a bar chart in
the Appendix A.

2.2. Threats to Validity and Limitations of the Study

There is no general criterion that allows an unbiased comparison of the impact of a researcher’s
work. This applies, in particular, to the comparison between disciplines. The selection of scientific
experts for this study was based entirely on the number of publications. The authors are aware that
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this is a threat to validity. However, the authors claim that this is the most transparent selection
procedure. Experts from industry were selected based on their actual or potential involvement in
4GDH projects. This selection process ensured that experts from industry who do not publish their
work in peer-reviewed journals, nevertheless, participated in the survey. The experts who
participated in this study had to have experience in the field of 4GDH systems. This could be
considered as unrepresentative as the assessment of experts in the field of district heating, who have
no experience in the field of 4GDH systems, could be considered very valuable. The same applies,
however, to experts whose expertise is even broader, e.g., in the field of smart cities (energy,
transport, ICT, etc.). This paper thus presents an assessment of SWOT factors by experts who are
familiar with the technology. Experts who have experience with 4GDH systems may be biased
because they may have developed a positive attitude towards the technology.

3. Results and Discussion

This chapter presents the results and discussion of the SWOT/AHP analysis; the most significant
strengths, weaknesses, opportunities, and risks of 4GDH were identified and compared according to
their relative importance (Section 3.1). Furthermore, research needs in the field of 4GDH are
discussed in Section 3.2.

3.1. SWOT-AHP Analysis

An overview of the SWOT factors identified in the first round can be found in Table 2.

Table 2. Summary of strengths, weaknesses, opportunities, and threats (SWOT) factors with respect
to fourth-generation district heating networks (4GDH) based on the first round of interviews.

Positive Negative
Internal Strengths Weaknesses
Sa: Sector coupling [33,34] Wa: No direct supply of DHW [6,35]
Se: Label promoting future developments in Wh: Lacks cost efficiency in the short
district heating and middle term [7, 36]

We: Difficult adapti f existi
Sc: Contribution to the decarbonization of the Hicuit adaption of existing

district heating networks in dense
heating sector [37] &

areas [38]

External Opportunities Threats

O.: Value creation within the national economy T.: Decreasing heat demand [44,45]

[39-43]
Ob: Tendency to low-temperature heating Tv: Competitive technologies
systems in new buildings [6,46] becoming more attractive [40,47-49]

Oc: District heating plays an important role in the
heating and cooling strategy of the European Te: Existing heat supply contracts
Commission [50]

In the following, we describe the SWOT factors that were identified in the first round. A detailed
discussion of the respective factors is beyond the scope of this paper, and we refer to the literature in
Table 1.

A key feature of 4GDH systems is the connection to different sectors, such as electricity or
transport (Sa). Several experts mentioned that the concept of 4GDH serves as a label that bundles and
stimulates future developments in district heating (Sv); this factor is not discussed in the literature.
Another feature of 4GDH, which was mentioned various times in the qualitative expert interviews,
is the utilization of high shares of renewable energy sources contributing to the decarbonization of
the heating sector.

Many European countries have existing regulations that require a minimum temperature of 60
°Cin central hot water tanks and connected pipes to avoid the growth of Legionella bacteria in district
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heating networks (DHW). 4GDH systems are envisioned to be operated with lower temperatures.
Therefore, a direct supply of DHW without additional heating or other water disinfection methods
is not possible (Wa). Other weaknesses frequently mentioned in the first round was the cost efficiency
of 4GDH, especially in the short and middle term (Wv) and difficulties in the adaption of district
heating systems in dense areas (Wc). The high replacement cost of district heating networks is one
reason why the New York district heating system is still operated with steam [38].

The concept of 4GDH involves a shift from fossil energy sources to renewable energy sources,
which are usually sourced locally and, therefore, lead to value creation within the particular country
(O.). Especially, new buildings are equipped with panel heating (i.e., floor, ceiling, or wall heating)
and have a lower heat demand because of better heat insulation compared to older buildings.
Consequently, 4GDH systems are well-suited for a large number of new buildings (Ov). The
European Commission mentions the expansion of highly efficient district heating and cooling
networks in its Energy 2020 energy strategy (Oc) and experts see this as an opportunity.

A significant reduction in heat demand or heat demand densities evokes challenges such as
higher relative heat losses. Therefore, the spread of passive houses or active houses that have low
demand is a possible threat for 4GDH systems (Ta). Another potential threat mentioned by experts is
alternative low-temperature heating options that are becoming more attractive; heat pumps have
been mentioned several times in this context. (Tv). Various experts mentioned existing heat supply
contracts as a threat; in such contracts, the consumer is guaranteed a specific supply temperature.
Therefore, the consumer needs to be involved in the process of lowering the temperature in the
system.

As outlined in Section 2, in the second round of interviews, an AHP was carried out to evaluate
the relative importance of the SWOT-factors. Since the share of respondents who completed the entire
questionnaire comprises almost equal parts by experts with an academic background and experts
with a practical one, the answers of these two groups were analyzed separately. For each SWOT
group, the consistency ratio (CR) was calculated and compared with the suggested limits by Saaty
[51]. In two SWOT groups, the CR was too high. The CR for the comparisons in the field Strengths of
academic experts was 14.2%, and the CR for the Opportunities of the practitioners was 5.1%, both
higher than the suggested limit of 5%. The CR for each respondent was thus calculated, and
comparisons with a significantly higher CR than the others were removed for the respective SWOT
group. Four comparisons of academic experts and five comparisons of practitioners were removed.
After this step, all CR were below the limit of 5% (see Table 3 and Table 4). The results of the SWOT-
AHP analysis are presented in Table 3 for academic experts, in Table 4 for practical experts, and in
Table 5 in an aggregated way, combining academic and practical experts. Three types of relative
priorities are specified in the tables: the priority of each SWOT group, the local priority of each factor
within the group, and finally, the global priority of each factor. The factors with the highest priorities
are marked with the superscripts a (purple: highest local priority) and b (red: highest global priority).

Please note that for the sake of clarity, the individual factors are presented in an abbreviated
form. The exact wordings as they were formulated in the questionnaire can be found in Appendix B.

Table 3. Results of the SWOT/analytic hierarchy process (AHP) for academic experts.

Local Global

WOT F
SWOT Factors Priority Priority

Sa: Sector coupling

Strengths Sb: Label promoting future developments in district 0.16 0.053

Priority: 0.33 heating 0.622 0.201°
CR:1.5% Sc: Contribution to the decarbonization of the heating 0.22 0.072

sector

Weaknesses W N,O ,dlreCt, supply of DHW . 0.27 0.034
.. Wh: Lacks cost efficiency in the short and middle term

Priority: 0.13 We: Difficult adaption of existing district heatin 049 0.062
CR: 0.6% ¢ P & 8 0.24 0.031

networks in dense areas
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Oa: Value creation within the national economy
Ob: Tendency to low-temperature heating systems in

Opportunities new buildines 0.45 2 0.165
Priority: 0.37 . . '8 . 0.24 0.087
O.c: District heating plays an important role in the
CR: 0.1% . . 0.32 0.116
heating and cooling strategy of the European
Commission
Threats Tb: Com Tea:ti];\ez(e:rfjcs;;ill;eaitj Eiiﬁn more 0.36 0.070
Priority: 0.18 b -Omp attracﬁge & 0.27 0.037
CR: 4% v 0.37+ 0.073

Te: Existing heat supply contracts

aFactor with the highest local priority in each SWOT group; ® Factor with the highest global priority.

Table 4. Results of the SWOT/AHP for practitioners.

SWOT factors L.oc;?l G%ob.al
Priority Priority
Sa: Sector coupling
Strengths Sb: Label promoting future developments in district 0.15 0.047
Priority: 0.32 heating 0.65 2 0.211
CR: 1.52% Se: Contribution to the decarbonization of the heating 0.20 0.064
sector
Weaknesses Wa: No direct supply of DHW 0.30 0.042
.. Wh: Lacks cost efficiency in the short and middle term
Priority: 0.14 We: Difficult adaption of existing district heatin 0.36 0.051
CR: 0.2% N prion | 8 & 0.34 0.048
networks in dense areas
Oa: Value creation within the national economy
: T to low-t t heati t i
Opportunities Oe: Tendency to OVI\:Le ;nl\)lﬁfgisrz eating systems in 0.70 2 0.231"
Priority: 0.33 . . '8 . 0.11 0.037
O.c: District heating plays an important role in the
CR:3.2% . . 0.19 0.063
heating and cooling strategy of the European
Commission
TaZ D i 1’1

Threats Tv: Com etiti\ezzrtejcslfrllgoloe?z: Eztzrrfin more 0.44° 0.079
Priority: 0.20 o -omp attracﬁge & 0.26 0.066
CR: 4.6% 0.30 0.059

T.: Existing heat supply contracts

aFactor with the highest local priority in each SWOT group; ° Factor with the highest global priority.

Table 5. Results of the SWOT/AHP Analysis (aggregated way).

SWOT Factors G!ob.al Global
Priority Rank
Sa: Sector coupling
Strengths Se: Label promoting future developments in district 0.05 9
Priority: 0.32 heating 0.205 1
CR:1.5% Sc: Contribution to the decarbonization of the heating 0.068 5
sector
Wa: No direct supply of DHW
Weaknesses Who: Lack of cost efficiency in the short and middle 0.038 11
Priority: 0.13 term 0.058 8
CR: 0.4% We: Difficult adaption of existing district heating 0.037 12
networks in dense areas
Oppri)::;noltglzs Oa: Value creation within the national economy (O)(l)zg 2
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CR: 0.8% Ov: Tendency to low-temperature heating systems in 0.098 3
new buildings
Oc: District heating plays an important role in the
heating and cooling strategy of the European

Commission
Threats ' Competitive eehnlogies becoming more 0098 4
Priority: 0.19 o -Ompetty attr;’cgge omimng mo 0.047 10
Vv
CR: 4.3% 0.067 7

T.: Existing heat supply contracts

The number of additional SWOT factors suggested by experts was low compared to the number
of respondents, and each factor was only mentioned once; thus, it can be concluded that the identified
SWOT factors in the first stage of the SWOT/AHP analysis were correct. We want to stress that all
factors listed in Table 2 were considered to be important by the experts. The AHP analysis ranks the
individual factors. However, it does not mean that factors that are ranked low are not considered
important.

Figures 2 and 3 illustrate the results graphically. Each graph is divided into four sections, one
for each SWOT field, following the conventional logic strengths —weaknesses—opportunities—
threats. The individual factors are named and indicated by a transparent circle. With a higher distance
from the origin (0; 0), the importance of the individual factor increases. The different SWOT fields are
illustrated with red or blue circles and a line marking their distance from the origin. The longer the
line (i.e., the higher the distance from the origin), the greater the importance of the respective SWOT
field.

Strengths Weaknesses

0.40

Sp: Label promoting future 5 N p
developments in DH 0.30 Whs: Lacking cost efficiency in
short and middle term

e P— 0.20 | Wa: No direct supply of DHW
S.: Contribution to the decarbonization s
of the heating sector [ !

010 W.: Difficult adaption of existi
: v _| We:Difficult adaption of existing
Sa: Sector coupling } """""""""""" S JUNTORY ” DH networks in dense areas
0.45 0.35 0.25 0.15 0.05 0.05 0.15 0.25 0.35 0.45
Op: Tendency to low temperature heating | __---=-="""""" - = 0.10 Y L g::;ﬁ:t:‘ir;egz?:c[?gfs
systems in new buildings 1 N
O,: District heating plays important role .- 0.20 W,
in heating and cooling strategy of the EC : “. \
0;: Value creation within “, | T: Decreasing heat demand |
the national economy 0.30 \
0.40 I T.: Existing heat supply contracts |

Opportunities Threats
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Figure 2. Results of the assessment of academic experts. The fields highlighted in red have the highest

importance in the respective field; the fields highlighted in grey, the second-highest importance, and
the fields highlighted in white the third-highest importance.

Strengths Weaknesses

Sp: Label promoting future
developments in DH Wp: Lacking cost efficiency in
b short and middle term

S.: Contribution to the decarbonization
of the heating sector R 0.20

W,: Difficult adaption of existing
DH networks in dense areas

S,: Sector coupling ___\\‘\\ 0'10,"’ ,,"/’
""""" 14 i W;: No direct supply of DHW

0.5 0.4 0.3 0.2 01 01 0.2 0.3 0.4 0.5

J 14 <7 ==~~o.__| Tu: Competitive technologies

Op: Tendency to low temperature become more attractive

heating systems in new buildings [~ _,x"’ 0.10 A"
O,: District heating plays important role { L BT (G ) COEEE l

in heating and cooling strategy of the EC 0:20

0.30 3
0;: Value creation within | T,: Decreasing heat demand

the national economy

0.40
Opportunities Threats

Figure 3. Results of the assessment of practitioners. The fields highlighted in blue have the highest
importance in the respective field; the fields highlighted in grey, the second-highest importance, and
the fields highlighted in white the third-highest importance.

The results of the academic and practitioner SWOT-AHP analysis indicate that positive factors
related to strengths and opportunities dominate the negative factors, weaknesses and threats. All
global priorities of positive factors are greater than or equal to 0.32; the highest global factor of
negative factors is 0.2 (threats in the practitioners SWOT-AHP). Thus, it can be concluded that the
participants in the expert survey attribute the concept of 4GDH a high potential. Comparing the
external versus internal factors, both expert groups rated the external factors higher than their
internal counterparts. This indicates that the technology environment has the potential to
substantially influence the further development of 4GDH in a negative or positive way.

As can be seen in Table 2 and Table 3, both expert groups assigned the greatest global importance
to the same two elements. While academic experts consider the factor “Label promoting future
developments in district heating” to be the most important of all 12 factors, practitioners considered
“Value creation within the national economy” as most important. These two factors have a significantly
higher global priority than the other factors in both expert groups. The most important global factor,
according to the aggregated results (Table 4), is “Label promoting future developments in district heating”;
it should be stressed that this factor is not discussed in the literature. Another important aspect is that
the literature has already introduced 5th generation district heating systems [52,53]. The 5th
generation is characterized by distribution temperatures close to that of the ground, thus allowing
this to be put to work for heating and cooling systems. There is no definition as to when a new
generation (in this case the 5th) is to be introduced and what can be regarded as a technical or
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conceptual further development of an existing generation (in this case the 4th). The authors consider
the introduction of a 5th generation to be inappropriate for the following reasons: (i) the 4GDH was
introduced 2014 [6] (This can be considered as the main publications, but we want to mention that
the 4GDH was already mentioned in the literature in 2012.) and has bundled research and
development work in the field of district heating since that time. It has established itself as a label,
and it is doubtful whether upgrading to a new generation is beneficial to bundle research activities
or in the communication to political decision-makers, industry, and the public. (ii) A Scopus keyword
search indicates that the concept of the 5th generation is not yet widely adopted by the scientific
community; only two publications have “5th generation district heating” in the article title, abstract,
or keywords. (iii) The proposed enhancements compared to the 4GDH can be seen as an extension of
4GDH and do not require the introduction of a new generation. In general, we would like to point
out that the successful introduction of a new generation naturally goes hand in hand with academic
recognition ([6] has already more than 550 citations, according to Web of Science.). We would like to
point out that experts with 4GDH experience may be biased on this question.

The factor with the second-highest priority, according to academic experts, and with the highest
priority, according to practitioners, is “Value creation within the national economy”. Although this factor
has been discussed in the literature in different contexts, a detailed analysis in several countries has
not yet been published. Park et al. [41] presented a study on how consumers benefit from district
heating service in Korea. National benefits were assessed on the assumption that consumers switch
from individual heating to district heating.

Valodka et al. [42] analyzed the impact of renewable energy on the economy of Lithuania. They
concluded that switching to biofuels in district heating would reduce the cost to the consumer by one
third.

The global priority assigned to the remaining 10 factors is very close for both expert groups.
They are between 0.031 and 0.116 for the academic experts and between 0.037 and 0.079 for the
practical experts. Academic experts attributed the third-highest priority to the external opportunity
of district heating and smart grids being included in the heating and cooling strategy of the European
Commission; by contrast, those experts with a practical background rated the threat of a decreasing
heat demand as the factor with the third highest priority. The strength factors “Sector coupling” and
“Contribution to the decarbonization of the heating sector” were given a low global and local priority by
both expert groups, even though these internal strengths are described as a core feature of 4GDH in
the literature [4,6,34]. The economic performance of district heating systems compared to concurrent
technologies has been widely discussed in the literature [40,47-49]. The experts consider the “Cost
efficiency in the short and middle term” as a weakness of 4GDH. Previous research has shown that the
competitiveness of district heating is particularly sensitive to heat density [7,36]. The experts consider
the factor “decreasing heat demand” as a threat. While some authors (e.g., [47]) take lower heat demands
in the future into consideration and present this factor as a precondition for 4GDH, the experts taking
part in the present survey mentioned an increasing number of active or passive houses as a threat to
district heating; a low heat demand could lead to district heating becoming obsolete. The threat of
“Competitive technologies”, such as heat pumps, was mentioned both in literature and in the
interviews.

3.2. Additional Quantitative Questions

Following the paired comparisons of the SWOT factors, the respondents were asked the
question: “To what extent do you agree to the following statements?” As already mentioned above,
the possible answers ranged from (7) Entirely agree to (1) Entirely disagree on a seven-point Likert scale.
The subsequent Tables 6 and 7 show the mean, median, and interpolated median of the answers for
the respective questions separated in the answers of academic experts and practitioners. All results
are displayed in a bar chart in the Appendix A.
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Table 6. Statistical analysis of the answers of academic experts.

. Interp.
Mean Median Median
Regulatory frameworks for 4GDH are already developed (e.g.,
. . 2.88 2 2.23
bans on oil and gas boilers, CO: taxes...).
User confidence in neYV tech.nology has been sufficiently )83 25 250
investigated.
Facilitating active consumer participation has been sufficiently 3.9 3 313
investigated (e.g., via mobile applications, gamification). ) )
User behavior has been sufficiently investigated (e.g., increasing
3.46 3 3.17
comfort standard).
Sophisticated control tools have already been developed and
available (cross-domain, fully dynamic analysis; predictive 3.50 3.5 3.50
control algorithms).
The impact of temperature errors in district heating systems has
been sufficiently investigated (e.g., substations generating too 3.46 3.5 3.50
high return temperatures).
Construction standards have been consequently considered to
avoid peak demands (e.g., by integrating storage mass into 3.50 4 3.67
buildings).
Smart metering (with intelligent control systems) has been
- . . 3.83 4 3.90
sufficiently investigated.
Sophisticated planning tools are already developed (cross-
. . . 3.71 4 4.00
domain, fully dynamic analysis).
Renovation costs for buildings have been sufficiently 4 4 400
investigated. '
Alternative options to avoid Legionella growth in domestic hot
water have been sufficiently investigated (e.g., infrared cleaning, 4 4 4.00
apartment substations instead of central hot water supply).
Load forecasting methods have been sufficiently investigated 421 4 417

(e.g., based on artificial intelligence techniques).

The impact of increasing pump energy demand caused by a
lower temperature difference between supply and return 4.33 4 4.36
temperature has been sufficiently investigated.

Table 7. Statistical analysis of the answers of practitioners.

. Interp.
Mean Median Median
Regulatory frameworks for 4GDH are already developed (e.g., 331 25 250

bans of oil and gas boilers, CO: taxes...).
Construction standards have been given thorough consideration
as a means of avoiding peak demands (e.g., by integrating storage = 3.40 3 3.00
mass into buildings).

User confidence in new technology has been sufficiently

) . 3.60 4 3.00
investigated.
Sophisticated planning tools have already been developed (cross-
; . . 3.73 4 3.33
domain, fully dynamic analysis).
Facilitating active consumer participation has been sufficiently 3.80 4 367

investigated (e.g., via mobile applications, gamification).
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The impact of temperature errors in district heating systems has
been sufficiently investigated (e.g., substations generating too 3.87 4 3.80
high return temperatures).

Smart metering (with intelligent control systems) has been

- . . 3.87 5 4.40
sufficiently investigated.
Load forecasting methods have been sufficiently investigated 4 4 400
(e.g., based on artificial intelligence techniques). ]

User behavior has been sufficiently investigated (e.g., increasing

4 4 413
comfort standard).

Sophisticated control tools have already been developed (cross- 407 4 413

domain, fully dynamic analysis; predictive control algorithms).

Alternative options to avoid Legionella growth in domestic hot

water have been sufficiently investigated (e.g., infrared cleaning, = 4.27 4 4.20

apartment substations instead of central hot water supply).
Renovation costs for buildings have been sufficiently

. . 4 5 4.33
investigated.
The impact of increasing pump energy demand caused by a
lower temperature difference between supply and return 4.47 5 4.67

temperature has been sufficiently investigated.

As can be seen, all values are in the range between Mostly disagree and Somewhat agree. The
statement with the highest rate of disagreement is the one concerning regulatory frameworks
(academic experts: IM = 2.23; practical experts: IM = 2.50). Work has recently been done on the
regulatory frameworks for district heating systems (see e.g., [54-56]). The results of the survey
indicate that more research is required in the field of regulatory frameworks for district heating
systems.

The statement with the highest rate of agreement concerns the possible increase in pump energy
demand, which covers a relatively technical topic. It implies that, according to the interviewed
experts, this subject has already been sufficiently included in 4GDH analyses (see, e.g., [57-59]). The
rate of agreement that user confidence in the new technology has to be further investigated was
relatively high among academic experts (/M = 2.5), which could be a starting point for further
research. The IM for the remaining statements is in the range between 3.00 and 4.30; no clear trend
can be derived from these results.

4. Conclusions

This paper presents an expert assessment of 4GDH. A group of 41 experts from academia,
industry, and public administration participated in a two-stage empirical survey resulting in a
quantitative assessment of strengths, weaknesses, opportunities, and threats of the 4GDH together
with an evaluation of the research needs in this field. The main findings from this survey are:

° Positive factors, i.e., strengths and opportunities, are considered to be more important than their
negative counterparts, weaknesses and threats.

¢ Both academic and practical experts assigned the same two elements the highest global
importance, with a difference only in the order they assigned to them. While academic experts
consider the factor “label promoting future developments in district heating” to be the most
important, the practitioner experts considered “value creation within the national economy” as most
important. The authors consider the introduction of a 5th generation to be inappropriate at the
present time.

e The most important research needs identified by the experts are in the field of regulatory
frameworks.

The results of this research can be used as a basis for a purely deductive study in which different
hypotheses can be tested with a larger sample. A similar study with experts would be interesting,



13 of 16

Energies 2019, 12, 4748

who do not work in the area of 4 GDH systems but have expertise in the area of district heating or

smart cities.
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Appendix B

SWOT Factors:

[Sa]: It supports sector coupling by the integration of the electricity, heating, cooling, and

transport sectors

[Sp]: It serves as a label that bundles and stimulates considerations about the future development

of district heating
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[Sc]: It contributes to the decarbonization of the heating sector by using high shares of renewable
energy sources and waste heat from processes in industry and commercial buildings

[Wa]: Direct supply of domestic hot water without additional heating or other water disinfection
methods is not possible (due to regulations concerning Legionella bacteria)

Wh]: Lacks cost efficiency in the short and middle term

We]: Difficult adaption of existing district heating networks especially in densely settled areas

[
[
[Oa]: Value creation within the national economy due to the use of local resources
[Os]: Tendency to low-temperature heating systems in new buildings

[Oc]: District heating plays an important role in the heating and cooling strategy of the European

Commission

[Ta]: Decreasing heating demand (through thermal insulation, passive houses, active houses...)
[To]: Competitive technologies becoming more attractive (e.g., heat pumps)
[Tc]: Existing heat supply contracts which guarantee the consumer a specific supply temperature
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