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a b s t r a c t

The recovery of industrial excess heat for use in district heating systems can be characterised by great
political interest, high potential, low utilisation and often high profitability. These characteristics reveal
that barriers are present for its greater utilisation. One identified barrier is the risk that industries with
excess heat can terminate their activities, resulting in the loss of heat recovery. Excess heat recovery
investments are therefore sometimes rejected, despite them being viable investments. The risk of
termination of industrial activities has been assessed by a study of 107 excess heat recoveries in Sweden.
The analysis verified that terminated industrial activities are one of two major explanations for termi-
nated heat delivery. The other major reason is substitution by another heat supply. These two expla-
nations correspond to approximately 6% of all annual average heat recoveries. The identified risk factors
are small annual heat recovery and the use of heat pumps when low-temperature heat was recovered.
The main conclusion is that a small proportion of industrial heat recovery has been lost in Sweden
because of terminated industrial activities. The risk premium of losing industrial heat recovery for this
specific reason should be considered to be lower than often presumed in feasibility studies.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. International context

District heating companies provide heat to consumers through
heat distribution networks. The heat supplied is mainly recycled
from external activities, such as thermal power generation, waste
incineration and energy-intensive industrial processes. The
fundamental business idea is simply to reuse existing heat sources
[1]. This reuse of heat is complemented with direct heat generated
by boilers or large heat pumps. Internationally, the most common
form of heat supply to district heating systems is in synergy with
thermal power generation [2], when heat is supplied from com-
bined heat and power (CHP) plants. Most of these CHP plants still
use fossil fuels, however. With respect to lower emissions of carbon
dioxide, this fossil-based heat recovery should be substituted with
a combination of renewables and further heat recoveries, such as
recovery from industrial excess heat.

This possible reuse of existing excess heat streams has been
gnerud), sven.werner@hh.se
identified by the European Commission: “In its 2016 impact as-
sessments for the reviews of the Energy Performance in Buildings
Directive, the Energy Efficiency Directive, the Renewable Energy
Directive and for the newMarket Design Initiative, the Commission
will analyse different options to help buildings and industry shift to
efficient, decarbonised energy systems based on renewable energy
sources and the use of waste heat” [3]. The background to this
heightened political interest is that industrial excess heat recovery
can contribute to overcoming the energy efficiency gap, i.e., the gap
between identified cost-efficient energy efficiency measures and
their implementation rates [4]. By closing the energy efficiency gap,
primary energy would be saved, greenhouse gas emissions would
be reduced, and heat could be utilised that otherwise would be lost.

The potential for industrial heat recovery is high in Europe.
According to a survey of various estimated potentials for different
countries [5], the EU technical potential, without any restrictions,
could be 2.7 EJ/year. This corresponds to about one-quarter of the
European heat demands for buildings of about 10 EJ/year [2]. It is
known that the most suitable heat to be recovered comes from
industrial sites having excess heat from high-temperature pro-
cesses [6]. A systematic heat cascading concept for an integrated
industrial-urban system was presented in Ref. [7]. Internationally,
the high potential for further use of industrial excess heat in district
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heating systems has been verified and assessed for the United
Kingdom [8], Spain [9], Germany [10,11], Denmark [12], China
[13e15] and the European Union [16,17].

The current utilisation of recovered industrial heat is low,
compared to the total heat supply in national district heating sec-
tors. A brief survey is provided in Table 1 for some countries with
developed district heating systems. This information was mainly
obtained from national sources from Denmark [18], Finland [19],
France [20], Germany [21], Russia [22] and Sweden (this study),
since the International Energy Agency energy balances do not
report these heat supplies properly because these regular energy
balances do not track heat deliveries between different end-user
groups. The total volume of industrial heat recovery in the EU can
be estimated at about 30 PJ/year, which is about 1% of the full
technical potential reported in Ref. [5].

In the literature, some studies have indicated the typical static
payback periods for industrial excess heat recovery investments,
concerning connections to existing district heating networks. In-
terviews with some Swedish industrial companies in Ref. [4]
revealed payback periods of one to three years for excess heat re-
covery investments. The connection of the second oil refinery in
Gothenburg, Sweden in 1997 was reported in the local newspaper
as having a total payback period of about four years [23]. One plate-
exchanger manufacturer communicated the case story of Helsing-
borg, Sweden as an example of a successful industrial heat recov-
ery. This cooperation initially had an overall payback period of less
than one year [24]. A recent UK study estimated that some initial
industrial heat recoveries could be commercially implemented
with payback periods of less than two years [25]. An Italian case
study of a small industrial heat recovery was reported as having a
payback period of five years [26]. A recent paper [27] reported that
payback periods of around three years could be achieved for a
number of cases concerning a petrochemical cluster in Sten-
ungsund, Sweden.

These payback periods for industrial excess heat recovery in-
vestments do not appear to be substantially longer than for other
alternative investments in energy supply. An indicative conclusion
is that most suitable industrial excess heat recoveries could be
connected to existing district heating systems with payback pe-
riods of between one and seven years; however, shorter payback
periods should be expected in countries with developed policy
instruments for the substitution of fossil fuels, such as carbon taxes
or emissions trading.

Internationally, the identified combination of high potential,
low utilisation and often high profitability reveals that major bar-
riers exist for investment in excess heat recovery.
1.2. Current knowledge concerning barriers to industrial excess
heat recovery

Barriers to industrial excess heat recovery investments have
Table 1
Survey of annual volumes of recovered industrial excess heat supplied to national
district heating sectors during 2014, and the corresponding proportions of the heat
supply to these national district heating sectors. Sources for this information are
referenced in the text.

Industrial heat recovery, PJ Proportion of total heat supply

Denmark 2.6 2.1%
Finland 2.9 2.3%
France 2.2 2.4%
Germany 4.0 1.6%
Russia 330.8 6.0%
Sweden 17.8 9.0%
been identified in several scientific articles and reports. Barriers
external to the investment decision are the absence of a district
heating network, cost-competitive heat supply alternatives, and
current policy incentives for other forms of heat supply, such as bio-
or waste-fuelled CHP plants [4,28e32].

Barriers to making the investment decision are many, and their
assessment is complex. The technical circumstances of the invest-
ment are sometimes linked to the barriers. Examples are technical
solutions that are more complex than were foreseen, profit erosion
from too low temperature levels of the excess heat [29] and too
costly transmission pipes [4,28e30]. Other barriers are less
tangible, and are linked to the interaction between the local district
heating company and the excess heat provider.

The provider and the district heating company often hold
different views of the quality of the excess heat. The industry tends
to claim that the available heat is of premium quality, which should
be reflected in the price, whilst the district heating company may
disagree. Another level of complexity concerning excess heat re-
covery investments is the asymmetric information about the inputs
and outputs of each party in the collaboration [4,33]. Furthermore,
to arrive at a profitable excess heat recovery investment, energy
efficiency competency from the district heating company and the
excess heat provider is imperative [28,34], as are shared incentives.,
Split incentives, when implementing energy efficiency measures,
are common, however [30]. Finally, the investment in excess heat
recovery competes with alternative uses for investment capital
[4,31,32,35].

Apart from the external barriers to excess heat investments, and
barriers to arriving at an efficient investment decision, there is one
important additional barrier often mentioned. That is the risk that
the excess heat provider will terminate its industrial activities. In
one study [4], several respondents addressed the risk of reduced
heat availability because of the industry shutting down, relocating,
or modifying the local production process that creates the excess
heat. The risk of closure of the industry was alsomentioned as a key
factor in a study of factors that promote or inhibit district heating
collaborations between industry and utilities [30]. A reduced risk
was presented in Ref. [36], wherein heat recovery cooperation can
actually offset, or at least reduce, the risk of a company closing
down, since remuneration for the recovered heat can become an
additional revenue stream to support the industrial process.

The external barriers, and barriers linked to the investment
decision mentioned above, can rationally be accounted for in the
investment decision by adding a risk premium. The barriers can be
contrasted with the benefits of the excess heat recovery in-
vestments for the district heating company in terms of reduced
carbon dioxide emissions, less need to provide capital in fixed as-
sets (the excess heat recovery investment is often less capital
intensive than alternative heat supplies), and a local partnership
with the excess heat provider. The cognition of risk associated with
the excess heat provider going out of business is difficult to quantify
in an objective manner, however. No scientific information is
currently available about how high this termination risk is, or why
the transfer of recovered excess heat into district heating systems is
terminated. Consequently, the risk premium in investment as-
sessments is somewhat exaggerated, due to this uncertainty.

1.3. Research questions

In this study, a novel analysis has been provided for estimating
the magnitude of the risk associated with termination of industrial
excess heat deliveries. Industrial excess heat recovery investments
are built on the rationale of a synergy that creates an economic
win-win situation between the excess heat provider and the dis-
trict heating company. The risk of terminated industrial excess heat
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delivery is interpreted as the risk of losing the heat recovery syn-
ergy, especially from terminated industrial activities. The risk
assessment was addressed through three research questions:

(i) What characterises industrial excess heat recovery co-
operations that are terminated, with respect to lost volumes
and risk factors?

(ii) What typical explanations can be found for terminated in-
dustrial excess heat recoveries?

(iii) What characterises the terminated industrial activities and
the corresponding magnitude of the risk?

The purpose of the first research question was to identify the
main characteristics of terminated heat recoveries, while the pur-
pose of the second question was to separate out terminated in-
dustrial activities among all explanations for terminated heat
deliveries. Information about the characteristics of terminated in-
dustrial activities was expected from the third question.

These three research questions together provided a perspective
on how the existing recovery of industrial excess heat developed
after it started. This perspective is different from that provided by
most contemporary scientific articles about this issue, since those
are predominantly looking for opportunities to get these heat re-
coveries started.

Answers to the three research questions were provided by a
unique input dataset, composed of almost all of the Swedish in-
dustrial excess heat recovery cooperations between 1974 and 2014.
A preview of some early results were presented in a conference
paper [37], but no quantitative results concerning the risk for
termination of industrial activities was communicated in that.
These early results were based on a preliminary database that later
was extended to a higher number of cooperations.

2. Industrial heat recovery in Sweden

Since Sweden was chosen as the target area for this analysis,
some additional information is provided in this chapter as a com-
plement to the international context provided in the introduction.
Sweden is one of the countries in the world that has a high pro-
portion of recovered industrial excess heat in its district heating
systems. Even so, this heat only corresponds to 9% of the total heat
supply in those district heating systems, according to Table 1. The
country has a long tradition of transferring recovered excess heat to
the district heating networks from industrial processes and
recovered gases, such as blast furnace gases, and these are currently
in operation at about 70 locations.

The first excess heat recovery investment for a district heating
system was undertaken in Helsingborg in 1974. This heat recovery
from a chemical company has evolved over time, and is currently
the final stage in a large industrial symbiosis of chemical processes.
Another example of an early, large excess heat recovery investment
was that made by one oil refinery in Gothenburg with the munic-
ipal district heating company [38]. This city has further developed
its heat supply using various external excess heat resources [39].
Early heat recovery activities in the 1970s provided inspiration to
some early national inventory projects concerning the future pos-
sibilities for recovery of industrial excess heat to be used in district
heating systems [40e43].

One major reason for the historical great Swedish interest in
industrial heat recovery was that fossil fuel taxes increased during
the 1980s. Pure power stations could deduct all this tax for elec-
tricity generation, but CHP plants were obliged to pay the tax for
the heat generation part. Hence, the energy tax legislation did not
acknowledge the excess heat character of heat obtained from CHP
plants, since this heat was taxed in the samemanner, as it was used
in fossil fuel boilers. This reduced the competitiveness of the
existing CHP plants, which provided a window of opportunity for
industrial heat recovery.

In spite of the long-held Swedish tradition of excess heat re-
covery from industry, several potential studies [4,34,44e52] have
shown that the potential for reuse of industrial excess heat is still
higher than the actual recovery.

Concerning the role of industrial heat recovery in the Swedish
district heating context, a general survey of past and current
Swedish district heating situations, concerning six different con-
texts, was provided in Ref. [53].

3. Methods

The analysis considers almost all identified Swedish industrial
heat recoveries fed into district heating systems for the 41 years
between 1974 and 2014. A majority of the cooperations were still in
operation in 2014, while a minority had terminated.

3.1. Methodology

This kind of retrospective analysis of existing and terminated
heat recoveries of industrial excess heat has never been performed
before. Hence, it was difficult to find a developedmethod that could
serve as a model for the analysis. Designing a method for a new
research situation is always an iterative process, since methods are
always further elaborated when more information is available
about the nature of the problem or situation. Hence, it was difficult
to design a perfect method, since we did not know what to expect
in obtaining the first analysis. The method applied was divided into
four phases: data gathering, quality assurance, screening and
analysing.

The purpose of the data-gathering phase was to get information
about the operational statistics, use of heat pumps, industrial ac-
tors, the corresponding industry branches, and locations where
heat recovery had occurred. Temperature levels, load profiles, or
other project details, were not gathered. This first phase is
described in section 3.2.

With respect to quality assurance, time-series of aggregated
heat volumes from the data-gathering phase were compared with
two official time-series, for identification of, and explanations for,
discrepancies between the different time-series. This second phase
is reported in section 3.3.

The purpose of the screening phase was to assess the aggregate
number of cooperations and operational years, together with
average heat deliveries and operational years. Also, the historical
development of the number of cooperations, and the proportions of
lost heat volumes were assessed. The latter was defined as the lost
volume share of all heat deliveries with no terminated co-
operations. Lost annual volume was estimated for each terminated
cooperation as the average heat delivery during the years that the
cooperation was active. This third phase is presented in chapter 4.

The results from the analysis phase are reported in, concerning
the first research question. The proportions of lost heat volume in
section 5.2 follow the same definition as used in the screening
phase. The results associated with the second and third research
questions are presented in, respectively.

3.2. Information sources

Three main information sources were used, in order to identify
the industrial heat recoveries, together with their annual heat de-
liveries, starting years and termination years. First, the Swedish
District Heating Association have, each year, reported the compo-
sition of the heat supply in each member district heating system,
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and this information is available from 1974 onwards. Before 2003,
this information is available in printed statistical reports, but
latterly is digital, as Excel files on their website [54]. Second, the
annual supply compositions, concerning fuels used and heat sup-
plied in district heating systems by municipality, are available from
Statistics Sweden from 2005 onwards, on their website [55]. Cor-
responding national aggregated heat deliveries are available in
annual statistical reports from 1974 [56]. Third, annual heat supply
compositions by each district heating company are available from
the Swedish Energy Market Inspectorate, since 2007, on their
website [57]. Further information about local cooperations was
obtained from personal interviews, articles in newspapers and
trade magazines, and various research reports about Swedish in-
dustrial heat recoveries, such as [28,58e60].

In recent years, some excess heat has also been recovered from
large data centres for use in Swedish district heating systems. Three
of these heat deliveries are listed in Ref. [61]; however, these heat
recoveries are not included in the available Swedish statistical re-
ports about excess heat recoveries, and are not part of the dataset
for this study.

When several industrial heat recoveries were in operation in the
same system, the heat delivery for each recovery was not available
from the three main information sources, since annual heat de-
liveries were reported by system, municipality or company. In these
cases, the reported annual heat deliveries were split into each de-
livery, based on correspondence with each district heating
company.

Sometimes, annual heat deliveries were not reported, by
mistake, in the statistical reports from the Swedish District Heating
Association. In these cases, the missing years were estimated using
corresponding information from Statistics Sweden or the Swedish
Energy Market Inspectorate. If still unavailable, the missing years
were estimated by interpolation between the preceding and
following years.

Since industrial heat deliveries were not properly defined in the
basic questionnaires from the three different organisations, some
deviations appear between different time-series. External suppliers
using primary energy resources as biomass were sometimes also
Fig. 1. Annual heat volumes obtained from industrial excess heat and delivered into Swed
sociation, Statistics Sweden and three estimations provided by this study, concerning a
terminated deliveries. These three time-series are based on the aggregated actual annual h
added terminated deliveries are based on annual average heat deliveries from when the te
reported as industrial heat recoveries. Recovery of blast furnace
gases from steel mills, and the corresponding heat recoveries, were
also considered as industrial heat recovery in this study. By tradi-
tion, low-temperature industrial heat recoveries have been re-
ported differently when heat pumps have been used. In these cases,
annual heat deliveries were reported as being supplied by heat
pumps in the annual statistics from the Swedish District Heating
Association. In this study, these low-temperature industrial heat
deliveries were included with the corresponding electricity input.

3.3. Comparison of different time-series

In order to assess the annual heat deliveries included in this
analysis, a comparison is provided (Fig. 1) of five different time-
series. All three times-series relating to heat delivery in this study
have, in general, higher heat deliveries than the two official time-
series from the Swedish District Heating Association and Statis-
tics Sweden, except for in 2004, when the large waste incineration
plant in Gothenburg was erroneously reported as industrial heat
recovery in the two official time-series. The main reason is that the
low-temperature heat recoveries with heat pumps are included in
this study and excluded from the two official statistical time-series.
When excluding the heat pumps in this study, as a fourth time-
series, a higher correlation appears, but some discrepancies
remain because of reporting mistakes and the lack of proper defi-
nition of industrial heat recoveries. The fifth time-series reveals the
total expected industrial heat recoveries when all terminated heat
recoveries are included. All of the time-series show lower heat
deliveries during 2009, since many industrial activities were
reduced because of the financial crisis that prevailed in that year.

4. Input data collected

In the data-gathering phase, 132 industrial heat recoveries were
identified from the available statistical sources; however, 23 of
these cooperations were identified as conventional external heat
providers, using mostly biomass boilers that cannot be considered
to be recovered heat from industrial processes, since biomass is
ish district heating systems since 1974, according to the Swedish District Heating As-
ll analysed deliveries, exclusion of heat-pump-based deliveries, and inclusion of all
eat recoveries from all locations included in the analysis. In the fifth time-series, the
rminated cooperations were in operation.



Table 2
Survey of input data concerning number of cooperations, annual average heat deliveries to district heating systems, number of operational years and average number of
operational years. A large delivery considers annual average heat deliveries above 300 TJ/year, while a small delivery had annual average heat deliveries of below 55 TJ/year.

Total Without heat pumps With heat pumps Large delivery Medium delivery Small delivery

Number of cooperations 107 88 19 16 46 45
still in operation in 2014 74 69 5 16 32 26
terminated before 2014 33 19 14 0 14 19

Annual average heat delivery, PJ 19.9 17.3 2.6 12.8 6.0 1.1
still in operation in 2014 17.3 16.2 1.1 12.8 3.9 0.7
terminated before 2014 2.6 1.1 1.4 0.0 2.2 0.4

Number of operational years 1788 1460 328 458 828 502
still in operation in 2014 1348 1231 117 458 609 281
terminated before 2014 440 229 211 0 219 221

Average number of operational years 16.7 16.6 17.3 28.6 18.0 11.2
still in operation in 2014 18.2 17.8 23.4 28.6 19.0 10.8
terminated before 2014 13.3 12.1 15.1 e 15.6 11.6
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considered to be a tradeable primary energy source. These omitted
cooperations were found by the company name, and the corre-
sponding activity for each heat provider. The most typical omitted
activity was sawmills that exported heat from their own biomass
boilers.

From the remaining 109 cooperations, two cooperations were
also lost from the analysis. One industrial heat source could not be
identified (V€asterås), and the time-series of annual heat deliveries
could not be restored properly for another cooperation (Umeå).
These exclusions left 107 deliveries of industrial excess heat to
analyse. Terminated heat deliveries constituted 33 of all of the
identified industrial heat deliveries. A survey describing the input
data for analysis is provided in Table 2.

In the following screening phase, the identified cooperations
were analysed with respect to annual average volumes of heat
recovered, commissioning years and proportions of remaining in-
dustrial heat recovery by calendar year.

In Fig. 2, the magnitudes of each industrial heat recovery are
presented by annual average heat recovery. An early observation is
that none of the 16 largest heat recoveries have terminated, indi-
cating that size is important for survival.

In Fig. 3, the number of cooperations are reported by commis-
sioning year. Between zero and six cooperations started every year,
except in 1984, when 15 cooperations started. Thus, new
Fig. 2. Annual average industrial heat recovery for each cooperation, sorted by descen
cooperations were continuously starting during the analysed
period. The oldest terminated cooperation started in 1978, and the
newest terminated cooperation started in 2008. Ten of the co-
operations that started in 1984 have terminated. Characteristic of
the 1984 energy situation was high oil prices that decreased
considerably two years later. This indicates that the profitability of
these cooperations were not as high as expected at the point of the
investment decision.

In Fig. 4, the proportions of lost annual heat volumes from in-
dustrial heat recoveries are presented by calendar year. These
proportions were estimated as the lost heat volume share of all heat
deliveries, excluding terminated cooperations, as defined in the
methodology section. By this definition, the proportion of lost heat
volume decreased when new cooperations were implemented.

The first termination of a cooperation happened in 1986. Up to
2014, 13% of the total heat delivery volumes were lost through
terminated cooperations. This figure verifies again that the
magnitude of the industrial heat recovery is important for the
survival of cooperations, since no large delivery was lost in this
period, but for small andmedium-sized heat recoveries, 38 and 34%
were lost, respectively.

Fig. 2 also shows that the presence of a heat pump for using low-
temperature industrial excess heat poses a high probability of
termination. In these cases, the industrial heat recovery must cover
ding order and operational status during 2014 (still in operation or terminated).



Fig. 3. Number of cooperations by commissioning year, and operation status during 2014 (still in operation or terminated).
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the remuneration for the industrial excess heat recovered, the heat
pump investment, and the electricity used in the heat pump. So, use
of a heat pump can be identified as a risk factor for termination.
Concerning heat pumps, 76% of the heat deliveries were lost, giving
only 6% of losses when heat pumps were not used. This high pro-
portion of lost heat deliveries for heat pumps was also influenced
by a significant decrease in heat delivery volumes from heat pumps
in operation.

5. Results

Based on indications from the screening phase, the results focus
on the importance of the magnitude of the cooperation and the
presence of heat pumps in the cooperation. In order to reflect the
investor perspective for these two aspects, the historical time
perspective of calendar years in the screening phase were changed
Fig. 4. Proportions of lost annual heat volumes from terminated industrial heat recoveries, b
of cooperation (from large to small deliveries), with respect to the threshold volumes defin
to a more pronounced project perspective, concerning the opera-
tional years, following the initial commissioning year.

Furthermore, the industrial branch affiliations for the industrial
excess heat utilised, explanations for all terminated cooperations,
and the characteristics of the terminated industrial activities were
analysed.

5.1. Cooperations by operational years

By redesigning Fig. 3, the project perspective concerning num-
ber of operational years is presented in Fig. 5. The grey bars reflect
the number of operational years for all ongoing cooperations dur-
ing 2014. These vary between 2 and 41 years, with an average of
18.2 years. The black bars consider the number of operational years
during the termination year for all terminated cooperations. These
vary between 3 and 34 years, with an average of 13.3 years. Hence,
y calender year, with respect to with and without heat pumps, together with the extent
ed in Table 2.



Fig. 5. Number of cooperations by number of operational years, and operational status during 2014 (still in operation or terminated).
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most terminated cooperations had more operational years than the
indicative time interval of one to seven years for expected payback
periods previously identified in the introduction. Only 11 out of the
33 terminated cooperations had final operational years within the
identified time interval of the indicative payback periods. From a
retrospective perspective, some of these 11 terminated co-
operations may have become unprofitable. The remaining 22
terminated cooperations reached more operational years, and
many of them probably became profitable. Most existing industrial
heat recoveries have also reached operational times beyond these
threshold years.
5.2. Cooperations by typical groups

By redesigning Fig. 4, the project perspective concerning lost
annual heat volumes by operational years is presented in Fig. 6.
Fig. 6. Proportions of lost annual heat volumes from terminated industrial heat recoveries
extent of cooperation (from large to small deliveries), with respect to the threshold volum
These annual proportions were estimated as the lost heat volume
share of all heat deliveries without any terminated cooperations, as
defined in the methodology section. By this definition, the pro-
portion of lost heat volumes decreases when new cooperations are
implemented.

After 10 years of operation, the total heat volume loss was only
1% of all possible annual heat deliveries. Only small heat deliveries
show a significant loss (26%) of annual heat delivery volumes.

After 20 years of operation, the total loss had increased to 13%.
Concerning magnitude, no heat delivery was lost for large de-
liveries, while 46% was lost by medium-sized heat volume de-
liveries, and 70% were lost by small deliveries. Concerning heat
pumps, the lost heat volumes were 46%, while cooperations
without heat pumps only lost 7% of the annual heat delivery
volumes.

Low proportions of lost heat volumes were kept for the oldest
by operational years, with respect to with and without heat pumps, together with the
es defined in Table 2.



Table 3
Number of cooperations by industrial branch codes, according to the NACE classification, with respect to operational status during 2014, without or with heat pumps, and the
extent of cooperation (from large to small deliveries), with respect to the threshold volumes defined in Table 2.

Industrial branch Total Terminated before 2014 Without heat pumps With heat pumps Large delivery Medium delivery Small delivery

07 Metal ores 1 1 1
10 Food products 9 4 7 2 3 6
11 Beverages 2 2 2 1 1
16 Wood products 4 4 3 1
17 Pulp and paper 27 4 23 4 8 12 7
18 Printing 2 2 2 2
19 Coke and refined petroleum 5 5 2 3
20 Chemicals 14 6 10 4 2 10 2
21 Pharmaceutical 3 2 2 1 1 2
22 Rubber and plastics 2 2 1 1 2
23 Non-metallic mineral product 10 3 10 1 3 6
24 Basic metals 6 1 5 1 3 3
25 Metal products 18 5 13 5 5 13
28 Machinery 1 1 1 1
35 Energy supply 1 1 1 1
38 Waste management 2 2 1 1

107 33 88 19 16 46 45
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cooperations, since only two cooperations terminated, out of the
first nine cooperations that started between 1974 and 1980. Prob-
ably, these pioneer cooperations were obvious and very profitable,
since they started early.

5.3. Cooperations by industrial branches

The number of cooperations are presented in Table 3 by indus-
trial branch, according to the current NACE classification, defined in
Ref. [62]. The corresponding annual average heat volumes are
presented in Fig. 7. The pulp and paper industry is the largest
Swedish industry branch, with respect to total energy use, since it
constitutes about half of the total industrial energy balance.

Both numbers of cooperations and volumes of heat recovered
are dominated by four industrial branches: pulp and paper,
chemical, basic metal, and fuel refineries. These industrial branches
are considered to be suitable for recovery of industrial waste heat,
since they use high-temperature heat in their industrial processes
[6]. These four branches include 52 cooperations and 83% of all
annual average heat deliveries. Almost all large deliveries belong
also to these four industrial branches.

In Fig. 7, the proportions of terminated cooperations can be seen
to vary by branch; however, the numbers of cooperations are too
low in each industrial branch to allow identification of significant
risks, with respect to terminated cooperations.

5.4. Reasons for terminated cooperations

Reasons for the 33 terminated cooperations were researched
and verified from available literature sources and statistics. These
identified explanations can be divided into four different groups. In
14 cases, the heat supply ended because the industrial activities
terminated, while substitution with another heat supply was
identified in 11 cases. Technical problems were reported for one
small heat pump and one small cooperation, concerning heat re-
covery from a lime works. No obvious explanations could be
identified from the available information concerning the six
remaining cases.

Out of the total 2575 TJ of annual average heat delivery volumes
lost up to 2014, from terminated cooperations, most deliverieswere
lost from terminated industrial activities (1175 TJ/year), and sub-
stitution from other heat supply (1193 TJ/year), according to Fig. 8.
Both corresponded to about 6% of all annual industrial heat re-
covery volumes. Technical problems only caused heat delivery
volumes of 30 TJ/year. Unknown reasons caused heat delivery
volumes of 176 TJ/year, including one medium-sized delivery and
two heat pumps. These two minor categories of explanation
correspond to only 1% of all industrial heat recovery volumes.

Terminated industrial activities were dominated by co-
operations without heat pumps. These lost heat recoveries were
caused by closure decisions by the industrial partners, and gave no
further heat deliveries to the local district heating companies.

Substitution with another heat supply was dominated by co-
operations using heat pumps, giving an indication that heat pumps
were primarily substituted, rather than the basic industrial excess
heat recoveries. These terminated heat recoveries were caused by
decisions taken by the local district heating companies, who gave
no further remuneration to the industrial partners for heat deliv-
ered. Direct substitution of existing heat recoveries without heat
pumps was very low, since these lost heat volumes were only
155 TJ/year, or 1% of the total sum of annual heat recovery volumes.
This was only about one-seventh of the heat lost from terminated
industrial activities. Concerning these heat supply substitutions,
explanations that are more detailed are beyond the scope of this
analysis, since more information is required for obtaining such
explanations.
5.5. Characteristics of terminated industrial activities

Information about the 14 terminated industrial activities is of
relevance in identifying risk factors for terminated industrial ac-
tivities, and quantifying the corresponding risk magnitudes. More
details about these terminated cooperations are provided in
Table 4.

With respect to location, some district heating systems were
more affected than others. Closing years are relatively well
distributed between 1986 and 2013, so terminated industrial ac-
tivities were not concentrated in a certain narrow time period. But
this is the case for starting years, where two-thirds of the termi-
nated cooperations started in the first half of the 1980s. The
numbers of operational years before the termination of heat re-
coveries were also relatively well distributed between 3 and 34
years. Hence, both new and old cooperations were terminated. No
industrial branch dominated among the terminated cooperations.
Only two heat pumps were utilised, and both were located in
Trollh€attan. Half of the terminated cooperations were small de-
liveries (between 9 and 48 TJ/year), while the other half were
medium-sized deliveries (between 89 and 212 TJ/year). The most



Fig. 7. Annual average industrial heat recoveries, with respect to industrial branch, according to NACE classification, and operational status during 2014 (still in operation or
terminated).
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significant fact is that no large heat delivery was terminated
because of terminated industrial activity.

By combining information from Fig. 6 and Table 4, risk magni-
tudes for terminated industrial activities can be estimated, if
assumed equal to the proportion of lost heat deliveries from
terminated industrial activities. This estimation becomes then 0.6%
after 10 years, and 6.9% after 20 years. When omitting cooperations
associated with the two identified risk factors (concerning small
deliveries and heat pumps), the estimate will be reduced to 0.0%
after 10 years, and 4.9% after 20 years.

6. Discussion

The Swedish context has been that industrial heat recovery has
been more prevalent than in other parts of Europe. This situation
Fig. 8. Identified explanations for lost annual average heat delivery volumes due to termin
can be understood in the light of strong national policy in-
struments. In the aftermath of the two oil crises in the 1970s, fuel
oil usage was ‘punished’ by taxes that benefitted new industrial
excess heat recoveries in the 1980s. The carbon dioxide tax was
later introduced in 1991 for fossil fuels, and several pronounced
incentives have also been introduced to promote the use of other
fuels over fossil fuels. The Swedish energy and climate change
mitigation policies have also supported the expansion of bio- and
waste-fuelled CHP plants. Industrial excess heat recovery has thus
become exposed to competition from these CHP plants, reducing
the explicit incentives for new cooperations. Few existing heat re-
covery cooperations without heat pumps have terminated, how-
ever, when the industrial activity has remained untouched.

Concerning terminated industrial activities, it is evident that the
results show that larger heat deliveries are more robust and reliable
ated cooperations, with respect to the use of heat pumps or not in the cooperations.



Table 4
Overview of identified terminated heat recovery cooperations caused by terminated industrial activities.

Location Closing year Starting year Number of operational years Industrial activity Annual average heat delivery (TJ/year)

Trollh€attan 1986 1983 4 Graphite plant 15
Trollh€attan 1986 1984 3 Ferroalloy furnace with heat pump 90
Skinnskatteberg 1988 1982 7 Cardboard plant 48
Burl€ov 1992 1982 11 Sugar refinery 117
Falun 1993 1984 10 Sulphur acid plant 122
Trollh€attan 1994 1984 11 Chlorate plant with heat pump 212
Staffanstorp 1995 1981 15 Development laboratory 9
Stockholm 1996 1978 19 Distillery 89
Landskrona 2000 1982 19 Artificial fertiliser plant 286
G€oteborg 2002 1997 6 Brewery 25
Huddinge 2004 1991 14 Printing works 42
Kungsbacka 2010 2006 5 Printing works 13
Halmstad 2013 1980 34 Float glass plant 92
Huddinge 2013 1997 17 Brewery 16
Total 175 1175
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than small heat deliveries. The lower risk of cooperating with larger
excess heat providers reflects also the long-term structural trans-
formation of the Swedish industry. Over time, smaller industrial
units have been closed due to competition with fewer, larger and
more competitive units.

The implemented industrial heat recovery reflects the aggre-
gated result of many investments decisions, where less suitable and
unreliable cooperations have been rejected. The low proportion of
lost heat volumes from terminated industrial activities could reflect
that the Swedish district heating companies have been successful
in choosing suitable and reliable cooperations. The analysis showed
also that two-thirds of the cooperations that ended as a result of
terminated industrial activities were started in the first half of the
1980s, when the international oil price was high. Maybe these
feasibility assessments overlooked the latent risks associated with
unreliable heat providers, when the benefit of substitution of
expensive fuel oils was high.

Concerning substitutions of heat supply, heat pumps appear to
have played a large role in decisions taken to substitute industrial
excess heat recovery. One reason for this could be that heat pumps
are reliant on electricity, which links the profitability of the in-
vestment to the price of electricity. Adding an external factor that
the investment is dependent on increases the risk of the invest-
ment. This study considered historic data, and reviewed a period
when the electricity price varied, and the electricity tax increased.
Higher electricity costs can be an explanation for why heat pump
cooperations were more risky, based on this retrospective study.

The higher risk with heat pumps is also associated with the
current high temperatures applied in the heat distribution net-
works. Future lower temperature levels could make it possible to
recover low-temperature excess heat without the use of heat
pumps. Thus, the risk of using heat pumps can be eliminated.

Concerning profitability, strong conclusions cannot be identified
without closer profitability analyses of the actual heat recovery
cooperations implemented; however, some indications can be
identified. The combination of longer operational years, lower
proportions of lost heat volumes, and the scale effect of lower
supply costs for large-volume cooperations provides a motivating
argument for allocating a lower risk premium to large-scale in-
dustrial excess heat recovery cooperations, compared to small
cooperations.

The results also show that the district heating companies are
economically rational actors that are in business for profit, and heat
supply options that do not yield sufficient profit are terminated.
Hence, the explanation of substitution with another heat supply is
also a reason for terminated excess heat recoveries beyond
terminated industrial activities.
In the investment context, the risk adjusted discount rate of the

net present value calculation of an excess heat recovery investment
needs to account for known barriers to heat recovery investments.
Because of the specific circumstances of each excess heat invest-
ment, it is not possible to provide one single number for an
appropriate risk premium for excess heat delivery termination;
however, the risk of terminated excess heat delivery can be offset
by close cooperation, and removal of information asymmetries
between the excess heat provider and the district heating company.
Accounting for the known barriers to excess heat recovery in-
vestments in a more precise way could increase the accuracy of
profitability calculations made for investment decisions. Increased
accuracy will attract additional investment capital, andwill support
the market of excess heat recovery in becoming more efficient.

Further research to be performed includes tracking of more
sources of detailed information concerning the terminated heat
recoveries. This information can then provide input to closer
analysis of backgrounds for terminated industrial activities and
explanations for the high proportion of heat pumps in substituted
heat recoveries.
7. Conclusions

Concerning the first research question, and the characteristics of
terminated heat recoveries, two risk factors were identi-
fiedeesmall heat deliveries and the use of heat pumps for recov-
ering low-temperature excess heat. Total annual lost heat delivery
volumes correspond to about 13% of the sum of all annual existing
and terminated heat delivery volumes. About one-third of the
terminated heat deliveries had final operational years within the
indicative payback time interval of between one and seven years.
Two-thirds of the terminated cooperations were then probably
profitable, since they had operational times longer than these
indicative payback times. Most existing industrial heat recoveries
have also reached operational times beyond this threshold.

Identified explanations for terminated heat recoveries, accord-
ing to the second research question, weremainly the termination of
the industrial activity creating the excess heat, and business de-
cisions for the substitution of the excess heat recovery with another
heat supply. Together, these corresponded to about 6% of all annual
industrial heat recovery volumes. Substitution with another heat
supplywas highly associatedwith the use of heat pumps, indicating
that heat pumps, rather than heat recoveries, were substituted.
Technical problems with heat recoveries were only reported from
two very small heat recoveries.
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Finally, the most typical feature concerning terminated indus-
trial activities, according to the third research question, was that no
large delivery had terminated because of this reason. No systematic
explanation could be found, associated with the closing year, the
number of operational years, or the industrial activity; however,
two-thirds of these terminated cooperations started in the first half
of the 1980s. Concerning the risk magnitude for terminated in-
dustrial activities, it can be assumed to be equal to the proportion of
lost heat delivery heat volumes. With this assumption, the risk of
losing a heat recovery because of terminated industrial activity can
be estimated to be only 7% after 20 years. By omitting the two
identified risk factors (concerning small deliveries and heat
pumps), this risk estimation was reduced to 5% after 20 years. The
main conclusion is, then, that a small proportion of industrial heat
recovery has been lost in Sweden because of terminated industrial
activities.

Beyond the answers to the three research questions, further
answers can be provided in future research concerning explana-
tions to terminated heat recoveries, if information that is more
detailed is gathered.

Acknowledgements

The work behind this paper was performed within the ‘Future
Role of District Heating in Europe’ project, financed through grant
number 4311 by the Fj€arrsyn programme that was the Swedish
district heating research programme, supported by the Swedish
Energy Agency and the Swedish District Heating Association. The
corresponding pre-study was presented at the 15th International
Symposium on District Heating and Cooling in Korea in September
2016. That conference paper was published in Ref. [37]. We also
appreciate efforts performed by many district heating companies,
who consulted their archives and provided factual answers to our
specific questions concerning their historical activities.

References

[1] Frederiksen S, Werner S. District heating and cooling. Lund studentlitteratur.
2013.

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

[3] European Commission. An EU strategy on heating and cooling. Communica-
tion COM. 2016. 51. Brussels 2016.

[4] Broberg Viklund S. Energy efficiency through industrial excess heat recovery -
policy impacts. Energy Effic 2015;8(1):19e35.

[5] Mir�o L, Brückner S, Cabeza LF. Mapping and discussing Industrial Waste Heat
(IWH) potentials for different countries. Renew Sustain Energy Rev 2015;51:
847e55.

[6] Naegler T, Simon S, Klein M, Gils HC. Quantification of the European industrial
heat demand by branch and temperature level. Int J Energy Res 2015;39(15):
2019e30.

[7] Moomaw WR. Industrial emissions of greenhouse gases. Energy Pol
1996;24(10/11):951e68.

[8] McKenna RC, Norman JB. Spatial modelling of industrial heat loads and re-
covery potentials in the UK. Energy Pol 2010;38(10):5878e91.

[9] Mir�o L, Brueckner S, McKenna R, Cabeza LF. Methodologies to estimate in-
dustrial waste heat potential by transferring key figures: a case study for
Spain. Appl Energy 2016;169:866e73.

[10] Brueckner S, Mir�o L, Cabeza LF, Pehnt M, Laevemann E. Methods to estimate
the industrial waste heat potential of regions e a categorization and literature
review. Renew Sustain Energy Rev 2014;38:164e71.

[11] Brückner S, Sch€afers H, Peters I, L€avemann E. Using industrial and commercial
waste heat for residential heat supply: a case study from Hamburg. Ger
Sustain Cities Soc 2014;13:139e42.

[12] Bühler F, Petrovi�c S, Karlsson K, Elmegaard B. Industrial excess heat for district
heating in Denmark. Appl Energy 2017;205(Supplement C):991e1001.

[13] Fang H, Xia J, Jiang Y. Key issues and solutions in a district heating system
using low-grade industrial waste heat. Energy 2015;86:589e602.

[14] Fang H, Xia J, Zhu K, Su Y, Jiang Y. Industrial waste heat utilization for low
temperature district heating. Energy Pol 2013;62:236e46.

[15] Li Y, Xia J, Fang H, Su Y, Jiang Y. Case study on industrial surplus heat of steel
plants for district heating in Northern China. Energy 2016;102:397e405.

[16] Persson U, M€oller B, Werner S. Heat Roadmap Europe: identifying strategic
heat synergy regions. Energy Pol 2014;74:663e81.
[17] European Commission. Waste heat from industry for district heating. Report

EUR 1982;8116.
[18] Energistyrelsen. Energistatistik, tabeller 2015. 2017.
[19] Finnish Energy Industries. District heating in Finland 2014. 2015.
[20] SNCU. Enquête annuelle sur les r�eseaux de chaleur et de froid - restitution des

statistiques 2014. 2016.
[21] AGFW. Hauptbericht 2014. 2015.
[22] IEA. World energy balances until 2014. International energy agency. Paris.

2016.
[23] Unknown reporter. Den v€ardefulla v€armen (The valuable heat). March 8,

1998. G€oteborgs-Posten; 1998.
[24] Alfa-Laval. The sulphuric acid plant and district heating. Kemira case story -

Plate heat exchanger. 2002.
[25] Besseling J, Pershad H. The potential for recovering and using surplus heat

from industry. Final report for DECC. 2014.
[26] Battisti L, Cozzini M, Macii D. Industrial waste heat recovery strategies in

urban contexts: a performance comparison. 2016 IEEE International Smart
Cities Conference (ISC2): IEEE; 2016.

[27] Eriksson L, Morandin M, Harvey S. A feasibility study of improved heat re-
covery and excess heat export at a Swedish chemical complex site. Interna-
tional Journal of Energy Research.n/a-n/a.

[28] Cronholm L-Å, Gr€onkvist S, Saxe M. Excess heat from industries and premises
(Spillv€arme från industrier och lokaler). Fj€arrsyn report 2009;12:2009.

[29] Byman K, Rydstrand C, Ilskog E, Åkesson H. Good possibilities with excess heat
- an assessment of some climate change mitigation projects (Goda
m€ojligheter med spillv€arme - en utv€ardering av LIP-finansierade spill-
v€armeprojekt). Naturvårdsverket rapport nr 2004;5373.

[30] Thollander P, Svensson IL, Trygg L. Analyzing variables for district heating
collaborations between energy utilities and industries. Energy 2010;35(9):
3649e56.

[31] P€aiv€arinne S, Hjelm O, Gustafsson S. Excess heat supply collaborations within
the district heating sector: drivers and barriers. J Renew Sustain Energy
2015;7(3).

[32] Walsh C, Thornley P. Barriers to improving energy efficiency within the
process industries with a focus on low grade heat utilisation. J Clean Prod
2012;23(1):138e46.

[33] Sorrell S, Schleich J, Scott S, O’Malley E, Trace F, Boede U, et al. Barriers to
energy efficiency in public and private organisations, final report to the eu-
ropean commission, project JOS3CT970022 -Joule III. 2000.

[34] Gr€onkvist S, Sandberg P. Driving forces and obstacles with regard to co-
operation between municipal energy companies and process industries in
Sweden. Energy Pol 2006;34(13):1508e19.

[35] Rohdin P, Thollander P, Solding P. Barriers to and drivers for energy efficiency
in the Swedish foundry industry. Energy Pol 2007;35(1):672e7.

[36] Trygg L, Difs K, Wetterlund E, Thollander P, Svensson I-L. Optimal district
heating systems in symbiosis with industry and society e for a sustainable
energy system (Optimala fj€arrv€armesystem i symbios med industri och
samh€alle e f€or ett hållbart energisystem). Fj€arrsyn Report no. 2009;2009:13.

[37] Lygnerud K, Werner S. Risk of industrial heat recovery in district heating
systems. Energy Procedia 2017;116:152e7.

[38] Eriksson K. Das gr€osste energiesparprojekt schwedens. Fernw€arme Inter
1980;9(3):190e3.

[39] Holmgren K. Role of a district-heating network as a user of waste-heat supply
from various sources e the case of G€oteborg. Appl Energy 2006;83(12):
1351e67.

[40] Ingenj€orsbyrån Allm€anna. Kartl€aggning av industrins spillv€arme. N€amnden
f€or energiproduktionsforskning, rapport NE/HETV-78/14. 1978.

[41] Ingenj€orsvetenskapsakademien. Utnyttjande av fj€arrspillv€arme. Rapport 124.
1978.

[42] Ångpannef€oreningen. Inventering av spillv€armetillgångar inom massa- och
pappersindustrin. N€amnden f€or energiproduktionsforskning rapport NE/
HETV-78/17. 1978.

[43] Wehlander H. Från spillv€arme till fj€arrv€arme (From excess heat to district
heating). Link€oping studies in Science and Technology theses No. 8. Link€oping
University; 1983.

[44] J€onsson J, Svensson I-L, Berntsson T, Moshfegh B. Excess heat from kraft pulp
mills: trade-offs between internal and external use in the case of Swe-
dendPart 2: results for future energy market scenarios. Energy Pol
2008;36(11):4186e97.

[45] Svensson I-L, J€onsson J, Berntsson T, Moshfegh B. Excess heat from kraft pulp
mills: trade-offs between internal and external use in the case of Swe-
dendPart 1: Methodology. Energy Pol 2008;36(11):4178e85.

[46] Broberg S, Backlund S, Karlsson M, Thollander P. Industrial excess heat de-
liveries to Swedish district heating networks: drop it like it’s hot. Energy Pol
2012;51:332e9.

[47] Broberg Viklund S, Johansson MT. Technologies for utilization of industrial
excess heat: potentials for energy recovery and CO2 emission reduction. En-
ergy Convers Manag 2014;77:369e79.

[48] Morandin M, Hackl R, Harvey S. Economic feasibility of district heating de-
livery from industrial excess heat: a case study of a Swedish petrochemical
cluster. Energy 2014;65:209e20.

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

http://refhub.elsevier.com/S0360-5442(18)30455-9/sref1
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref1
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref2
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref2
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref2
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref3
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref3
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref4
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref4
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref4
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref5
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref5
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref5
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref5
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref5
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref6
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref6
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref6
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref6
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref7
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref7
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref7
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref8
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref8
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref8
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref9
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref9
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref9
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref9
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref9
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref10
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref10
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref10
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref10
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref10
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref10
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref11
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref11
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref11
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref11
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref11
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref11
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref12
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref12
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref12
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref12
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref13
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref13
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref13
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref14
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref14
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref14
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref15
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref15
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref15
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref16
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref16
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref16
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref16
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref17
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref17
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref18
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref19
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref20
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref20
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref20
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref20
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref21
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref22
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref22
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref23
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref23
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref23
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref23
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref23
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref24
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref24
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref25
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref25
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref26
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref26
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref26
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref28
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref28
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref28
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref28
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref28
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref29
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref29
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref29
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref29
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref29
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref29
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref29
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref29
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref30
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref30
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref30
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref30
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref31
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref31
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref31
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref31
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref31
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref32
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref32
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref32
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref32
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref33
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref33
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref33
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref34
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref34
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref34
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref34
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref34
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref35
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref35
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref35
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref36
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref36
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref36
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref36
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref36
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref36
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref36
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref36
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref36
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref36
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref36
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref37
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref37
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref37
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref38
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref38
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref38
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref38
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref38
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref39
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref39
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref39
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref39
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref39
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref39
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref40
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref40
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref40
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref40
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref40
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref40
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref40
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref40
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref41
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref41
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref41
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref41
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref41
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref42
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref42
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref42
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref42
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref42
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref42
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref42
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref43
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref43
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref43
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref43
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref43
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref43
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref43
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref43
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref44
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref44
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref44
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref44
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref44
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref44
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref44
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref45
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref45
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref45
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref45
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref45
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref45
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref46
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref46
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref46
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref46
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref47
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref47
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref47
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref47
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref48
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref48
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref48
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref48
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref49
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref49
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref49
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref49


K. Lygnerud, S. Werner / Energy 151 (2018) 430e441 441
[50] Sandvall AF, B€orjesson M, Ekvall T, Ahlgren EO. Modelling environmental and
energy system impacts of large-scale excess heat utilisation e a regional case
study. Energy 2015;79:68e79.

[51] Sandvall AF, Ahlgren EO, Ekvall T. System profitability of excess heat uti-
lisation e a case-based modelling analysis. Energy 2016;97:424e34.

[52] Ivner J, Broberg Viklund S. Effect of the use of industrial excess heat in district
heating on greenhouse gas emissions: a systems perspective. Resour Conserv
Recycl 2015;100:81e7.

[53] Werner S. District heating and cooling in Sweden. Energy 2017;126:419e29.
[54] Swedish District Heating Association. Annual statistical reports for member

district heating systems 1974-2014. 2015.
[55] Sweden Statistics. Municipal and regional energy statistics. 2017.
[56] Statistics Sweden. Electricity supply, district heating and supply of natural gas

2014, Statistiska Meddelanden EN11SM1501. 2015.
[57] Swedish Energy Markets Inspectorate. District heating companies, annual
reports - heat supply by price area. 2017.
[58] Ericsson K. Energisamarbeten mellan industrier och kommuner - en analys

och potentialstudie (Cooperations between industries and municipalities - an
analysis and potential study). Master thesis at Lunds Tekniska H€ogskola. 2001.

[59] Gabrielli C. Potentialen f€or v€armepumpar som utnyttjar industriell spillv€arme
(The potential for heat pumps using industrial excess heat). Chalmers Uni-
versity of Technology; 2002.

[60] Fj€arrv€armef€oreningen Svenska. Industriell spillv€arme - processer och poten-
tialer. Rapport FVF 02 11 49. 2002.

[61] Wahlroos M, P€arssinen M, Rinne S, Syri S, Manner J. Future views on waste
heat utilization e case of data centers in Northern Europe. Renew Sustain
Energy Rev 2018;81(Part 1):1096e111.

[62] European Parliament and Council. Regulation (EC) No. 1893/2006 of 20
December 2006 establishing the statistical classification of economical activ-
ities NACE revison 2. 2006.

http://refhub.elsevier.com/S0360-5442(18)30455-9/sref50
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref50
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref50
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref50
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref50
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref50
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref51
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref51
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref51
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref51
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref52
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref52
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref52
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref52
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref53
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref53
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref54
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref54
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref55
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref56
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref56
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref57
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref57
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref58
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref58
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref58
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref58
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref59
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref59
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref59
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref59
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref59
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref59
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref60
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref60
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref60
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref60
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref60
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref60
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref61
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref61
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref61
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref61
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref61
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref61
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref62
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref62
http://refhub.elsevier.com/S0360-5442(18)30455-9/sref62

	Risk assessment of industrial excess heat recovery in district heating systems
	1. Introduction
	1.1. International context
	1.2. Current knowledge concerning barriers to industrial excess heat recovery
	1.3. Research questions

	2. Industrial heat recovery in Sweden
	3. Methods
	3.1. Methodology
	3.2. Information sources
	3.3. Comparison of different time-series

	4. Input data collected
	5. Results
	5.1. Cooperations by operational years
	5.2. Cooperations by typical groups
	5.3. Cooperations by industrial branches
	5.4. Reasons for terminated cooperations
	5.5. Characteristics of terminated industrial activities

	6. Discussion
	7. Conclusions
	Acknowledgements
	References


