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1 Introduction

1.1 Energy consumption and heating in Germany

Germany aims to become climate neutral by 2045 (BMWK 2021). To achieve this goal, a climate neutral
energy supply must be ensured, and a reduction in energy demand must be achieved to ensure the
security of supply. The final energy demand for Germany was 2,317 TWh in 2020 (Umweltbundesamt
2022).

This final energy demand is divided among the industry, household, transport and tertiary sectors and
different application areas, such as space heating, process heat and air-conditioning. The application
area of heating is responsible for about 55% of the German final energy demand, corresponding to 1,283
TWh (AGEB 2021). In recent years, only minimal savings have been achieved in this area. From 2011 to
2020, the final energy demand for heating decreased by 4.4%. (AGEB 2021). In this application area,
the industry and household sectors are of particular importance. In households, 84% of the final energy
was used for residential heating (space heating and hot water) in 2020, corresponding to 564 TWh. In
the industrial sector, approximately 67% of the final energy demand was used for the provision of
process heat, corresponding to 1,583 TWh. However, large amounts of this process heat are released
unused into the environment in the form of excess heat (Briickner 2016; Aydemir and Fritz 2020).

This industrial excess heat mainly occurs in low-temperature ranges (<200°C), often making it difficult
to use for other industrial processes (Fritz et al. 2022a). Using it to provide residential heating, on the
other hand, could be a relevant option for reducing greenhouse gas emissions. Yet industrial plants are
often far from residential areas. Thus, excess heat must be transported to end-using households. Today,
in the EU and Germany, district heating networks primarily enable the transport of excess heat (Fritz et
al. 2022c; Hummel et al. 2014; Fang et al. 2013).

Current scenarios for the German energy system assume that 17-26% of residential heat demand in
2045 will be covered by district heating (Prognos et al. 2021; BCG 2021). These scenarios assume
industrial excess heat will cover 11-12% of district heating generation in 2045. In 2018, this share was
only 1.7% (Steinbach et al. 2021). This low percentage indicates that significant changes must be made
in residential heating, district heating and excess heat usage to achieve climate goals.

Transporting excess heat from industrial plants to households is not only possible with district heating.
The installation of district heating networks is capital intensive, and under certain circumstances, using
other technologies can be technologically feasible and economical (Fritz et al. 2022b).

The use of excess heat is an important aspect of providing residential heating and reducing greenhouse
gas emissions. The critical questions concerning excess heat use are what concrete contribution can
excess heat make, which technologies are best suited for transporting excess heat to end-using
households, and what is the cost of transporting excess heat.




1.2 Excess heat utilisation
1.2.1 Definitions

Industrial excess heat is heat generated during an industrial process that cannot be used in the
production process (Fritz et al. 2022¢; Pehnt et al. 2010; Viklund and Johansson 2014). Thus, the heat
is a by-product of an industrial process and is currently unused but could be used in the future to increase
energy efficiency and reduce greenhouse gas emissions. This industrial excess heat results from
thermodynamic constraints and inefficiencies in plants and processes (Briickner 2016; Hirzel et al.
2013).

In this thesis, excess heat refers to the heat contained in the exhaust gas of individual production
processes, mainly resulting from combustion processes (Briickner et al. 2015; Jouhara et al. 2018).
Excess heat can also be diffuse heat generated by, for example, the radiant heat of hot products in
production or by excess heat from electrically operated machines. Collecting and bundling this excess
heat is a significant challenge, and its utilisation is more complicated, as the temperature level is often
low and the amount is also low.

Excess heat can be differentiated according to temperature level and temporal availability. The
temperature level determines which applications’ industrial excess heat can be used. The definitions of
low-temperature and high-temperature excess heat differ in the literature, although most studies refer
to low-temperature excess heat at a temperature of less than 100-150 °C (Fritz et al. 2022a; Jouhara et
al. 2018; Briickner et al. 2015; Manz et al. 2021). Excess heat with a temperature of > 500 °C is
commonly referred to as high-temperature excess heat (Fritz et al. 2022a; Jouhara et al. 2018; Briickner
et al. 2015; Manz et al. 2021). Temporal availability also determines the use of industrial excess heat.
Depending on the industrial processes, the temporal availability of excess heat varies greatly. Processes
that supply continuous excess heat throughout the year are particularly suitable for excess heat use.
Continuous excess heat can especially be seen in areas of low-temperature excess heat (Fritz et al.
2022a).

There are several ways to make excess heat usable. Fritz et al. (2022c) provided a list of possible usage
options:

1. The internal use of excess heat
2. The use of excess heat in other plants or processes

3. The conversion of excess heat into other forms of energy

Figure 1 shows these different options. The heat flows are illustrated in blue, the possible production
processes in grey and the excess heat recovery processes in orange. In the first option, excess heat is used
internally in the process in which it is generated. This type of usage is known as heat integration, which
refers to processes in which internal excess heat is used to reduce heat demand (Aydemir and Fritz
2020). In the second option, the excess heat is fed and used in other processes or plants. This option can
be completed either internally in the same plant or externally in another plant or in district heating
networks. If it is used internally, it is called heat integration, as in the first option. The third option
involves converting excess heat into other forms of energy. For example, excess heat can be converted
into electricity via organic Rankine cycles or into cooling energy via adsorption systems.
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Figure 1 Excess heat utilisation options. Option 1 (top) internal use; Option 2 & 3 (bottom): Use in other processes or DH (Fritz
et al. (2022c) based on Hirzel et al. (2013))

1.2.2 Status quo of excess heat utilisation for residential heating

The engineering analyses of excess heat and heat integration began at the latest in Germany in the 1930s
(Bergmeier 2003). In those years, numerous journals explored the topic of heat economy. The aim of
heat economy was to increase energy efficiency by using industrial excess heat. In the 1970s, the topic
received attention again but in the context of the oil crises. Energy-intensive industrial companies in
particular, such as those in the chemical and petrochemical industries, were seeking means of reducing
energy consumption and increasing energy efficiency (Klemes and Kravanja 2013). Accordingly, new
methods and technologies were developed, which resulted in significant progress in the use of excess
heat and heat integration. The oil crises also increased interest in district heating (Scholten and Timm
1978). In 1979, the first project in Germany was developed in which industrial excess heat was used for
district heating (Fritz et al. 2022c). Excess heat from a hot rolling mill was integrated into the district
heating network of the city of Dinslaken. In the following years, further installations for the external use
of excess heat followed. In 2018, 2,383 GWh of excess heat was fed into district heating networks
(Steinbach et al. 2021).

1.2.3 Existing literature

Several approaches have been applied to calculate excess heat potential. A distinction can be made
between top-down and bottom-up analyses. In top-down analyses, the available excess heat is
determined based on the sector-specific data of the individual industrial subsectors. The advantage of
this method is its relatively easy application and the need for only limited information on industrial
processes and production. For Germany, these top-down analyses indicate a potential of 130 TWh/a
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(Pehnt et al. 2010) to 300 TWh/a (Grof3 and Tanzer 2010). This range contrasts with the results of
bottom-up studies, which have primarily been conducted recently. In these studies, the excess heat
potential is determined based on site-specific data, production quantities or information on the exhaust
gas of individual industrial processes. The advantage of bottom-up analyses over top-down analyses is
that the former is based on real values, meaning fewer assumptions must be made. The potential in
bottom-up analyses ranges from 37 TWh/a (Steinbach et al. 2021) to 70 TWh/a (Briickner 2016).
Generally, bottom-up analyses show a lower potential than top-down analyses. Table 1 summarises the
literature on excess heat potential estimates for Germany.

Table 1 Summary of literature (Fritz et al. (2022a))

Excess heat Methodological Spatial Subsectors Analysing the
Study amount approach ... based on resolution  differentiated role of excess
[TWh/al]... PP heat for DH
Grofs and . .
Téinzer (2010) 280-300 Top-down  Rough key figures  national no no
Pehnt et al Keyﬁguresfrom .
130 Top-down a Norwegian national yes no
(2010)
study
Persson et al. Key ﬁ gures and . o
157 Top-down public available  site-specific yes no
(2014) .
empirical data
Aydemir et al Top-down and public available .
(2020) o4 bottom-up empirical data national no yes
.. Key figures and
Briickner 60-70 Bottom-up comprehensive  federal state yes no
(2016) o
Empirical data
Steinbach et al. Comprehensive ..
(2021) 37.5 Bottom-up Empirical data municipal level no yes
Blomer et al. 52-63 Bottom-u Comprehensive arfclltle:ssiiebcftftlcno no es
(2019b) p Empirical data Y . Y
publication
Manz et al. 43 Top-down and Public available site-specific os os
(2021) bottom-up Empirical data P Y Y

A few studies have considered estimating the potential of excess heat to provide residential heating
(Cooper et al. 2016; Hering et al. 2018) or considering spatial conditions and examining the distribution
of excess heat via district heating networks (Hering et al. 2018; Blomer et al. 2019b). However,
transporting industrial excess heat is not just possible with district heating networks. Under certain
conditions, other technologies can be technologically and economically feasible (Fritz et al. 2022b). Few
studies have explicitly investigated different technologies for transporting excess heat. One stream of
literature has presented technologies for transporting excess heat and performed a technical comparison
of them (Ma et al. 2009a; Vallade et al. 2012; Xu et al. 2019). In these studies, no economic comparisons
were conducted. The results of this literature stream show that, from a technical perspective,
technologies other than district heating can be helpful in heat transport. Under certain conditions, these
technologies can also lead to lower heat loss and thus achieve higher efficiency. Another stream of
literature has compared individual heat transport technologies economically with district heating (Gao
et al. 2019; Chiu et al. 2016), finding that district heating is not always the most economical solution
for heat transport. A third stream of literature has explicitly analysed the technical aspects of individual
heat transport technologies but has not compared them to district heating (Deckert et al. 2014; Ma et
al. 2017; Mir¢ et al. 2016; Liu et al. 2002; Aydemir et al. 2019; Fritz and Aydemir 2019; Ammar et al.
2013; Gao et al. 2019; Kang et al. 2000; Lin et al. 2009)
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Despite the many successful instances in which excess heat is used in district heating networks, there are
barriers to implementation (Fritz et al. 2022c). On the one hand, there are technical barriers, including
temporal imbalance, local discrepancy and quality mismatch. These technical barriers can be reduced
through technological development and innovation. On the other hand, non-technical barriers have been
insufficiently researched in the literature. These have so far been identified either by conducting
workshops (Schmidt et al. 2020) or by broader analyses in individual countries (Blomer et al. 2019a;
Moser and Lassacher 2020a; Paivirinne et al. 2015).

1.2.4 Research gap

Although some research has determined the excess heat potential for Germany and analysed different
technologies for the transportation of excess heat, no study has identified the economic site-specific
excess heat potential from industrial exhaust gases in Germany, its possible contribution to residential
heating and the suitable technologies for its use. However, this is of great significance for strengthening
the scientific understanding of what technologies can utilise excess heat, what contributions they can
make and what costs they may entail. Existing studies have shown that other technologies for
transporting excess heat can be technically and economically more advantageous than district heating
under certain conditions. No study has conducted a site-specific economic analysis of excess heat
potential considering different technologies. Only a few studies have addressed the barriers and enabling
factors for implementing excess heat projects, and no study has analysed them based on hypothesis
testing through interviews. Doing so is particularly important because the implementation of projects is
highly dependent on individuals’ decisions. Thus, analysing the respective barriers and facilitating factors
based on interviews with relevant stakeholders is crucial.

In summary, no study on the potential of industrial excess heat in Germany has considered different
technologies for its use and has addressed the barriers and enabling factors for implementing such
projects.

1.3 Research question and outline of this thesis

This work aimed to determine the excess heat potential for residential heating based on different heat
transport technologies, estimate the cost of excess heat transport and provide recommendations for the
future dissemination of excess heat use. The focus is on which technologies suit transporting industrial
excess heat, what potential the respective technologies have and how high the costs are for transporting
the excess heat. Since the literature has not provided such an analysis, the overarching research question
of this thesis is as follows:

"What is the economic site-specific excess heat potential from industrial exhaust gases in Germany
and its contribution for residential heating, taking into account suitable technologies for its use
and considering barriers and drivers for its use?"

To answer the research question, a bottom-up optimisation model is developed, that enables a site-
specific modelling of the industrial excess heat potentials. The input data for the model are locally
determined excess heat potentials and heat demands from the EU project Hotmaps, which are
aggregated at the municipal level. Further input data include the technical and economic parameters of
different heat transport technologies. Finally, an analysis of enabling factors for and barriers to using
excess heat for residential heating is carried out. This method allows a comprehensive assessment of the
excess heat potential for the provision of residential heating. Thus, the individual steps to answer the
research question are as follows:
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Determination of the excess heat potential in Germany at the municipal level
Identification of transport technologies for excess heat use

Analysis of the excess heat potential, taking into account different transport technologies

> W b=

Analysis of enabling factors for and barriers to excess heat use

This work steps represent the chapters of this dissertation. Each of these chapters is based on a scientific
publication. Figure 2 shows the individual work steps and their placement in the dissertation.

Identification of transport technologies for excess heat use

Determination of the excess heat potential in Overview of transport technologies for the
Germany at the municipal level use of excess heat

|

Excess heat distribution through
sewer networks

Analysis of the excess heat potential, taking into Analysis of enabling factors for and barriers
account different transport technologies to excess heat use

Figure 2 Work steps and thesis outline

This thesis focuses on Germany. The analysis of excess heat potential only includes excess heat in the
form of exhaust gases. Therefore, diffuse excess heat flows or excess heat via wastewater are not
considered. Yet the majority of excess heat is generated in energy-intensive industries and the
manufacturing sector through the combustion of fossil fuels, meaning that this analysis considers most
of the excess heat in Germany. The analysis is limited to selected technologies for transporting excess
heat to end users. These technologies are selected based on quantitative and qualitative indicators and
thus represent the most promising technologies for transporting excess heat. Due to data protection
regulations, the results are evaluated at the municipal level, even though a more detailed evaluation is
possible.

In the following paragraphs, an overview of the individual chapters of the dissertation is provided.
Chapters 2—-6 are based on scientific publications, and Chapter 7 contains the syntheses.

Chapter 2 contains the scientific publication “How Much Excess Heat Might Be Used in Buildings? A
Spatial Analysis at the Municipal Level in Germany” (Fritz et al. 2022a). This chapter analyses the
potentially available excess heat in Germany and compares it to the current residential heat demand.
Furthermore, it includes an analysis of the excess heat potential in Germany according to different
subsectors and temporal availability in the individual subsectors. Accordingly, the respective amounts of
excess heat are calculated site-specifically based on data from more than 115,000 records of exhaust gas
and fuel use at over 11,000 industrial sites. The calculation considers the presence of sulphur dioxide,
which reduces the excess heat potential (Fritz et al. 2022a). Finally, the excess heat potential is was
compared with the heat demand of households at the municipal level. This makes it possible to determine
in which regions the use of excess heat is particularly advantageous.

Chapter 3 contains the scientific publication “A Technical and Economical Comparison of Excess Heat
Transport Technologies” (Fritz et al. 2022b). This chapter presents an analysis of different transport
technologies for the use of industrial excess heat. To complete this analysis, a technical and economic
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comparison of different technologies for transporting excess heat is was conducted. Thus, four heat
transport technologies are identified based on the following indicators: future potential, data availability
and current installations and pre-feasibility studies. These technologies are district heating, excess heat
utilisation via sewage networks (ESN), absorption cycles and phase change materials (PCM). For
technical comparison, an analysis of the lifetime, the temperature level that the technologies can provide,
the heat capacity and the heat losses is carried out. Based on these findings, a classification of usable
temperature levels and the usability of the technologies for different applications is undertaken. For
economic comparison, the capital expenditures (CAPEX) and operational expenditures (OPEX) for each
of the four technologies are calculated for approximately 450,000 combinations of transport distance
and excess heat quantity. Based on these results, the most economical solution is identified for each of
the approximately 450,000 combinations.

Chapter 4 contains the scientific publication “Don’t waste the water, use wastewater — excess heat
distribution for private households through sewer networks” (Fritz and Aydemir 2019). This chapter
presents a more detailed analysis of ESN. This technology offers a solution for excess heat utilisation
without installing new district heating networks that can simplify and accelerate the process of excess
heat utilisation. This technology feeds excess heat into existing wastewater and extracts it at another
point along the flow path. An estimate of the potential use of this technology on a European level is
made. For this purpose, data sets from over 950 industrial companies and over 26,000 wastewater
treatment plants in Europe are used. The flow path to the nearest wastewater treatment plant is
determined for each excess heat source, and the respective heat losses are quantified.

Chapter 5 contains the scientific publication “Industrial excess heat and residential heating: Potentials
and costs based on different heat transport technologies” (Fritz and Werner 2022). It presents an analysis
of the spatially resolved excess heat potential for the different technologies presented in Chapters 3 and
4. Thus, a bottom-up optimisation model is developed to calculate the most economical technology for
using excess heat for 6,000 excess heat sources. For each source, up to 2,044 networks with different
configurations of heat demand areas and technologies are calculated. Furthermore, a second
optimisation is performed to identify for each excess heat source for the different technology and
network configuration with which the largest amount of excess heat could be utilised. Finally, a
sensitivity analysis of the transport distance is performed because the transport distance in the model is
assumed to be the linear distance.

Chapter 6 contains the scientific publication “Usage of excess heat for district heating — analysis of
enabling factors and barriers” (Fritz et al. 2022c). This chapter presents an analysis of the enabling
factors for and the barriers to implementing projects for excess heat use in district heating networks. As
previously mentioned, excess heat use can be a viable solution for decarbonising district heating
networks. Nevertheless, many barriers to implementing such projects remain. In this chapter, the
enabling factors and barriers for integrating excess heat into district heating networks are analysed based
on a database of 45 realised projects in Germany, Austria and France. Based on a literature review, five
hypotheses on enabling factors and barriers are formulated. These hypotheses are tested by literature
research on individual projects and 13 expert interviews with representatives of excess heat-producing
companies. Thus, in contrast to previous literature, both quantitative and qualitative data are used to
test the hypotheses.

Chapter 7 contains the synthesis of the dissertation. It provides an overview of the contribution, an
overarching discussion and the conclusion. It also offers recommendations for future research and policy
making.
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2 How Much Excess Heat Might Be Used in Buildings? A Spatial Analysis at the Municipal
Level in Germany'

Abstract

Excess heat can make an important contribution to reduce greenhouse gas emissions in the heating and
cooling sector. Due to the local character of heat, the local excess heat potential is decisive for using
excess heat. However, the spatially distributed potential and the subdivision of the potential into
different subsectors have not been sufficiently investigated in Germany. Here we analyse the excess heat
potential in Germany according to different subsectors and spatially distributed to the municipal level.
We use data of more than 115,000 records on exhaust gas and fuel input from over 11,000 industrial
sites. We calculate the site-specific excess heat potential and check its plausibility using the fuel input of
the respective industrial sites. Finally, we compare the excess heat potential with the residential heat
demand at the municipal level. Our results show that the excess heat potential in Germany is about 36.6
TWh/a, and that in 148 municipalities, the annual excess heat potential is greater than 50% of the
annual heat demand. In conclusion, there is a large potential for excess heat utilisation in Germany. In
some regions, more excess heat is available throughout the year than is needed to provide space heat
and hot water.

! The chapter has been published as Fritz, Markus; Ali Aydemir; Schebek, Liselotte (2022): How much excess heat might be used in buildings?
- A spatial analysis at municipal level in Germany. In: Energies. DOI: 10.3390/en15176245.
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2.1 Introduction

Increasing energy efficiency in all sectors is an important pillar of achieving the EU’s climate protection
goals and ensuring security of supply in the coming years. Industry is responsible for about a quarter of
the final energy demand in the EU. More than 70% of this is used to provide heating and cooling, of
which more than 80% is used to generate process heat (eurostat 2022). Large amounts of this energy
are released into the environment in the form of unused excess heat (Briickner 2016; Aydemir and Fritz
2020). From a technical point of view, industrial surplus heat can be described as heat generated during
an industrial process and cannot be used for the actual goal of the production process (Pehnt et al.
2010). From a societal perspective, it can be described as heat that is a by-product of industrial processes
and is currently not used but could be used in the future by society and industry to increase energy
efficiency (Viklund and Johansson 2014).

However, there are different technical and non-technical barriers to using industrial excess heat (Fritz
et al. 2022c). Technical barriers are temporal imbalance, local discrepancy and quality mismatch
(Schmidt et al. 2020). These barriers can be overcome through technical developments. However, as
mentioned above, there are also non-technical barriers. These are mainly the economic viability and long
payback periods of excess heat use (Fritz et al. 2022c; Péivarinne et al. 2015; Blomer et al. 2019b), trust
and trans-fer of information (Paivérinne et al. 2015), lack of know-how and capacity (Fritz et al. 2022c;
Blomer et al. 2019b) and the binding character of contracts (Fritz et al. 2022c; Blomer et al. 2019b).
However, some factors promote the implementation of projects for external excess heat utilisation (Fritz
et al. 2022c¢). These are the commitments of individuals, the commitments of local actors such as
politicians, innovative business models where the industrial company does not have to cover the upfront
investment and solutions that ensure the long-term management of excess heat.

There are several ways to use this excess heat (Viklund and Johansson 2014; Fritz et al. 2022c; Hirzel
et al. 2013). First, the excess heat can be used internally in the process in which it is generated. This
means that the excess heat is recovered and reused. Second, the excess heat can be fed and used in other
processes or plants. This can be done either internally in the same plant or externally in another plant
or district heating networks. Third, the excess heat can be converted into other forms of energy. For
example, excess heat can be converted into electricity via Organic Rankine Cycles (ORC) or into cooling
energy via adsorption systems.

2.1.1 Literature overview

The methodological spectrum to calculate the amount of excess heat ranges from estimation approaches
based on key parameters (Pehnt et al. 2010; Manz et al. 2018; Grof3 and Tadnzer 2010) to empirical
works, such as that by Brueckner et al. (2017) for Germany based on an emissions survey. In addition,
there are also studies that analyse the role of industrial excess heat for district heating, whereby the
industrial excess heat quantities taken so far are based only on estimations based on key parameters
(Manz et al. 2021; Aydemir et al. 2020; Persson et al. 2014). For these analysis on excess heat potentials,
a distinction can be made between bottom-up and top-down analyses. Bottom-up analyses (Briickner
2016; Manz et al. 2018; Hering et al. 2018; Steinbach et al. 2021) show a lower potential than top-
down analyses (Pehnt et al. 2010; Groff and Tanzer 2010). Some works deal with the potential
assessment of excess heat to cover the space heating demand (Hering et al. 2018; Cooper et al. 2016).
In a few studies, spatial characteristics are taken into account, and the distribution via district heating
networks or other technologies is examined (Blomer et al. 2019b; Hering et al. 2018). Potentials for the
use of industrial excess heat have been analysed in the literature for individual countries (Brueckner et
al. 2017; Steinbach et al. 2021; Cooper et al. 2016), for several countries (Manz et al. 2021; Miré et al.
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2015) or on a global level (Forman et al. 2016). To determine the excess heat potential in industry, a
distinction can generally be made between top-down and bottom-up approaches.

In top-down analyses, the possible amount of excess heat is determined based on sector-specific data. In
GroR3 and Tanzer (2010), a potential of excess heat of approx. 280-300 TWh/a is determined for the 12
most energy-intensive industrial sectors in Germany. Pehnt et al. (2010) estimate the potential of excess
heat potential in Germany at around 130 TWh/a. Here, the results of a Norwegian study were transferred
to the German industrial structure. Persson et al. (2014) also determined the excess heat potential for
Europe based on an emission-based assessment by subsector. The excess heat potential for Europe is 812
TWh/a, and the excess heat potential for Germany is 157 TWh/a. Aydemir et al. (2020) show an excess
heat potential of 94 TWh/a for Europe for the energy-intensive industry sector. This study does not
include a specific value for Germany.

In recent years, however, bottom-up analyses have become increasingly common, in which the excess
heat potential is determined based on plant-specific data. The advantage here is that these analyses are
often based on real data, and the accuracy of the results is therefore higher. In Briickner (2016), the
usable potential of industrial excess heat was determined from data on the emissions declaration in
accordance with the 11th Regulation for the Implementation of the Federal Emission Control Act (11.
BImSchV) in Germany. In this work, the lower limit value for the possible potential of excess heat
utilisation in Germany is estimated to be approx. 60-70 TWh/a. The data basis for this is the emission
data from the 11. BImSchV from 2012. Steinbach et al. (2021) determine a theoretical excess heat
potential of 37.5 TWh/a using a similar methodology. Blomer et al. (2019b) also analyse the excess heat
potential in Germany using a similar method based on emission data from 2016, showing a theoretical
excess heat potential of 52-63 TWh/a. In Manz et al. (2021), the excess heat potential for the EU was
determined using emissions data from the EU ETS and E-PRTR databases. The results are given for three
different temperature levels and two different scenarios for internal heat recovery. For Europe, a
potential of 267 TWh/a is shown for the scenario with no further internal heat recovery and a reference
temperature of 25 °C. For Germany, this potential amounts to 43 TWh/a. In comparison, it becomes
clear that the bottom-up analysis delivers a significantly lower value than the top-down analysis. Table
2 shows a summary of all the results from the literature.

In Hering et al. (2018), it is shown that approx. 80% of the available excess heat occurs in a temperature
range below 300 °C. These values for Germany are in similar ranges to the data for Europe determined
in the HotMaps project (Manz et al. 2018; Pezzutto et al. 2019). In these data, 25% of excess heat occurs
in a temperature range of 100-200 °C and 63% in a temperature range of 200-500 °C. These analyses
are also consistent with the results of the analysis in Section 3 of this paper. This low-temperature heat
cannot be used in many industrial production processes (Aydemir 2018; Aydemir and Rohde 2018;
Chinese et al. 2018). Therefore, this heat is mainly suitable for the provision of space heating and hot
water supply in buildings and thus for use in district heating networks. Some works therefore analyse
the potential of using industrial excess heat in district heating networks. In Cooper et al. (2016), this
potential is investigated for the United Kingdom. The results show that about one third of the available
excess heat can be used in district heating networks, taking into account the spatial structures. In Hering
et al. (2018), the theoretically available potential was listed as 52-63 TWh/a in the low and medium
temperature range (<300 °C) for Germany. However, if this heat is used exclusively in existing heat
grids, the potential is 9-11 TWh/a. This means that additional infrastructure would have tobe built to
use about 82% of the available heat. The same applies to the analyses in Steinbach et al. (2021), where
the potential of excess heat for use in heat grids is quantified at 22.3 TWh/a. It is assumed that no
additional temperature upgrading takes place by means of heat pumps. If this possibility is taken into
account, an additional potential of 9.8 TWh/a is shown. In Blomer et al. (2019b), the potential of 52—
63 TWhy/a is reduced to 11 TWh/a if the excess heat is to be fed into existing heat grids.
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Table 2 Excess heat potential of existing studies and information on the method and level of detail.

Stud Excess Heat Based On Spatial Subsectors 11:;1121)(’)5}12;;( ctehst;
y Amount (TWh/a) Resolution Differentiated
Heat for DH
Grol3 and Tanzer ) )
(2010)] 280-300 Rough key figures National no no
Key figures from a .
Pehnt et al. (2010) 130 National yes no

Norwegian study

Key figures and

Persson et al, 157 publicly available  Site specific yes no

(2014) empirical data
Aydemir et al. Publicly available .
(2020) o4 empirical data National no yes

Key figures and
Briickner (2016) 60-70 comprehensive Federal state yes no
empirical data

Steinbach et al. Comprehensive ..
(2021) 37.5 empirical data Municipal level no yes
Blomer et al. Comprehensive Site s.pec1f1c
52-63 . analysis but no no yes
(2019b) empirical data ..
publication
Manz et al. (2021) 43 Publicly available Site specific yes yes

empirical data

Comprehensive  Site specific and

This study 36.6 empirical data ~ municipal level

yes yes

These theoretically available potentials do not take economic aspects into account. Hummel et al. (2014)
shows that above all, the distance between source and sink, the return temperature of the heat network,
the amount of excess heat available and the temporal availability of the excess heat are decisive for the
economic viability of the installation, and that in most cases the costs per kWh of heat are lower than in
conventional district heating networks.

The results of the literature research show that there have been many analyses of the potential of
industrial excess heat utilisation in recent years. However, most of these studies only show the results
for one region or one country, and very few studies show the results geo-referenced to the municipality
level. Furthermore, the existing studies rarely distinguish between subsectors, and the temporal
availability of excess heat is only analysed in one study (Blomer et al. 2019b). Only one of the studies
(Aydemir and Fritz 2020) analysed takes into account the presence of sulphur dioxide in the flue gas.
However, this is an important aspect, as in the presence of sulphur dioxide in the flue gas, the flue gas
can only be cooled down to a temperature of approx. 135 °C. However, this study only analyses the
excess heat potential for one federal state in Germany and does not show the results at the municipal
level.
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2.1.2 Our contribution

The aim of this paper is to give an overview of the regional distribution of excess heat from exhaust gases
in Germany and to evaluate the amount of excess heat from exhaust gases according to different
subsectors, which makes it possible to transfer the results to other countries. In order to make a
comprehensive statement about the usability of excess heat, we also analyse the temporal availability of
excess heat in the individual subsectors. In addition, an analysis of the available excess heat in relation
to the space heating demand is carried out at the municipal level. For this purpose, we processed existing
data from the emissions obligation in Germany and calculated the available industrial site-specific excess
heat quantities. In addition, the presence of sulphur dioxide is taken into account, which increases the
reference temperature for calculating the amount of excess heat. This is followed by a plausibility check
of the excess heat data based on the fuel input. Finally, we carry out spatial analyses of the available
excess heat in general and by subsectors.

Previous work has either not analysed the amount of excess heat in a regionalised way for the whole of
Germany, has only investigated the presence of sulphur dioxide in one federal state or has only used EU-
ETS and/or EPRTR data in regionalised analyses. Therefore, our research differs in several aspects.
First, our analysis is geo-referenced for the whole of Germany, and we additionally compare the available
excess heat with the space heating demand at the municipality level. Secondly, we take into account the
presence of sulphur dioxide, which reduces the excess heat potential. Thirdly, the analysis is broken
down by the most important economic sectors, which makes it possible to transfer the results to other
countries. To the best of the authors’ knowledge, this has not been done in the literature before.

2.2 Data and methods
2.2.1 Data

The data sets used in this paper originate from the data collection of the 11th BImSchV in Germany from
2016. In this data collection, all operators of plants that require a permit must submit a declaration on
the emissions generated and fuels used (c.f. 11th BImSchV). The data were requested from the 16 federal
state offices in Germany and then collated. In total, data were collected from 15 of the 16 federal states
in Germany. For each federal state, a data set on the exhaust gas records at the chimneys and a data set
on the fuels records are available. The data set of the exhaust gas records is structured in such a way
that there is one row in the data set for each process of a source (plant). These rows are coded with an
ID for the process, an ID for the source (plant) and an ID for the site. This means that a source that
contains several processes represents several rows in the data set, and a production site can in turn
contain several sources. All data entries also contain the coordinates of the respective sites.

The data set consists of 98,270 exhaust gas records, which in turn can be assigned to 39,023 sources.
On the other hand, there are 18,147 fuel records, which also correspond to 18,147 sources. The data set
for the exhaust gas records contains many variables, of which only seven are relevant for the analyses in
this paper. These are the process ID, the source ID, the site ID, the temperature T, the volume flow V,
the operating time O and the sulphur dioxide content of the exhaust gas. The fuel record data set also
contains several variables, but only the following four are relevant for the analyses in this paper. The
source ID, the site ID, the amount of fuel M and the calorific value H.

For further analysis, the data must be processed and cleaned, as some data rows do not contain records
of the temperature T, the operating time O or the volume flow V. The process of data cleaning and
plausibility checking is shown in Figure 3.
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Figure 3 Method of data cleansing

The data on the exhaust gas flows are available divided into the individual processes. The data on fuel
input are only available at the source level. For this reason, the 98,270 entries for the exhaust gas flows
were summarised in a first step based on the ID of the source. This resulted in 39,023 sources for the
data on the exhaust gas flows. From these data, all entries were removed that did not contain information
on temperature T, volume flow V or operating time O, or if these entries were marked with “na”. After
cleansing this data, 28,947 sources remained. The next step was to check whether the temperature of
the exhaust gas was higher than the reference temperature. For exhaust gas flows containing sulphur
dioxide, this reference temperature is 135 °C; for the remaining exhaust gas flows, it is 35 °C. After this
cleansing, 18,403 sources remained. These were merged by their site ID, resulting in 7953 sites.

As described above, the data on fuel inputs are only available at the source level. From these data, all
entries were removed that did not contain information on mass (m) or calorific value (He), or the entries
were marked with “na”. This resulted in 14,542 complete sources. These were merged by their site ID,
resulting in 11,353 sites. Subsequently, the data records for the exhaust gas flows and fuel flows were
merged by means of the AN No. (Site ID).
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After data cleansing and plausibility checks (for the method of plausibility checks, see Step 2 in the
methods section), a total of 6746 production sites remained in the data set.

In order to compare the data with the heat demand in the respective regions, data on the amount of
excess heat as well as on the demand for space heating and hot water were used. For this purpose, the
data on heat demand from the EU-funded HotMaps project were used (Pezzutto et al. 2019). In this
project, an approach was developed that relates information on the local built environment to the energy
demand for space heating, space cooling and hot water production. For this purpose, a spatial
distribution function was derived that distributes the nationally available heat demand data at the
hectare level. The central idea is that energy demand correlates with population size within a given area,
economic activity and climatic conditions. The data are available up to a resolution of 100 m X 100 m
for the entire EU.

2.2.2 Methods

The aim of this paper is to determine the spatially resolved excess heat potential from exhaust gases in
Germany and to compare the available excess heat with the heat demand in the individual municipalities.
For this purpose, our analysis followed the following three steps:

1. Calculation of excess heat from exhaust gases.
2. Plausibility check with fuel data.
3. Spatial analyses of excess heat and comparison with the heat demands.

In the first step, excess heat was calculated and spatially resolved at the industrial site level based on the
available data. The following nomenclature was used for the designation of the individual variables: The
volumetric flow Vs,j,i describes the volumetric flow of the exhaust gas record with number i, which is
associated with source j, which in turn belongs to production site s. The same nomenclature was also
used for the operating time O and the temperature T.

To calculate the excess heat, we first determined the amount of excess heat for all exhaust gas records
using Formula (1). We assumed that the heat capacity of the exhaust gas corresponds to the heat capacity
of nitrogen, since most of the exhaust gas consists of nitrogen. For this we used the constant value 1.04
kJ/kg x K, which corresponds to the heat capacity of nitrogen at 100 °C (Langeheinecke et al. 2020).
The weighted mean value of the exhaust gas temperature in our data set was 128 °C.

kg kj
Qs,j,i = Vs,j,i X Os,j,i x 1.3 (ﬁ) X 104(kg—xK> X (Ts,j,i - T‘r) (1)

where Qs (kJ) is the energy quantity of the corresponding excess heat source i, which belongs to source
j, which in turn belongs to production site s. Tr describes the reference temperature to which the exhaust
gas can be cooled down. For the exhaust gas streams in which sulphur dioxide is present, this is 135 °C;
for all other exhaust gas streams, it is 35 °C. Based on this, the amount of excess heat for the
corresponding sources j was calculated using Formula (2).

Qs = Z Qs,j,i 2)

where Qs; (kJ) describes the energy quantity of the exhaust gas from the corresponding source j, which
belongs to the production site s. Finally, the amount of excess heat of the exhaust gas for the entire
production site s was calculated using Formula (3).
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where Qs (kJ) describes the energy quantity of the exhaust gas of the corresponding pro-duction site s.
In the second step, the calculated amounts of excess heat were checked for plausibility using the
information on the fuel use of the respective industrial plants. The fuel data set is only available at source
level, which is why no comparison can be made at process level. For this reason, the energy quantity of
the fuels used in the respective sources j was first calculated using Formula (4).

ECs,j: Ms,jXHe (Y]

ECs; (kJ) corresponds to the amount of energy that is brought into the source j by the fuel. Ms,j (kg)
describes the amount of fuel, and H (kJ/ton) is the net calorific value of the fuel. This information is
completely available in the fuel input data set. Finally, the amount of energy of the fuel input of the
entire production site s was calculated using Formula (5).

ECS = ZECSJ' (5)
]

For the plausibility check, the ratio between the amount of energy of the fuel used and the amount of
energy in the exhaust gas in form of excess heat was calculated using Formula (6).

Qs
EC,

ERs = ©)

If this ratio was greater than 0.6, the plant was marked as implausible, as it could not be assumed that
such inefficient plants are in operation. Older systems can sometimes have excess heat quotas as high as
this (Johnson et al. 2008).

The third step was the spatial analysis of the amounts of excess heat. For this purpose, the data on heat
consumption from the HotMaps project were intersected with the spatial information of the
municipalities (LAU level). This means that a total heat demand could be determined for each LAU
region in Germany. Subsequently, the existing amounts of excess heat in the respective municipal area
were compared with the heat demand in this municipal area. This made it possible to identify regions in
which a large amount of the heat demand could be covered through the use of excess heat.

2.3 Results

The first part of the results describes the available excess heat in Germany. First, the total excess heat
potential from exhaust gas is presented for Germany and then divided into the respective subsectors. In
addition, there is an analysis of the operating hours, i.e., the availability of excess heat over time at
different temperature levels. The second part presents the results of the spatial analysis. On the one
hand, the absolute distribution of excess heat and, on the other hand, the relative distribution of excess
heat in relation to the heat demand are analysed.
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2.3.1 Results by subsector

Figure 4 shows the cumulative amount of excess heat as a function of temperature. The total amount of
excess heat in our analysis is 36.6 TWh/a. A large proportion of the excess heat is generated in the low
temperature ranges in particular. Approx. 33% of the excess heat is generated up to a temperature of
100 °C and approx. 63% up to a temperature of 200 °C. This shows that, above all, a large proportion of
the excess heat is generated in the low temperature range. This shows that especially the use of excess
heat in low temperature ranges can be of great benefit. A distribution of the available excess heat in
100 °C steps is shown in Appendix A.
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Figure 4 Cumulative excess heat by temperature level for the 6746 plausible sites in the data set.

Figure 5 shows the available excess heat by subsector. The representation corresponds to Figure 4 of the
cumulative amount of excess heat by temperature level. This also shows that the excess heat in the
subsectors is mainly available in low temperature ranges (<200 °C). One exception is the subsector of
basic metals. Here, the increase in excess heat is lower with increasing temperature. This is because
many processes with high temperatures are used in this subsector. Especially in the two sectors with the
greatest excess heat potential in the flue gas (“other non-mineral products” and “chemicals and chemical
products”), the temperature level of the excess heat is relatively low. This is also the case for the sub-
sector of “coke and refined petroleum products”, although there are a few plants in the 1000 °C range
that also generate large amounts of excess heat. It should be noted that the energy production sub-sector
was not taken into account in the presentation. This is mainly due to the fact that Germany has decided
to phase out coal, and thus large parts of the available excess heat in this sector will disappear in the
next few years.
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Figure 5 Excess heat quantity by temperature and subsector for the largest 8 subsectors (without the sub-sector of energy
production).

Continuous availability is of great importance for the use of excess heat. For this reason, some industrial
sectors are more suitable for the use of excess heat than others. Figure 6 shows the operating hours of
the investigated plants by temperature level and subsector. For this analysis, only the five subsectors
with the largest available excess heat in the exhaust gas were taken into account. The width of the
respective coloured bars describes the frequency of the plants that have the respective operating hours.
The thick black bar inside the coloured bars represents the range between the lower and upper quartile,
and the white dot shows the median.

In the temperature range below 150 °C, the energy consumption of the “paper and paper products” and
“basic metals” sectors is almost constant throughout the year. For the sector “other non-metallic mineral
products”, this temperature range shows that the operating hours for many plants are constant at around
6000 h. In the “coke and refined petroleum products” sector and the “chemicals and chemical products”
sector, there are plants in this temperature range that have both very high and very low operating hours.

In the temperature range from 150 °C to 500 °C, all plants in the respective sectors have both high and
low operating times. This is also evident from the distribution of the quartiles, which lie between 1500
and 7000 h for the sectors in this temperature range. An exception is the sector of coking plants and
mineral oil processing. This sector contains almost exclusively plants that have an almost continuous
operating time throughout the year.
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In the temperature range above 500 °C, there are relatively few plants in the data set. For the sectors
“paper and paper products” and “chemicals and chemical products”, the plants in this temperature range
only have low operating hours, and it can be assumed that these are peak load plants. These are not
suitable for the external use of excess heat. In the “basic metals” sector, most plants in this temperature
range have around 7000 operating hours. For the excess heat available here, both internal and external
use would make sense. The sector “coke and refined petroleum products” includes plants with about
5000 h aswell as plants that are in operation all year round. As with the “basic metals” sector, both
internal and external use of excess heat can be useful here.
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Figure 6 Operating hours by temperature level and subsector.

2.3.2 Spatial results

For the off-site use of excess heat, it is particularly relevant in which regions it accumulates. Figure 7
shows a map of Germany in which the respective existing excess heat is depicted at the municipal level.
The darker the colour of the respective municipality, the greater the excess heat available there. In total,
there are about 11,000 municipalities in Germany (statista 2020). Since no data are available for one
federal state, 10,362 municipalities are analysed in this paper. In the data set, amounts of excess heat
could be identified for 2768 municipalities (approx. 27%). There are 100 municipalities in Germany in
which more than 50 GWh/a of industrial excess heat from exhaust gases is available. Furthermore, there
are 70 municipalities in each of which more than 75 GWh/a of excess heat from exhaust gases is
available. Some of these are municipalities in which a large number of industrial companies is located.
However, there are also municipalities in which only a few industrial sites have a high amount of excess
heat. Particularly in the Ruhr region in western Germany, it can be seen that large amounts of excess
heat are available there. Many energy-intensive industries are located in this region. In the east of
Germany, one can see that there are also some municipalities with very large amounts of excess heat.
Some of these are municipalities with large power plants, which are often still powered by lignite. Some
of the excess heat from these power plants is already being used for feeding into heating networks. With
regard to the future use of excess heat, it must be taken into account that the decision has been made to
phase out coal and lignite in Germany, and thus a long life time of the plants cannot be guaranteed.
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Figure 7 Available amounts of excess heat in GWh/a in Germany at the municipal level.

Figure 8 shows the available excess heat at the municipal level in relation to the heat demand. The data
on heat demand from the EU project HotMaps was used for this purpose. The colour gradation of the
individual municipalities describes the ratio of available excess heat to heat demand. The darker a
municipality is shown, the higher the quota. The analyses show that there is a total of 148 municipalities
in Germany in which the available excess heat in the municipality could cover more than 50% of the
heat demand over the whole year, and 61 municipalities even have amounts of excess heat that exceed
the heat demand in these municipalities.

The analysis shows that there are no specific characteristics of the municipalities in which this rate is
over 100%. Some of them are municipalities with many inhabitants and large industrial enterprises at
the same time. In some cases, however, there are also municipalities with fewer inhabitants and smaller
industrial enterprises.

However, it is noticeable that the regions from Figure 7 do not coincide with the regions from Figure 8.
It is therefore not possible to make a general statement that the ratio of available excess heat to heat
demand is correspondingly high in regions with large amounts of excess heat. In the Ruhr region in
particular, large amounts of excess heat are available, but there is also a lot of people living there. For
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this reason, the heat demand in the municipalities in this region is very high, and thus the ratio of
available excess heat to heat demand is correspondingly lower.

‘)
G f@;

o
5

i

5
e
Wi
‘S
)

i,

2
e
T

o\

Ly
i
%

5

Quota Excess
Heat/Heat demand

[ <25%
[ 25-50%
[ 50-100%
B >100%

Figure 8 Spatial distribution of relative excess heat in comparison with heat demand.

2.4 Discussion

Our analysis is based on official emissions data from industrial companies in Germany. We corrected
data entries and checked their plausibility with the help of fuel input data. Our results are based only on
these complete and plausible sites. In this context, complete means that all the necessary information
for calculating the excess heat quantities is available, and plausible means that the ratio of excess heat
to fuel used is not greater than 0.6. However, it should be mentioned here that only the fuels used can
be used for the plausibility check and not the electricity used. This means that processes that require
large amounts of electricity (e.g., electric steel plants) are classified as implausible because they generate
excess heat without the use of fuels. However, it can be assumed that this case does not occur at a
particularly large number of production sites, as fuels are currently still mainly used to provide process
heat. The initial data included 10,630 sites, of which 6746 could be classified as complete and plausible.
This means that about 36.5% of the sites are not included in our analyses, which means that the actual
excess heat potential may be higher. Overall, the data quality of the remaining data is very high, as it is
plausible and based on real information from the industrial companies.
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Our analysis is based on emission data from 2016. Due to the ongoing energy transition, industry will
see changes in the respective production processes and production volumes in future years (Fleiter et al.
2020; Herbst et al. 2021; Neuwirth et al. 2022). For this reason, when implementing measures to use
excess heat, care must always be taken to ensure that sufficient excess heat will also be available in
future years. However, it is also important that the use of excess heat does not create any lock-in effects,
whereby inefficient or very CO»-intensive plants are operated longer than necessary.

One example of this is the coal-fired power plants in Germany. In many existing power plants, excess
heat is already being used, but there is still a lot of potential. However, since the decision has been made
to phase out coal in Germany, this excess heat cannot be used in the long term. However, it would be
possible to extend or build new district heating networks to use the excess heat from the coal-fired power
plants, which could gradually be replaced by other heat sources such as other industrial excess heat,
geothermal energy or large-scale heat pumps over the next few years.

In addition to changing production processes and production volumes, it is also possi-ble to change
production locations. It may be that in the future, companies will primarily search for locations where
sufficient low-cost renewable energies are available or where the companies themselves can build large
renewable energy plants to supply themselves. In this context, the planned construction of electrolysers
is also of great importance. In many industries, hydrogen will be a central building block for the
conversion of production processes (Neuwirth et al. 2022). It is therefore also possible that companies
will in the future select locations where electrolysers can be built and operated at low cost. The location
of electrolysers is also interesting in terms of the use of excess heat. Alkaline electrolysis and proton
exchange membrane electrolysis produce excess heat in temperature ranges between 50 and 90 °C,
which can be used for heating purposes, as can industrial low-temperature excess heat (Béhm et al.
2021).

We have calculated the existing excess heat based on the temperature level, the volume flow, the
operating hours and the presence of sulphur dioxide. For this we have made some assumptions, which
are discussed in the following.

For the density and specific heat capacity of the exhaust gas flows, it was assumed that these can be
approximated to the specific heat capacity of nitrogen. This assumption is sufficient for an aggregated
estimate. For the exact determination of the heat capacities and densities of the exhaust gas flows,
however, the concrete material composition would have to be known. However, this is not contained in
the available data set. In a site-specific calculation, however, this information should be collected in
order to enable an exact calculation of the amount of excess heat.

In addition, we assume in our calculation that the specific heat capacity is independent of the
temperature. In reality, however, it is different at different temperatures. The difference between 35 °C
and 800 °C is about 12% for nitrogen (Langeheinecke et al. 2020). However, the difference between
35 °C and 200 °C is only about 1%. Since most of the excess heat is generated in this range, it can be
assumed that this has no significant influence on the results.

The existing data set does not contain information on the composition of the exhaust gas, as described
in the previous paragraph. For this reason, the water content of the exhaust gas is also unknown.
Therefore, our analyses do not take into account the latent heat of condensation released by
condensation of the water vapour in the exhaust gas. Future analyses could take this aspect into account
if it can be collected. For the calculation of the site-specific excess heat on site, the latent heat of
condensation should be taken into account in any case.
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For the comparison of heat demand and excess heat supply at the municipal level, we only used annual
values and not daily or hourly values. For this reason, it must be taken into account when interpreting
the results that heat storage is indispensable for the full utilisation of the available excess heat.
Nevertheless, an indication of particularly interesting and sensible areas for the use of excess heat can
be identified on the basis of this first estimate. Future analyses could use hourly resolved load profiles
or at least make a distinction between winter and summer to improve the accuracy of the analyses.

For the analysis of the potential of excess heat in this paper, we only consider the use for residential
heating and no other possible uses, such as internal company use. For residential heating, however, the
excess heat must be transported to the end users, who are often not in the direct vicinity of the excess
heat sources. Nowadays, district heating networks are mainly used for this purpose (Hummel et al. 2014;
Fang et al. 2013). For this reason, the existing district heating networks are also of great importance for
the use of excess heat. Appendix B contains a map showing the share of buildings with district heating
connections at the municipal level. It should be noted, however, that these data are based on the 2011
census. However, Fritz et al. (2022c) show that an existing district heating network is not a prerequisite
for excess heat utilisation. New district heating networks are often built in the course of excess heat
utilisation projects.

District heating networks are mostly operated at a temperature level of between 70 °C and 120 °C
(Viklund and Johansson 2014). This means that for excess heat with a higher temperature level, the
temperature level must be lowered to the required temperature. This can be done, for example, by means
of heat exchangers, whereby the flow of water and the heat exchanger must be selected in such a way
that the corresponding temperature level can be reached (Viklund and Johansson 2014). At lower
temperatures, the heat can be raised to the required temperature by means of a heat pump (Viklund and
Johansson 2014).

2.5 Conclusions

We analysed over 115,000 data records and calculated the available amount of excess heat in the exhaust
gas at the municipality level. To do this, we took into account whether there is sulphur dioxide in the
exhaust gas, which reduces the amount of excess heat available. Our analyses show that, taking sulphur
dioxide into account, a total of 36.6 TWh/a of excess heat from exhaust gases is available in Germany.
Comparing the amount of excess heat available with the heat demand of the individual municipalities
shows that for 61 municipalities in Germany, the amount of excess heat available over the whole year is
greater than the total heat demand. From a policy perspective, our results show that there is a large
potential for excess heat utilisation in Germany, and that especially in some regions, more excess heat is
available throughout the year than the individual buildings need to provide space heating and hot water.
Measures should be developed here to further promote the use of excess heat and, above all, to
encourage cooperation between the companies producing the excess heat and the energy supply
companies. The technical solutions for using excess heat are known. The challenge now is to initiate and
implement concrete projects.
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2.6 Appendix

2.6.1 Appendix 2.A

Table 3 Available excess heat for different temperature levels.

Temperature (°C) Available Excess Heat (TWh/a) Percentage of Total
100 12.2 33.1
200 23.1 63.1
300 29.0 79.2
500 34.1 93.2
800 35.5 97.0
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2.6.2 Appendix 2.B
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Figure 9 Spatial distribution of the share of buildings with district heating connection at the municipal level based on Statistische
Amter des Bundes und der Lander (2020).
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3 A technical and economical comparison of excess heat transport technologies?

Abstract

The use of industrial excess heat to provide environmentally friendly and efficient heat for heating
purposes can be part of the solution to achieve the climate goals of the European Union. CO2 emissions
from heating sector have to be dramatically reduced to reach ambitious CO. targets. In current
installations in the EU, excess heat is transported to consumers primarily via district heating. However,
the construction of district heating networks is capital-intensive and time-consuming. Depending on the
framework conditions, other transport technologies may make more sense. In literature, there is no
comprehensive overview that compares areas of application and technical framework conditions and
notably carries out an economical comparison of technology. Here, we close this gap and conduct a
qualitative and quantitative technical and an economical comparison of new and existing excess heat
transport technologies. Based on comprehensive literature review, we screen available technologies and
select four technologies for further analysis (district heating, sewer networks, absorption cycles and
phase-change materials). We determine the most economical solution for approx. 450,000 combinations
of transport distance and excess heat amount and also perform two sensitivity analyses. Our results show
that the transport costs for DH are very high (>20 ct/kWh) for small amounts of excess heat (less than
1,000 MWh). In conclusion, district heating is an economic option for transporting heat, but for distances
shorter than 6 km and low excess amounts lower than 1,000 MWh other technologies are more
favorable.

Highlights:

e Analysis of four different technologies for off-site excess heat utilization
e Economic model for the evaluation of these technologies
e For small amounts of heat and short distances PCM is the most economical solution

e For large amounts of heat and long distances DH is the most economical solution

Abbreviations:

EU European Union

DH District heating

ESN Excess heat distribution through sewer networks
PCM Phase Change Materials

LCOTH levelized costs of transported heat

CAPEX capital expenditure

OPEX operating expenditure costs

2 The chapter has been published as Fritz, Markus; Plotz, Patrick; Schebek, Liselotte (2022): A Technical and Economical Comparison of Excess
Heat Transport Technologies. In: Renewable and Sustainable Energy Reviews (168). DOI: 10.1016/j.rser.2022.112899.
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Nomenclature:

amount of excess heat (kJ)

Heat losses (kJ)

water flow (m3/s)

pipe diameter (m)

transport distance (km)

specific installation costs for pipes (€/m)
lifetime (years)

~D Aage B0

3.1 Introduction

The industrial final energy demand accounts for a quarter of the European Union's (EU) final energy
demand (cf. (European Environment Agency 2020)). Large amounts of this energy are released unused
into the environment in form of excess heat (Briickner 2016; Aydemir and Fritz 2020). Thus, the use of
industrial excess heat can be part of the solution to achieve the climate goals of the EU. Notably, the use
of excess heat for the housing sector is an interesting option for climate mitigation: Private households
account for one quarter of the European Union’s final energy demand (European Commission 2018).
Approximately 80 % of this is used to provide heat and hot water.

In Hering et al. (2018) it is shown for Germany that approx. 80% of the available excess heat has a
temperature level of less than 300 °C. Brueckner et al. (2017) also show that approx. 69% of the
available excess heat in Germany occurs in a temperature level of less than 200 °C. This low-temperature
heat cannot be used in many production processes in industry (Aydemir 2018). Therefore, this heat is
mainly suitable for the provision of residential heating and hot water.

However, industrial plants are often far away from residential areas and therefore the excess heat has
to be transported to the end-using households. Today, in the EU mostly district heating networks enable
the transport of heat and are analysed in several studies (Chiu et al. 2016; Colmenar-Santos et al. 2016;
Fang et al. 2013; Hummel et al. 2014; Kavvadias and Quoilin 2018). However, transporting excess heat
from industrial sites to households is also possible with other technologies. The installation of district
heating networks is capital intensive and under certain circumstances the use of another technology can
be technologically and economically more sensible.

Only a few studies explicitly analyse or compare different technologies for heat transport. Existing
studies focus on the presentation and technical comparison of different technologies (Ma et al. 2009b;
Vallade et al. 2012; Xu et al. 2019). Ma et al. (2009b) presents different technologies for transport of
excess heat, but does not compare them economically. Xu et al. (2019) analysed various technologies
and storage options for the use of excess heat, but also do not perform an economic analysis. These
studies conclude that, from a technical perspective, technologies other than district heating for heat
transport are also feasible and can achieve lower heat losses and thus higher efficiency. Other studies
compare single heat transport technologies with heat networks, but do not study the other available
technologies (Gao et al. 2019; Chiu et al. 2016). They show that district heating is not always the most
cost-effective solution for heat transport. Another part of the literature specifically investigates technical
aspects of individual heat transport technologies, such as phase-change materials (Deckert et al. 2014;
Ma et al. 2017; Mird et al. 2016), methanol (Liu et al. 2002; Miiller et al. 2014), sewer networks
(Aydemir et al. 2019; Fritz and Aydemir 2019; Miiller 2019) or liquid-gas absorption cycles (Ammar et
al. 2013; Gao et al. 2019; Kang et al. 2000; Lin et al. 2009, 2011; Mazet et al. 2009). A comparison with
other technologies is missing in this literature stream.
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Overall, the current literature indicates that technologies other than district heating for transporting
industrial excess heat to the end-using households may be technically feasible. However, in the literature
there is no comprehensive overview that compares areas of application and technical framework
conditions and notably carries out an economical comparison of these technologies.

The aim of the present paper is to close this gap in the literature and conduct a comparison of technical
feasibility and economic performance of existing and up-coming excess heat transport technologies.
Based on a comprehensive literature review, we identify seven different technologies: district heating
(DH), excess heat distribution trough sewer networks (ESN), liquid-gas absorption cycles, methanol,
phase-change materials (PCM), hydrogen absorbing alloys and solid-gas adsorption. We evaluate these
seven technologies and the technologies methanol, hydrogen absorbing alloys and solid gas adsorption
were excluded as they do not meet the minimum requirements for different indicators. For technological
comparison, we use a qualitative and quantitative comparison to classify the technologies into different
application areas. For economic assessment, we develop a uniform method for calculating the levelized
costs of transported heat (LCOTH). In addition, we perform a sensitivity analysis to determine the impact
of the interest rate and the heat losses. As a result, we determine the lowest LCOTH for different
combinations of transport distance and amount of excess heat in a technology-neutral manner.

3.2 Technologies for thermal energy transport

The first part of this section presents the method and the results of the literature review for the selection
of the technologies. The second part of this section presents the review, evaluation and selection of the
technologies analysed in this paper. These technologies are then presented in more detail.

3.2.1 Literature research on individual technologies

In a first step, based on a literature screening, we search technologies for thermal energy transport. Here,
the framework conditions were that the heat can be transported over long distances (>1 km) and that
the required excess heat temperature is below 100 °C. For this purpose, we search the Scopus database
for the terms: "( {waste heat} OR {excess heat} ) AND ( industry OR industrial ) AND ( transport
OR transportation OR transmission ) AND NOT thermoelectric" in the abstracts and limited it to the
research fields Engineering and Energy. This results in a total of 359 papers. Additionally we use the
search term "( TITLE ( {transportation of heat} ) OR TITLE ( heat AND (transportation OR transport)
AND heating ) )" which resulted in 101 papers. From this research, 38 papers were identified that analyse
the out-of-plant excess heat utilization in terms of single or multiple technologies. Based on these papers,
8 technologies were defined, which are basically suitable for the use of excess heat for buildings.

Figure 10 present these general possibilities for long distance heat transport of low temperature heat.
The left side of Figure 10 shows the technologies of physical heat transport and the right side the
technologies of thermochemical heat transport. Physical heat transport uses the sensible heat capacity
of water or another material to transport heat. Thermochemical heat transport technologies use chemical
reactions or latent heat capacities to transport heat . Within the category of thermochemical transport
technologies a distinction is made between grid-bound and grid-free technologies. However, it is not
excluded that grid-bound technologies can theoretically also be transported by road, rail or ship.
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Figure 10 Overview of the identified heat transport technologies

Table 1 presents an overview of the literature. The classification of the literature is based on the
considered technologies and whether a technical evaluation, an economic evaluation or a comparison
with DH was carried out.

Table 4 Overview and scope of the literature

Technical oder
economical
comparison with DH

Technology

. Technical evaluation Economic evaluation
considered

Study

Chemical reactions,

PCM, hydrogen-

absorbing alloys, Yes No No
Adsorption Cycles,

Absorption Cycles

Energy storages,

Ma et al. (2009b)

Xu et al. (2019) absorption cycles Yes No Yes
Vallade et al. (2012) Sorption cycles Yes No No
Chiu et al. (2016) PCM Yes Yes Yes
Gao et al. (2019) Absorption cycles Yes Yes Yes
Deckert et al. (2014) PCM Yes Yes No
Ma et al. (2017) PCM Yes No No
Castro Flores et al. Thermal energy Yes Yes No

(2017)

storages (+PCM)
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Technical oder

Study Techflology Technical evaluation Economic evaluation economical
considered . .
comparison with DH
Zalba et al. (2003) PCM Yes No No

Thermal energy

Miré et al. (2016) storages (+PCM) Yes No No
Liu et al. (2002) Methanol Yes No No
Miiller et al. (2014) Methanol Yes No No
Fritz and Aydemir
(2019) ESN No No No
Miiller (2019) ESN Yes No No
Bieker et al. (2021) ESN Yes Yes No
Hasegawa et al. Hydrogen absorbing
(1998) alloys ves ves No
Yu et al. (2008) Solid-gas absorption Yes Yes No
Ammar et al. (2013)  Absorption cycles Yes Yes No
Kang et al. (2000) Absorption cycles Yes No No

Physical heat transport

District heating (DH) networks are the most common way to use industrial excess heat. Many recent
studies show that DH networks will play an important role for space heating demand in the future (Lund
et al. 2010; Rezaie and Rosen 2012; Lund et al. 2014; Werner 2017; Hummel et al. 2014). Heat is
generated at a central heat generation site and delivered to one or more consumers. Transport takes
place via pipelines and water is used as the heat transport medium.

The excess heat distribution through sewer networks (ESN) technology is quite an innovative
approach. Different studies describe the potential of conventional wastewater heat utilization (Meggers
and Leibundgut 2011; Warff et al. 2020), which could be further increased by the use of excess heat.
The ESN technology demonstrates the possibility of using wastewater as heat transport medium for
excess heat. The excess heat is transported to buildings via the existing sewer networks and made usable
by a heat pump. Thereby the temperature of the wastewater is raised by excess heat (Miiller 2019; Bieker
et al. 2021). The advantage of this technology is that no new infrastructure needs to be built and the
heat transfer medium (wastewater) is already available.
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Thermochemical heat transport

In liquid-gas absorption cycles, excess heat is converted into chemical energy by changing the
concentration of a solution (Ammar et al. 2013; Gao et al. 2019; Kang et al. 2000). This chemical energy,
which is stored in the solution, is transported via pipelines to the user. The advantage here is that the
transport takes place at ambient temperature and therefore no thermal insulation of the pipes is
necessary. The functional principle is based on a sorption heat pump. With the difference, that the
generator and condenser are located at the source side and the evaporator and absorber at the user side.

In Liu et al. (2002) and Miiller et al. (2014), the use of methanol to transport excess heat is described.
Methanol can be used for the transport of heat by different decomposition and composition reactions.
Miiller et al. (2014) describe that the technology has a very low efficiency of 16% without consideration
the transport losses.

Phase-change materials (PCMs) can store heat mainly in form of latent energy. This means that the
energy is absorbed by a phase change from solid to liquid and the energy is released by a phase change
from liquid to solid. In contrast to the sensitive heat transport technologies, heat transfer takes place at
almost constant temperature. For this reason, PCMs are also well suited for additional heat storage in
heat networks (Castro Flores et al. 2017; Thomson and Claudio 2019). To transport the heat, the PCMs,
which are loaded with thermal energy, are transported in containers by road or rail to the respective
location. At the place of use, the heat can be extracted from the PCMs, which results in the material
becoming solid again.

Hydrogen absorbing alloys release heat during the absorption of hydrogen (Kang and Yabe 1996;
Nasako et al. 1998). This process is reversible due to the addition of heat, which causes the hydrogen
absorbing alloys to release the hydrogen again.

The technology of solid-gas adsorption is analysed in (Yu et al. 2008). The technical principle behind
this technology is based on endothermic and exothermic adsorption processes and consists of 2 basic
steps. In the first step, the adsorbent releases heat when adsorbing a reaction gas. In the second step,
heat is supplied to the adsorbent, causing the adsorbent to release the reaction gas.

3.2.2 Review, evaluation and selection on individual technologies

Some of the presented technologies are considered more promising than others. In a second step, we
conduct targeted research on the individual technologies. In doing so, we further narrow down the
technologies based on the estimated future potential, current installations or pre-feasibility studies and
the general data availability of the required indicators. Data availability means that data on operating
costs, investment costs, lifetime, temperature level, heat capacity and data on heat losses are available.

DH is the most widely used technology to utilise excess heat for residential heating. In recent years, there
are more and more installations, pre-feasibility studies, scientific studies and policies to promote the
technology (Moser and Lassacher 2020b; Blomer et al. 2019b; Mathiesen et al. 2019). For ESN
technology, a pre-feasibility study was conducted in 2019 and it shows that the technology is competitive
with DH and other heat generation technologies (Aydemir et al. 2019; Miiller 2019). For liquid-gas
absorption technology, there are only few studies in recent years. However, Gao et al. (2019) shows
that the technology can be economically and ecologically competitive with DH under certain
circumstances. For the use of methanol as a heat transport medium, there are no studies in recent years.
In contrast, almost all studies currently dealing with methanol assume a material use (Schorn et al.
2021; Sun and Aziz 2021; Ranjekar and Yadav 2021). For the technology PCM there are less studies in

A technical and economical comparison of excess heat transport technologies 30



the last years, however a large number of installations and pre-feasibility studies exist (Miré et al. 2016).
For the technologies hydrogen absorbing alloys and solid gas absorption, there are no significant studies
since the beginning of the 2000s, which describe the use as a heat transport medium.

Current installations or pre-feasibility studies could not be identified for all technologies. DH has by far
the largest number of currently installed projects (Fritz et al. 2022¢; Moser and Lassacher 2020b;
Schmidt et al. 2020). For the technology ESN a pre-feasibility study is available (Aydemir et al. 2019;
Miiller 2019). Mir¢ et al. (2016) shows 13 known installations or pre-feasibility studies for PCM. For the
remaining technologies, no recent installations or pre-feasibility studies for off-site use of excess heat
could be researched. For these technologies, only laboratory tests or model calculations are known.

Data availability is also related to existing installations and pre-feasibility studies. Many of the indicators
for the further calculations can be derived from these studies. Thus, all of the required indicators are
available for DH, ESN and PCM. Likewise, all of the required data for the technology liquid gas
absorption could be researched (Ammar et al. 2013; Gao et al. 2019; Kang et al. 2000; Mazet et al.
2009). For the technology methanol, all required data except for the heat losses could be researched
(Miiller et al. 2014; Ranjekar and Yadav 2021; Liu et al. 2002). For the technologies hydrogen absorbing
alloys and solid-gas adsorption, data could be partially researched (Kang and Yabe 1996; Yu et al. 2008;
Hasegawa et al. 1998). Data on the economic indicators and heat losses could not be researched.

Table 5 summarizes the results of the evaluation. It can be seen that 4 technologies (DH, ESN, Liquid-

Gas Absorption and PCM) achieve a 0 or a + in the overall evaluation. For this reason, these 4
technologies will be considered in the further analysis.

Table 5 Review and evaluation of the technologies (+ = good, 0 = medium, - = poor)

Future Current installations/ Overall

Liquid-gas
absorption

potential ilabili pre-feasibility studies evaluation

Hydrogen
absorbing alloys

Solid-gas
adsorption
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Technology details of the selected technologies

DH is the most common technology for using excess heat. The evolution of DH system technologies is
explained in terms of generations (Lund et al. 2014). Over the generations, the temperature in the DH
networks has decreased. In order to be able to feed renewable energies and low-temperature excess heat
into heating networks, the temperature within the networks must be further reduced, which leads to the
concept of 4th generation heating networks. The density of the fluid is 997 kg/m3, the sensible heat
capacity is 4.2 kJ/(kg*K) and the assumed lifetime is 20 years (AGFW 2021).

With the ESN, excess heat can either be inserted directly via the wastewater that is produced anyway,
or via additional heat exchangers in the sewer. Via the existing sewers, the wastewater is transported to
the consumer at a higher temperature level and the heat can be extracted from the wastewater via heat
exchangers in the sewer. This heat serves as a heat source for a heat pump (Aydemir et al. 2019). This
increases significantly the coefficient of performance (COP) of the heat pump compared to conventional
wastewater heat utilization. First analyses have shown that an odor nuisance can be excluded based on
a moderate temperature increase (Miiller 2019). Furthermore, negative influences on the operation of
the wastewater treatment plant can also be excluded. After the heat exchange at the location of the heat
user, the temperature level of the wastewater flow should correspond to the original temperature level.
Figure 11 visualizes the technical concept of excess heat utilization by heat distribution via the sewer
system. The industrial sites that provide the excess heat are shown on the right side. Households and
potential consumers of the excess heat are shown in the middle and the wastewater treatment plant is
shown on the left. The density of the fluid is 997 kg/m3, the sensible Heat Capacity is 4.2 kJ/(kg*K) and
the assumed lifetime is 20 years (Aydemir et al. 2019).

T

Decentralised a a

heat
utilisation ”

Excess heat
producer

Centralised @E
heat

utilisation

Figure 11 Schematic illustration of the ESN Technology (Mller 2019)

For the use of absorption cycles, different energy carriers can be used. In the literature, the lithium
bromide-water cycle and the ammonia-water absorption cycle are mainly considered (Kang et al. 2000).
The most promising working pair in terms of price and efficiency is the ammonia-water cycle. For this
reason, it is used in the present paper for the comparison with the other technologies. The energy
transport density for this technology is 127,75 kJ/kg (Gao et al. 2019) the temperature outlet is around
69 °C (Gao et al. 2019) and the assumed lifetime is 30 years (Pirouti et al. 2013).
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The functionality of the ammonia-water absorption cycle is shown in Figure 12. The excess heat (1) is
transferred to the cycle in the generator (2). The heat is used in the generator to split a strong ammonia-
water solution (3) into a weak ammonia-water solution (4) and ammonia vapor (5). The weak ammonia
water solution (4) is transported to the absorber (8) via a pipeline to the user side. Water contained in
the ammonia vapor is removed, for example by rectification. The thus pure ammonia vapor is fed into
the condenser (6), where the ammonia is liquefied. The liquid ammonia is transported via a pipeline to
the user side into the evaporator (7). In the evaporator, the ammonia becomes gaseous again and absorbs
heat, so that this process can be used for cooling. The ammonia vapor then flows from the evaporator
(7) to the absorber (8), where it is absorbed by the weak ammonia water solution (4). During absorption,
heat is released which can be used for heating purposes. The ammonia water solution (3), which is now
strong again, flows through a third pipe from the absorber (8) on the user side to the source side in the
generator (2).
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Cooling
(5)
I H I
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(2) Generator § @ gr )
m m A
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Figure 12 Principle of operation of the ammonia-water absorption cycle (based on Gao et al. 2019 and Ammar et al. 2013)

PCMs offer a higher thermal energy storage density than other latent heat storage materials. However,
there are chemical storage systems that can have a higher thermal energy storage density. In comparison,
however, chemical systems are more complicated, less robust and less reliable (Ma et al. 2017). A
disadvantage of using PCMs is the relatively low thermal conductivity and the currently comparatively
high price. There are many different PCMs (da Cunha and Aguiar 2020; Zalba et al. 2003). When
selecting a suitable PCM, it is important that the temperatures of the heat source and heat sink are
outside the phase change temperature to achieve complete melting/solidification. Sodium acetate
trihydrate is mentioned in the literature in many studies and is considered a very promising PCM (Ma et
al. 2009b; Mir¢ et al. 2016). When using sodium acetate trihydrate, a thermal efficiency of about 90 %
can be achieved. This means that 90% of the energy with which the storage is charged can be reused
when it is discharged (Deckert et al. 2014). The latent heat density of sodium acetate trihydrate is 73.3
kWh/t, the density is 1450 kg/m3 and the melt temperature is 58 °C (Ma et al. 2017).
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3.3 Methods

Excess heat can make an important contribution to decarbonise the heating sector. However, a major
challenge is the transport of excess heat to the end-users. The research aim of this paper is to identify
and compare different technologies for transporting excess heat. For this purpose, we identify relevant
technologies and evaluate them technically and economically. The individual steps of the method are:

1. Literature research

2. Technical comparison

3. Economic assessment and comparison
4

Sensitivity analysis

The method and the results of the literature review are presented in chapter 3.2. In this chapter, steps 2
to 4 of the method are presented. Chapter 3.3.1 presents the second step of the method for the technical
comparison. Chapter 3.3.2 describes the third step of the method for the economic evaluation and
comparison of the transport technologies. Thereby, the assumptions and calculation methods are
presented. Chapter 3.3.3 describes the fourth step of the method for conducting the sensitivity analysis.
Finally, chapter 3.3.4 presents the data sources and assumptions for the economic analysis of the
individual technologies.

3.3.1 Technical comparison

The aim of the technical comparison is to classify the technologies into different application areas. For
this purpose, we perform a qualitative and quantitative comparison of different variables. We compare
the lifetime, temperature level, heat capacity and heat losses for each technology. We make a
classification of the usable temperature levels and thus rank the usability of the technologies according
to different applications.

3.3.2 Economic assessment

For the economic assessment, we carry out an economic analysis and comparison of the technologies.
For this purpose, we calculate the capital expenditure (CAPEX) and the operating expenditure costs
(OPEX). The capital expenditure is calculated according to Konstantin and Konstantin (2018) as the
annuity for one year with the following formula:

CAPEX =1 t A+ D7+ 7
=  — 7
nves A+0i—1

where i is the interest rate, which we assume to be constant over all technologies at 2 %. t is the time
period under consideration, which in the cases of our technology consideration corresponds to the
lifetime of the individual technologies.

The OPEX of the individual technologies differ greatly in amount and basis of calculation and are
explained individually in the respective subsections of the technologies below.

In the second step, the LCOTH are calculated. This is the sum of CAPEX and OPEX in relation to the
amount of excess heat transported (Q) with consideration of losses (L). The calculation formula is:

A technical and economical comparison of excess heat transport technologies 34



CAPEX + OPEX
LCOTH = 0_1 (8)

In the third step, we compare the LCOTH of each technology. CAPEX and OPEX mainly depend on the
amount of excess heat to be transported and the transport distance. For this reason, the respective CAPEX
and OPEX of the technologies considered are calculated for approx. 450,000 different combinations of
transport distance and amount of excess heat. In the following we call these different combinations
reference cases. For each of the reference cases, it is thus possible to determine which technology
provides the most cost-effective option for heat transport for this reference case.

3.3.3 Sensitivity analysis

In order to better evaluate the results and to check the robustness of the results, we also perform a
sensitivity analysis. The sensitivity analysis covers the interest rate and the heat losses as parameters, as
the interest rate may change significantly over the next few years and the heat losses have a large local
dependence. We use the reference case with a transport distance of 12.5 km and an amount of excess
heat of 2,250 MWh for the analysis. This reference case is at the boundary between 2 technologies in
the economic analysis (cf. Figure 14).

3.3.4 Data sources and assumptions for economic assessment

District Heating (DH)

The investment for DH networks in general consists of costs for construction (civil engineering and
installation), planning and material. The study of Dunkelberg et al. (2018) have analysed the cost
structure for the investment of DH networks in dependence of the pipe diameters. This publication is
used as main data source for assessment of DH networks.

For each of the reference cases, the required pipe diameter is calculated. Therefore, we calculate in a
first step the required water flow to transport the heat. According to the variables from Table 6, the
required flow of water can be calculated as follows: ¢ = (Q/(3600 %8760 s/a))/(20K *971.8 kg/
m”"3 «4.194 kJ/(kg * K)) where q in m3/s is the required flow of water and Q in kJ/a is the annually
available excess heat amount. Assuming the average flow velocity from Table 6, the required pipe
diameter is: D = q/1.5 (m/s). Thus, the specific costs can be determined according to Appendix 3.A. The
total invest is: Invest = d * p where d is the transport distance in km and p the specific costs in €/km.

Table 6 Input parameters for the calculation of pipe diameters for DH

Difference between flow and return temperature | 20 K

Density at 80°C 971.8 kg/m3
Heat capacity at 80°C 4.194 kJ/ (kg*K)
Flow velocity 1.5m/s

The operating costs are assumed to be 2% of the invest per year according to AGFW (2021). Previous
studies show that heat loss in heating networks is in the range of 5-16% (Nussbaumer and Thalmann
2014; Masatin et al. 2016; Nussbaumer et al. 2017; AGFW 2021). There are no indicators in the
literature that reflect the heat losses in %/km as a function of diameter. For this reason, the assumption
is made that the heat loss is 12% according to AGFW (2021).
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So the LCOTH in €/kWh for this technology is calculated as formula (9):

LCOTH = CAPEX + Invest = 0.02 9
B Q % 0.88 ®)

Excess heat distribution through sewer networks (ESN)

The investment for the use of ESN consists of the civil engineering costs, the installation costs, the
planning costs and the material costs for the heat exchanger. The investment depends on the the size of
the heat exchanger and the installation costs. For the civil engineering costs, it can be assumed that these
remain relatively constant even with heat exchangers of different sizes. A detailed breakdown of these
costs is available for a case study in Liinen, Germany (Aydemir et al. 2019). The civil engineering costs
are estimated according to the results of the Case Study at 45,000 €. In the case study, the remaining
costs (installation, planning and materials) were determined to be approximately 72,000 €. The heat
transport of this installation is 3,000,000 kWh over the lifetime of the plant. Based on this, we deduce
that the specific cost (without civil engineering) is 0.0242 €/kWh. So the total investment is: Invest =
45,000€+ (Q = t) = (0.0242 € / kWh) where Q in kWh/a is the amount of excess heat available
annually and t in years is the lifetime of the plant.

The results of the case study indicate that 1 % of the investment is incurred annually as maintenance
costs. This includes the maintenance of the heat exchangers as well as the connecting pipes. In addition,
this technology requires electricity to operate a heat pump to achieve the required temperature level.
For this reason, additional costs are incurred for the required electricity. We assume that the heat pump
achieves an average COP of 4.2 (Delta T of 45 Kelvin and a quality grade of 55 % (Danish Energy Agency
2021)). The average electricity price in Europe in 2019 was 0.213 €/kWh (eurostat 2021a). Assuming
a cost increase rate of 0.8 %, this corresponds to an average additional cost of 0.0551 €/kWh of
transported heat. Previous studies have shown that heat losses depend mainly on the material of the
sewers and the soil properties (Fritz and Aydemir 2019). On average, heat losses amount to about
2 %/km. So the LCOTH in €/kWh for this technology is calculated as formula (10):

LCOTH = CAPEX + Invest x 0.01 (10)
B Q * 0.984

where d is the transport distance in km. In our analyses, we assume that for each of the analysed variants,
there is enough water in the sewer to transport the excess heat.

Absorption cycles

The investment for absorption cycles consists of the construction costs (civil engineering and
installation), the planning costs and the material costs. For the construction costs and installation costs,
we assume that these are identical to the costs of the heat networks based on Appendix 3.A for the
respective diameter. We calculate the missing values in the range of small diameters with linear
extrapolation. The pipes for the absorption cycle technology are made of carbon steel. The costs for these
are based on manufacturer data (Haustechnikshop24.eu). An overview of this cost structure can be found
in Appendix 3.B.

To calculate the invest, the required pipe diameters, which are needed to transport the excess heat, are
calculated. According to Gao et al. (2019), the energy transport density is 127.75 kJ/kg, or
24.13 kWh/m3.
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The flow velocity in the pipe transporting ammonia is 0.78 m/s (Gao et al. 2019). This means that the
required pipe diameter is: D = 2 * V((Q/(3600 * 8760 s/a))/(24.13 kWh/m3 % 0.78m/s * )) where Q
in kWh/a is the amount of excess heat available annually and D in meter is the pipe diameter. Based on
the required diameter and the data from Appendix , the specific costs for the reference cases can be
calculated. So the total investment for this technology is: Invest = d * p where d is the distance in km
and p the specific costs in €/km.

Since the general technology is similar to heat networks, we assume that the maintenance costs are also
2 % of the investment per year, as in the case of heat networks. Previous literature shows that the losses
for sorption technology is much lower than the heat losses in heat networks. Moreover, Gao et al. (2019)
results show that they are almost identical even for different distances. We assume that the average
losses are half of the average losses of the heat networks and thus 6 %. So the LCOTH in €/kWh for this
technology is calculated as formula (11):

LCOTH = CAPEX + Invest = 0.02 1
B Q * 0.94 ab

Phase change materials (PCMs)

The investment of the PCMs consists of the material costs of the PCM and the system costs. For the
material costs, we calculate the amount of PCM that must be available to transport the amount of excess
heat generated in one day. The latent heat density of sodium acetate trihydrate is 73.3 kWh/t (Ma et al.
2017). The costs of sodium acetate trihydrate is 1500 €/t (Alibaba.com). For the remaining system costs,
we assume that they are about 110 €/kWhgorage. This represents the average value of all PCM systems
considered in Castro Flores et al. (2017) minus the costs for the PCM. So the total investment for this
technology is: Invest = (Q/365)/(73.3 kWh/t) x 1500€/t + Q/365 * 110 €/kWh where Q in kWh/a
is the amount of excess heat available annually.

For our comparison, we assume that the PCMs are transported by truck. The average cost of transport
by truck is about 1.83 €/km (BMEnet GmbH 2020). We assume that a truck will load an average of 5
tons (Assuming a 12-ton truck with a possible maximum load of 7 tons). This means the specific costs
are 0.366 €/(t*km). Thus, the transport cost (OPEX) for PCMs in one year is: OPEX = Q/(73.3 kWh/t) *
d*2%0.366 €/(t * km) where Q in kWh/a is the amount of excess heat available annually and d in km
is the transport distance between the source to the sink. The heat losses during the transport are assumed
to be 10% according to Deckert et al. (2014). So the LCOTH in €/kWh for this technology is calculated
as formula (12):

LCOTH = CAPEX + OPEX 12
- Q*0.9 (12)

3.4 Results

This section analyses the results of the technical and economical comparison. The first part presents the
results of the technical comparison. The second part presents the results of the economic comparison.
Therby, a comparison of the capital and operating expenditures is made and the absolute levelised costs
of transported heat are analysed. In the last part of this section, the results of the sensitivity analysis are
presented.

3.4.1 Technical comparison
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We analyse the lifetime, the temperature level, the heat capacity and the heat losses for the various
technologies and compared them with each other. Table 7 describes these technical properties of the
technologies. The lifetimes of the technologies vary greatly. PCMs have the lowest lifetime of 12 years
and absorption cycles the highest with a lifetime of 30 years. This shows that the use of PCMs can make
sense, especially in the case of uncertain market developments in individual industries, since they are
designed for a lifetime of 12 years. With regard to the temperature level, it can be seen that there are
major differences between the technologies here. DH can be used for a wide temperature range. The
Absorption Cycle and PCM technologies have temperature levels of 69 °C and 58 °C. Due to the
characteristics of the chemical reaction, the temperature level is not flexible. The ESN technology has a
temperature level of 15-30 °C, without the use of a heat pump. There are also large differences when
considering heat capacity. PCMs have the highest heat capacity with 330 kJ/kg. This means that PCMs
can be a viable solution when only limited space to use excess heat is available. The heat losses are also
very heterogeneous for each technology. Heat losses in DH networks and ESNs are the highest, since
energy is transported in form of sensible heat, which is partly released into the environment during
transport. To evaluate the influence of heat losses, a sensitivity analysis was performed in section 3.4.5.
A more detailed description of the individual indicators is presented in the following.

Table 7 Overview of the characteristics of the technology

Lifetime [a] Temperature Heat Capacity Heat Losses
level [°C] [kJ/kgl through

on A
20
30 69
12 58 330 10%

The results show that different technologies are suitable for different applications. Figure 13 shows an
overview that classifies the technologies for different areas of application. The y-axis indicates the
temperature level that the respective technology can provide. The x-axis shows the amount of excess
heat that can be transported with the respective technology. It should be noted that the x-axis with the
amount of excess heat is logarithmic.
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Figure 13 Technical Comparison of viable range of applications for the technologies in dependence of excess heat amount and
temperature
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From Figure 13, it can be seen that DH has a wide range of applications. DH is flexible in terms of
temperature level. In addition, different heat amounts can be transported by varying the dimensions of
the pipes. However, the technology is less suitable for smaller amounts of heat, as very small pipe
diameters or very low flow rates would have to be used. As shown in Figure 13, the ESN technology is
particularly useful in the area of low temperatures and relatively small heat amounts. The technology is
very much dependent on the availability of wastewater, as this also determines the temperature in the
sewer. The optimal dry-weather flow for heat transport is about 0.001365 1/(s*MWh) for a temperature
rise in the sewer of 20 K. PCM technology is particularly useful for smaller excess heat amounts. It can
be scaled up more easily, but the transport costs for large amounts of excess heat are very high. The
choice of PCM determines the temperature level that can be provided. In our analyses, the PCM is sodium
acetate trihydrate, which can provide a temperature of up to 58 °C. The technology of the absorption
cycle is as flexible as the heat networks. By dimensioning the system and the pipes, it is theoretically
possible to use it for many different heat amounts. However, as with PCMs, the temperature level
depends on the choice of solution. In our case it is ammonia-water solution which can provide a
temperature of up to 69 °C.

3.4.2 Economical comparison

We calculate the specific LCOTH for 450,000 combinations of transport distance and amount of excess
heat (reference cases) for each technology as described in the method section. From the combinations
we derive the diagram presented in Figure 14. The figure shows which technology has the lowest LCOTH
for which combinations of transport distance (y axis) and amount of excess heat (x-axis). The results
show that different technologies are appropriate for different distances and different amounts of excess
heat.

In the case of smaller amounts of excess heat, the grid-bound technologies (DH and absorption cycle)
have higher LCOTH because the construction of new infrastructures is very cost-intensive in relation to
the amount of heat transported. For smaller heat quantities and shorter transport distances PCM has the
lowest LCOTH. This is mainly due to the fact that the investment only consists of the investment in the
PCMs and these costs are proportional to the amount of excess heat. Our analyses show that with an
available amount of excess heat of more than 4 GWh, transport by DH has the lowest LCOTH. The
Absorption Cycle technology has the lowest LCOTH only in a small range (1km transport distance and
350 - 370 MWh). Compared to DH, the material costs of carbon steel pipes for large diameters are
significantly higher. As a result, despite the lower losses for larger excess heat quantities and thus larger
pipe diameters, DH has significantly lower LCOTH. ESN technology has the lowest LCOTH for longer
transport distances and smaller heat quantities. In contrast to DH, ESN offers the advantage that no new
infrastructure has to be built. For larger heat quantities, however, the relatively high investment in large
and expensive heat exchangers outweighs this. When interpreting the results, it should be noted that
they are based on the assumptions described above. The boundaries of the individual technologies may
shift slightly depending on the assumptions.
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Figure 14 Phase Diagram for smallest LCOTH in dependence of excess heat amount (x-axis) and transport distance (y-axis)

3.4.3 Comparison of capital and operating expenditure

Figure 14 shows the technology with the lowest LCOTH for the respective reference cases. In order to
be able to make a comprehensive evaluation of the respective technologies, we also analyse the CAPEX
and OPEX of the respective technologies. Figure 15 shows a detailed representation of CAPEX and OPEX
for the different technologies for 4 reference cases. These are (1) 5km transport distance and 500 MWh/a
heat; (2) 5 km transport distance and 5000 MWh/a heat; (3) 30km transport distance and 500 MWh/a
heat; (4) 30 km transport distance and 5000 MWh/a heat. In blue and shaded are respectively the OPEX
and in orange and filled the CAPEX.

It can be seen that especially for the technologies where new infrastructure has to be built (DH and
absorption), it is mainly the transport distance that determines the LCOTH. For large transport distances
and small heat amounts, these technologies have higher LCOTH than the technologies where no
additional pipelines need to be built. For ESN technology, for longer transport distances, both CAPEX
and OPEX increase due to higher heat losses. In the case of PCMs, the specific CAPEX remains identical,
since they are calculated linearly from the amount of excess heat. However, the OPEX increase
significantly with longer transport distance. A complete table with the individual values can be found in
Appendix 3.C.
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3.4.4 Absolute levelised costs of transported heat

In addition to identifying the technology with the lowest LCOTH for each reference case, we also
calculate the lowest possible LCOTH for each reference case. Figure 16 describes the lowest LCOTH
depending on the respective distance (y-axis) and amount of excess heat (y-axis). The darker the
respective combination is shown, the higher the LCOTH. The LCOTH for the most economic heat
transport technology range from 0.26 €/kWh to 0.004 €/kWh.

It can be seen that both the transport distance and the amount of available excess heat have an effect on
the LCOTH. In general, the larger the amount of heat to be transported, the smaller the LCOTH. And the
longer the transport distance, the larger the LCOTH. It follows that the greater the amount of heat to be
transported, the longer the transport distance can be for the same LCOTH.
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Figure 16 Absolute LCOTH for heat transport for different transport distances and excess heat quantities

Compared to conventional natural gas heating, the use of industrial excess heat can make sense in some
cases. For this purpose, we calculate the specific costs for heat in a single-family house with a natural
gas boiler for three different countries in which natural gas is primarily used for residential heating
(Netherlands, Italy, Germany). For all cases we calculate an annual heat demand of 26,600 kWh/a
(190 kWh/m?2/a and 140 m2). We assume a natural gas boiler with 14 kW, which costs about 3,900 €
(Danish Energy Agency 2021). For the gas prices we assume a cost increase of 4 % per year. The initial
prices of the natural gas are for Germany 0.0620 €/kWh gas, for Italy 0.0897 €/kWh gas and for the
Netherlands 0.101 €/kWh gas (eurostat 2021b). This results in heat costs of 0.099 €/kWh heat for
Germany, 0.143 €/kWh heat for Italy and 0.161 €/kWh heat for the Netherlands. This shows that the
economic viability of the systems depends very much on local conditions such as energy carrier prices
and subsidies. Nevertheless, it can be said that for LCOTH higher than these thresholds, the use of excess
heat is not an economical solution.

3.4.5 Sensitivity analysis and robustness checks

Our sensitivity analysis focus on the parameters interest rate and heat losses. We analyse the sensitivities
at a transport distance of 12.5 km and an excess heat amount of 2,250 MWh. This point was chosen
because it lies at the boundary of two technologies in Figure 14. Thus, the influence on the selection of
the technologies can be seen. For other points the results may differ. Figure 17 shows the result of the
sensitivity analysis of interest rate. The y-axis shows the LCOTH and the x-axis the respective percentage
change of the interest rate and the absolute interest rate. It can be seen that especially DH and absorption
cycle are sensitive to the change of interest rate. This results from the fact that for these technologies
CAPEX has a higher share in LCOTH than OPEX and the interest rate only has an influence on CAPEX.
In the case of the PCM and ESN technologies, it can be seen that they react less sensitively to the change
in the interest rate, since the LCOTH of these technologies are largely determined by the OPEX.
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Figure 17 Sensitivity analysis of interest rate with an excess heat amount of 2,250 MWh and a transport distance of 12.5 km

Figure 18 shows the results of the sensitivity analysis of the heat losses. The y-axis shows the LCOTH
and the x-axis the respective percentage change of heat losses. It can be seen that in contrast to the
previous sensitivity analysis, the PCM and ESN technologies have higher sensitivity than the other
technologies. For the selected combination of transport distance and excess heat amount, it can be seen
that the ESN technology would be the best economic option if the heat losses would be about -30%
compared to the initial assumptions. The same is applicable if the heat losses for the technology DH
would be increased by +50% compared to the initial assumptions. Thus, the results show that heat losses

can also have a decisive impact on the economic viability of the individual technologies.
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3.5 Discussion

This section discusses the results and makes recommendations for further research. Our analysis is based
on literature data and the highly transparent method presented in section 3.3. However, within our
analysis, we make some assumptions that are discussed in the following.

Our analyses does not include an estimate of the total cost to provide heat for the end consumer. Our
analysis deals exclusively with the costs for transporting the heat. For the total costs, the heat production
costs of the excess heat, as well as the heat distribution within the buildings, must also be added. In
further studies, the economic efficiency of the individual technologies for the end consumers should be
investigated.

The technologies presented here differ fundamentally in their operation mode and can accordingly
provide different temperatures. DH and absorption cycles can provide high temperatures, whereas PCM
and ESN are limited in temperatures. For our analysed PCM, temperatures of about 60 °C are possible
and for the use of ESN, a heat pump is necessary to increase the temperature. Depending on the desired
temperature, this results in different COPs. In our analyses we assume a COP of 4.2, which means that
approx. 65-75 °C can be provided. Our analyses refer to the climatic conditions in Central Europe.
Depending on the climatic conditions, the framework conditions for individual technologies may change
and the results may therefore differ for southern or northern countries (cf. (Mazzeo et al. 2021)). Future
research should address this issue as it can provide a comprehensive overview of the usability of the
technologies in different climatic conditions.

Furthermore, all results must be evaluated against the background that they were each calculated based
on different lifetimes. For technologies with long lifetimes, the uncertainty of the assumptions increases
in the later years. We address this by calculating the average annual CAPEX and average annual OPEX
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to obtain the average LCOTH. Nevertheless, there are still uncertainties regarding the price increase of
the individual costs. This mainly affects the OPEX of the individual technologies. For the electricity costs
to operate the heat pump, we assume a price increase of 0.8 % per year. Further studies could deal with
this and especially analyse the price increase of the transport costs of PCM.

In our analyses, we assume that there is always enough wastewater available for the ESN technology.
However, the amount of wastewater can fluctuate greatly (Bischof 1993). For this reason, the technology
is particularly suitable in sewers where there is a high dry-weather flow. Another possibility is that the
excess heat is not transferred into the wastewater by means of heat exchangers, but directly via the
wastewater of the respective industrial plant. This can ensure that there is enough wastewater in the
sewer to transport the heat. Another challenge is the accurate delivery of excess heat to the end users.
When several consumers are connected to one sewer, the challenge can be that the temperature
continues to decrease along the flow path. This would mean that a lower temperature is available to the
end-users at the end of the flow path and thus the efficiency of the heat pump is lower. Further research
should be done to investigate the feasibility of this technology in case studies.

When interpreting the results, it should be noted that the temperature difference between flow and
return temperature is different for DH and ESN. For DH it is 20K and for ESN 45K. For this reason, we
have carried out a third short sensitivity analysis with a temperature difference of 45K for DH. The results
can be found in Appendix . The results show that only in the range of large transport distances (>15km)
a noticeable shift of the phase boundaries is visible. For the range of small transport distances (<5km)
the results are very robust.

In our analyses, we assume that PCM is transported by truck, since the expected distances are short.
However, it is quite conceivable that PCMs could be transported by train or ship, which would reduce
transport costs for longer distances. For DH, we make a general assumption of grid losses of 12 % based
on AGFW (2021). This means that we overestimate the losses for shorter transport distances and
underestimate the losses for longer transport distances. Other studies (Nussbaumer et al. 2017; Wetter
et al. 2017; Horlacher and Helbig 2018) show that grid losses can vary greatly depending on the grid
and can even be as high as 60 % for old grids. However, there are no references in the literature to heat
losses in DH networks in %/m. For this reason, we compared several literature sources and use the
general value of 12% based on AGFW (2021). To check the robustness of our results, we carry out a
sensitivity analysis of the heat losses. The results of the sensitivity analysis show that if the heat losses
of the DH change by 80%, the LCOTH only show a deviation of about 20%. Future research should
analyse heat losses in more detail, which can improve our method for calculating LCOTH.

We assume average values according to (Dunkelberg et al. 2018) for the construction costs of heating
networks. In reality, however, the construction costs of heating networks depend on the existing subsoil
and the building density. This must be taken into account when analyzing real locations. For the
construction costs for the sorption cycles, we use the construction costs of the heat networks as a basis,
since no data are available in the literature for this. Further studies could analyse these aspects.
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3.6 Conclusion

The results of this study make several contributions to the current literature. First, a comprehensive
overview of excess heat transport technologies is provided. Second, technical and economic parameters
are given for four selected technologies. Third, for the four technologies, an economic comparison is
made for different combinations of transport distance and available amount of excess heat. This can
provide an important decision-making basis for the selection of a technology for the transport of excess
heat. Our results confirm, that DH is an economical option for transporting heat for many reference
cases. However, the transport of heat for short transport distances and low excess heat quantities is more
favorable with other technologies. For excess heat amounts lower than 1,500 MWh and transport
distances of more than 10 km the ESN technology is the most economic application. For excess heat
amounts lower than 700 MWh and transport distances lower than 7 km the PCM technology is the most
economic application. Our results show that the transport costs for DH are very high for small amounts
of excess heat (less than 1,000 MWh). For this reason, mainly projects with large amounts of excess heat
have been implemented so far. In the future, however, the use of low-temperature excess heat with small
available quantities will become more and more relevant, especially due to smaller excess heat utilization
possibilities such as data centers. For this reason, it is important to continue research in these areas in
the future to enable comprehensive excess heat utilization possibilities.

CRediT Author Statement

Markus Fritz: Conzeptualization, Methodology, Validation, Formal Analysis, Data curation, Writing -
Original draft preparation, Visualization. Patrick P16tz: Supervision, Methodology, Writing - Review &
Editing. Liselotte Schebek: Resources, Writing - Review & Editing

Acknowledgments
This research did not receive any specific grant from funding agencies in the public, commercial, or not-
for-profit sectors.

A technical and economical comparison of excess heat transport technologies 46



3.7 Appendix

3.7.1 Appendix 3.A

Pipe Diameter | Total Civil engineering costs | Planning costs | Material costs | Rest
[m] [€/m] [€/m] [€/m] [€/m] [€/m]
0.032 271 186 37 37 11
0.040 280 189 37 37 17
0.050 294 191 40 40 23
0.065 314 191 43 51 29
0.080 334 206 43 51 34
0.100 400 229 51 69 51
0.125 434 229 51 97 57
0.150 486 243 51 103 89
0.200 589 257 77 154 100
0.250 746 297 77 217 154
0.300 897 323 89 277 209
3.7.2 Appendix 3.B
Pipe Diameter | Total Civil engineering costs | Planning costs | Material costs | Rest
[m] [€/m] [€/m] [€/m] [€/m] [€/m]
0,200 1305 257 77 871 100
0,150 1023 243 51 640 89
0,125 862 229 51 525 57
0,100 660 229 51 329 51
0,080 527 206 43 244 34
0,065 457 191 43 194 29
0,050 407 191 40 153 23
0,040 362 189 37 119 17
0,032 317 186 37 82 11
0,025 278 179 34 55 10
0,015 244 174 32 30 8
0,012 230 170 30 23 7
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3.7.3 Appendix 3.C

Distance Amount Technology CAPEX OPEX
5 km 500 MWh District heating 0,11 0,06
ESN 0,04 0,07
Absorption 0,14 0,08
PCM 0,04 0,06
5000 MWh District heating 0,01 0,01
ESN 0,03 0,07
Absorption 0,03 0,02
PCM 0,04 0,06
30 km 500 MWh District heating 0,68 0,37
ESN 0,06 0,11
Absorption 0,84 0,46
PCM 0,04 0,33
5000 MWh District heating 0,08 0,05
ESN 0,06 0,11
Absorption 0,20 0,11
PCM 0,04 0,33

3.7.4 Appendix 3.D
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4 Don't waste the water, use wastewater - excess heat distribution for private households
through sewer networks?

Abstract

Private households account for a quarter of the EU’s final energy demand. Approximately 80 % of this is
used to provide heat and hot water. 84 % of this heat is generated from fossil fuels. The provision of
space heating by means of environmentally friendly district heating is regarded as an important lever for
the decarbonisation of the building sector. In this respect, one of the EU's targets is to find heat sources
for district heating networks that emit no or few GHGs. In this context, industrial excess heat is often
discussed as possible supply option. However, if this heat is far away from district heating networks,
then the construction of new infrastructure is capital intensive. This can lead to low economic efficiency.
For this reason, the existing sewer network offers a solution with an existing infrastructure. Here excess
heat can be transferred to the wastewater with heat exchangers, which leads to a rising wastewater
temperature. The energy quantity of the wastewater is then taken at another point along the flow
direction of the sewer and used as heat source for a heat pump. The heat pump can then be operated
more efficiently with the warmer wastewater and the excess heat is thus used. However, the potential
for transporting excess heat via sewer networks has not yet been assessed and we are therefore carrying
out such an assessment. We use a data set of more than 950 industrial sites and more than 26,000
sewage treatment plants. For a given set of industrial sites with information about excess heat, we
identify the nearest sewage treatment plant. After that, we determine the maximum distance and the
flow direction of the wastewater and calculate the heat loss in the sewer network. Our results
demonstrate that transferring heat via the sewer network offers high theoretical excess heat potentials.
In conclusion, in the overall dataset the average heat loss in the sewer network is around 20 %, which
is more or less in the range of heat losses in district heating. Further research is needed to quantify the
economic and technical potential based on real case studies.

3 The chapter has been published as Fritz, Markus; Aydemir, Ali (2019): Don't waste the water, use wastewater - excess heat distribution for

private households through sewer networks: ECEEE (eceee Summer Study 2019. Proceedings).
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4.1 Introduction

Private households account for a quarter of the EU’s final energy demand (European Commission 2018).
One of the EU's targets is to find heat sources for district heating networks that emit no or few GHGs. In
this context, industrial excess heat is often discussed as possible supply option.

Industrial excess heat is generated by many industrial processes using process heat. From a technical
point of view, excess heat can be described as unwanted heat generated by an industrial process . From
a social point of view, it can be described as heat which is a by-product of industrial processes and
currently not utilized, but which could be used for society and industry in the future (Viklund and
Johansson 2014). In the past, numerous studies have quantified excess heat potentials that proceed in
varying degrees of detail. Among them Brueckner et al. (2017) is to be emphasized, because the analysis
was accomplished on basis of data, which were made available by enterprises in the context of the
Federal Imission Control Act (Bundesimmissionsschutzverordnung). Therefore, the analysis is
particularly extensive. The production sites evaluated in account for around 58 % of industrial fuel
consumption in Germany. For the sites evaluated, this results in an excess heat volume of 35 TWh per
year, which corresponds to about 13 % of the fuel consumption of the sites. With regard to excess heat
potentials, the avoidance of excess heat and internal heat recovery should be given priority from an
energy efficiency perspective. The solution examined here makes use of excess heat on an inter-company
basis and is therefore usually only taken into consideration when internal measures have been
exhausted. We regard any use that goes beyond heat integration within the company as inter-company
use. This might also be a use in other sectors such as households or industry, trade and services. The
significance of the option assessed here therefore depends in particular on the potential for inter-
company excess heat utilisation in industry. Aydemir and Rohde (2018) quantify these potentials based
on an excess heat estimate and a simplified cascade calculation for estimating intra-company heat
recovery potentials. As a result, they determine that intra-company heat recovery potentials are despite
the long history still highly relevant. Nevertheless, depending on the scenario, between a quarter and a
half of the excess heat potential remains available for inter-company heat integration in their analysis.

Overall, current analyses thus show that, on the one hand, there is still considerable potential for excess
heat in industry and, on the other hand, that it is unlikely that it can be completely recycled internally.
It therefore makes sense to research additional options for inter-company use.

The technology transfers excess heat from industrial sites to the wastewater stream by means of heat
exchangers. The temperature in the sewer is raised and the heat can be transported along the flow path.
Downstream, the heat can then be used by established technologies such as heat exchangers and heat
pumps. Even small temperature increases improve the coefficient of performance (COP) of the heat
pump. Primary energy demand and greenhouse gas emissions are reduced by the efficient utilization of
previously unused excess heat, while a high level of resource efficiency is achieved by the multiple use
of existing infrastructure systems.

4.2 Data and Methods
4.2.1 Excess heat data and wastewater treatment plants

We use a total of 5,029 data records from industrial sites in Europe. The data were compiled within the
framework of the hotmaps project and made available to the public (https://www.hotmaps-project.eu/).
The methodology of data production is described in Manz et al. (2018). In principle, excess heat
quantities for industrial sites are estimated based on emission data from the EU emissions trading system
(EU ETS) and the European Pollutant Release and Transfer Register (E-PRTR) register. The data contain
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different variables for every year, of which the following ten are relevant for this paper: address,
longitude, latitude, data source and the amount of excess heat in three different temperature ranges
(<200 °C, 200-500 °C, >500 °C). Some of the data do not include information on the amount of excess
heat from the individual sites. The other variables have no missing values at all. Figure 19 shows a
histogram of all the remaining industrial sites with specific heat quantities according to the amount of
available excess heat.

6004

400 4

Quantity

2004

0 500 1000 1500
Excess Heat [GWh/year]

Figure 19 Quantity of available excess heat by different classes.

Figure 19 shows, that almost all industrial sites have an available excess heat of less than 500 GWh/year.
More than 60 % of the industrial sites have an available excess heat less than 50 GWh/year.

The data on the wastewater treatment plants are based on the monitoring reports of the Urban Waste
Water Treatment Directive (UWWTD). This directive was adopted in 1991 as Council Directive
91/271/EEC of 21 May 1991 concerning urban waste-water treatment. The UWWTD was adopted to
protect the environment from negative effects of the collection, treatment and discharge of urban
wastewater. It also covers certain industrial sectors. According to Article 15 of this Directive, Member
States are obliged to monitor the requirements of the Directive and to make the information obtained
available to the Commission. The data are edited by the Commission and published on the EEA website
(https://www.eea.europa.eu/data-and-maps/data/waterbase-uwwtd-urban-waste-water-treatment-
directive-5). This data contain approx. 30,000 sewage treatment plants. This corresponds to about half
of the municipal sewage treatment plants in Europe (Doing et al. 2006).

4.2.2 Methods

The research aim of this paper is to investigate whether the innovative approach of excess heat utilization
through sewage networks might be a promising alternative compared to conventional excess heat
utilization such as feeding district heating networks. In particular, we investigate the transport of heat
in the sewer network and the heat loss during transport. To answer the research question, we combine
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a technical analysis with spatial analytical approaches. For this purpose, we determine the nearest
wastewater treatment plant for 978 industrial sites and model an idealized sewer. We calculate the heat
loss for four different sewer temperatures. In the following, the individual steps to answer the research
question are described in more detail.

First, we identify the nearest sewage treatment plant for the industrial site. We used the havresine
formula (Chopde and Nichat 2013) to calculate the distance from the heat sources to the wastewater
treatment plants. This calculates the great-circle distance between two points based on the longitude
and latitude of the two points. In order to identify the nearest wastewater treatment plant to the heat
source, we implemented a sorting algorithm.

Second, for each industrial site we sum up the amount of excess heat from the individual temperature
levels. For our calculation, the temperature level of the excess heat is not decisive, since the temperature
in the sewer should rise to a maximum temperature and therefore the amount of energy is important.
For the temperature of the sewer we use scenarios of (1) 30 °C, (2) 50 °C, (3) 70 °C, (4) 25 °C.

Third, we calculate the average amount of water required to dissipate the excess heat. We assume that
the excess heat is generated constantly throughout the year. The wastewater temperature is assumed to
be 15 °C (Wanner et al. 2004), which is to be increased to the four temperature levels of the four
scenarios by excess heat. This results in a temperature difference AT. The water flow is calculated
according to formula (13):

cQ
K h

4.182 kg—*K * AT1 * 8760 year

F =

(13)

«997K9
m

With: F: flow rate [m3/h]
Q: excess heat quantity [kJ/year]
ATy:  temperature difference in the sewer [K]

Fourth, we calculate the sewer parameters based on the flow rate of the water. In this paper, we model
a sewer that leads directly from the excess heat source to the sewage treatment plant and can dissipate
the corresponding amount of water. In Germany, the flow velocity in wastewater pipes should be
between 0.7 m/s and 2.5 m/s. We assume a flow velocity of 1.5 m/s for the calculation in this paper.
For each excess heat source, we calculate the parameters of the sewer according to formula (14):

F

d= * 2 1
LS*mmo%*n a4

With: d: diameter of the sewer [m]
F: flow rate [m3/h]

Thus, the required diameter d is given for each sewer. In the next step, we determine the wall thickness
of the pipes based on manufacturer tables. As building material, we examine the material concrete more
closely in this paper. The pipe parameters are determined based on a component list from a manufacturer
of wastewater pipes (Berding Beton 2019). The coefficient of thermal conductivity for concrete is 2.1
(Ott 2019).

Fifth, we calculate the heat loss within the sewer. The design parameters of the sewer, the building
material of the sewer and the temperature difference between the wastewater and its surrounding
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underground temperature are important for this. The annual average temperature in Germany from
2010 to 2018 at a depth of 1 m is used as the ambient temperature. This temperature is 11.7 °C
(Potsdam-Institut fiir Klimafolgenforschung 2019). The temperature loss of the sewer is calculated
according to the specifications of VDI 2055 according to the following formula:

_ 2xmxd x AT,
B d, (15)
With: L: temperature loss [W/m]
A coefficient of thermal conductivity [W/mK]
A5: temperature difference wastewater and surrounding underground [K]
da: outer diameter [m]
di: inner diameter [m]

With the results of this calculation, the total energy loss can be calculated based on the length of the
sewer.

4.3 Results
4.3.1 Heat loss in sewers

As a first step, we identified the nearest wastewater treatment plant for each industrial site. As described
in the methods section, we calculated the distances to all wastewater treatment plants for each industrial
site within a grid and were thus able to identify the nearest wastewater treatment plant for each excess
heat source. Figure 20 shows the industrial sites on a map of Europe.
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Figure 20 Available industrial sites in Europe.

Figure 20 shows that our data contain excess heat sources throughout Europe. There is an accumulation
of available data mainly in Central Europe, but there are also data sources in Eastern Europe, Western
Europe and the North.

Our distance calculation represents an overestimation of the flow path and thus also an overestimation
of the heat loss, since the heat sink must lie between the industrial site and the wastewater treatment
plant. Figure 21 shows the frequencies of the calculated distances.
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Figure 21 Quantity of maximum length of flow paths.
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Figure 21 shows that short distances to the wastewater treatment plants are represented frequently.
Over 75 % of the distances are less than 5 km. The most common distance is 1,000 to 2,000 meters with
a frequency of 21 %. There are very few cases where the flow path is longer than 10,000 meters.
However, since the distance to the nearest sewage treatment plant was calculated in our analysis, the
result represents the maximum possible flow path. In reality, the flow paths might be shorter, as the heat
sink must be located between the heat source and the wastewater treatment plant in order to use the
technology.

Figure 22 shows the total heat loss for all modeled sewers. The heat loss is shown for four different
wastewater temperatures.
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Figure 22 Total energy loss in GWh/year as a function of the flow path length and the temperature of the wastewater.

Figure 22 shows that the heat loss within the sewer increases with the length of the flow path. It can
also be seen that at higher temperatures in the sewer the heat loss in the sewers is higher for same
distances than at lower temperatures. Depending on the temperature in the sewer, this also changes the
possible identified use cases. For higher temperatures, short distances are of particular interest.

4.3.2 Potential of usage

For a possible use of this technology not only the total heat loss is important, but also the percentage
heat loss. In order to determine a possible utilization potential, it must be determined up to which heat
loss a sewer connection is meaningful. In our study, we consider all possible cases in which the
percentage heat loss is less than 25 % as a possible usage option as heat losses in district heating
networks are ranging usually between 10 and 20 %. Table 8 lists the number of possible uses depending
on the wastewater temperature and the associated total amount of excess heat.
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Table 8 Potential use cases of the technology in the given data set

Temperature Potential use cases Percentage of potential | Quantity of excess
use heat

25 °C 410 42 % 61.5 TWh

30 °C 321 33 % 55 TWh

50 °C 179 18 % 39.8 TWh

70 °C 117 12 % 31.5 TWh

The results from Table 8 show that at lower temperatures the proportion of possible uses decreases faster
than at higher temperatures. At a temperature of 30 °C, 321 out of 978 sewers have a heat loss of less
than 25 %. This means that at this temperature a possible use would be conceivable in 33 % of cases.
The average heat loss in the sewer at a temperature of 30 °C is 21.4 %.

The results also show that there is an almost linear correlation between the number of potential uses
and the total amount of usable excess heat. This means that not only a few industrial sites with large
amounts of excess heat characterize the results.

Our analyses show that the percentage of energy losses at different temperature levels depends on the
length of the sewer, the amount of excess heat available and the sewer parameters. It cannot be generally
said that lower temperatures are recommended for long distances or higher temperatures for high excess
heat quantities. The configuration parameters for the use of the technology should be reviewed
individually for each use.

4.4 Conclusion and discussion

In our analysis we show that at a wastewater temperature of 30 °C for 321 of the 978 cases investigated,
it might make sense to use the existing sewer infrastructure. This corresponds to a share of approx. 33%.
We justify this with the fact that the heat losses based on an idealized estimate for these cases are below
25%. This is in the area of district heating networks. The weighted average heat loss for all modeled
sewers at a temperature of 30 °C is 21.4%.

Further research is needed to develop a more accurate formula for calculating heat loss within the
sewers. Overall, the analysis shows that using the sewer network to transport excess heat is a promising
alternative. Next analyses should therefore examine this technological option based on case studies with
real sewer data in order to evaluate to what extent the impression is confirmed.
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5 Industrial excess heat and residential heating - Potentials and costs based on different
heat transport technologies*

Abstract

Using industrial excess heat for residential heating can increase energy efficiency and thus be part of the
solution to achieving the EU's climate targets. However, industrial plants are often located in industrial
areas and thus away from residential areas. Therefore, the excess heat has to be trans-ported to the end-
using households. In this paper, we determine the economic excess heat poten-tial for residential heating
in Germany, considering different transport technologies. For this pur-pose, we develop a bottom-up
optimisation model, which identifies the technology with the lowest transport cost for over 6,000 excess
heat sources. In addition, an optimisation is carried out to maximise the amount of used excess heat,
taking into account cost thresholds. Our results show that about 12-17 TWh of excess heat can be utilised
up to the cost threshold of 0.1 €/kWh. We see that district heating is the most selected technology for
cost optimisation. When optimising the amount of excess heat used, however, it becomes apparent that
the technologies sewer net-works and sorption cycles are also used. The technologies for using industrial
excess heat are available, but the next step must be market penetration and up-scaling.

5.1 Introduction

To ensure security of energy supply in the coming years and to achieve the EU's climate protection goals,
increasing energy efficiency in all sectors is of great importance. Industrial final energy demand accounts
for a quarter of final energy demand in the EU, of which more than 70 % is used to provide heating and
cooling. Of this, the largest share is the provision of process heat (cf. (European Environment Agency
2020)). Large amounts of this energy are released unused into the environment in form of excess heat
(Briickner 2016; Aydemir and Fritz 2020).

Using this industrial excess heat can increase energy efficiency and thus be part of the solution to
achieving the EU's climate targets. When analysing excess heat potential, a distinction can be made
between top-down (Gro and Tanzer 2010; Pehnt et al. 2010) and bottom-up (Steinbach et al. 2021;
Briickner 2016; Blomer et al. 2019b) analyses. In top-down analyses, the possible amount of excess heat
is calculated based on industry-specific data. In bottom-up analyses, the possible amount of excess heat
is calculated based on plant-specific data. For Germany, the analyses of the potential range from 37 TWh
(Steinbach et al. 2021) to 300 TWh (Grof? and Téanzer 2010). In Germany, approx. 80 % of the available
excess heat has a temperature of less than 300°C (Hering et al. 2018). Fritz et al. (2022a) also show that
approx. 63 % of Germany's available excess heat occurs at a temperature of less than 200 °C. For this
reason, using excess heat for residential heating can be an important option for reducing greenhouse gas
emissions, as only low temperatures are required there. Residential buildings account for about a quarter
of final energy demand in the EU, of which about 80 % is required to provide residential heating (space
heating and hot water) (European Commission 2018). This heat demand could be partially covered by
using industrial excess heat.

However, industrial plants are often located in industrial areas and thus away from residential areas.
Therefore, the excess heat has to be transported to the end-using households. In the EU and Germany,
district heating networks are mainly used for this purpose (Fritz et al. 2022c; Hummel et al. 2014; Fang
et al. 2013). However, studies show that transporting excess heat from industrial plants to households

4 The chapter has been published as Fritz, Markus; Werner, Dorian (2022): Industrial excess heat and residential heating -
Potentials and costs based on different heat transport technologies. Working Paper Sustainability and In-novation No. S 11/2022. Karlsruhe:
Fraunhofer ISI
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is also possible with other technologies (Ma et al. 2009a; Xu et al. 2019; Fritz et al. 2022b). The
construction of district heating networks is capital-intensive, and in certain circumstances, using another
technology may make more technological and economic sense. Existing studies often focus on the
presentation and technical comparison of the technologies but do not carry out an economic assessment
(Ma et al. 2009a; Vallade et al. 2012). These studies show that, from a technical point of view,
technologies other than district heating can be technically used for heat transport and can achieve lower
heat losses and thus increase efficiency. Other studies show that district heating is not always the most
cost-efficient solution for heat transport (Fritz et al. 2022b; Gao et al. 2019; Chiu et al. 2016).

Overall, the literature indicates a considerable excess heat potential and that technologies other than
district heating for transporting excess heat may also be technically feasible for its utilisation. However,
the literature has not systematically investigated which technology could be useful for which excess heat
sources and which economic implications result from the use of industrial excess heat from exhaust
gases. However, these aspects are of great importance to spread the use of industrial excess heat.

The aim of this paper is to close this gap in the literature and to determine the economic excess heat
potential for residential heating in Germany, taking into account different transport technologies. For
this purpose, a bottom-up optimisation model is developed, which identifies the technology with the
lowest transport cost for each excess heat source. This makes it possible to analyse the amount of excess
heat that can be used at the lowest possible cost. As input data for the model, data on excess heat sources
from Fritz et al. (2022a) and data on heat demand from the open source project HotMaps are used. In
addition, a sensitivity analysis is carried out for the transport distance, as the costs are strongly
dependent on the transport distance. Finally, in addition to optimising the costs, an optimisation of the
technology and the respective demand areas with which the largest amount of excess heat can be used
for each existing excess heat source based on different cost thresholds is carried out. Previous work has
either not used site-specific real data for the analyses of excess heat potential or has not taken different
transport technologies of excess heat into account. Therefore, our research differs in several aspects.
First, our analysis is based on georeferenced real data from which the available excess heat is calculated.
Second, we compare different transport technologies, including competing technologies, to district
heating networks. Third, we perform two different optimisations to calculate the maximum amount of
excess heat based on a cost threshold and the minimum transport costs.

5.2 Technologies for thermal energy transport

In this paper, different technologies for the transport of excess heat are considered. In general, transport
technologies for heat can be divided into physical and thermochemical heat transport technologies. Fritz
et al. (2022b) analyse the technical and economic parameters of different heat transport technologies.
Four promising technologies are examined in more detail. These four technologies are also used in this
paper and are presented below. A detailed description of the technologies can be found in Fritz et al.
(2022b).

The first technology are district heating (DH) networks. Many studies show that district heating
networks will play an essential role in the decarbonisation of the heat sector (Hummel et al. 2014; Lund
et al. 2010; Rezaie and Rosen 2012; Lund et al. 2014; Werner 2017). Currently, district heating networks
are the most common technology for the external use of industrial excess heat. In Fritz et al. (2022c),
45 companies were identified that feed excess heat into district heating networks. When excess heat is
used via district heating networks, the heat is delivered to one or more consumers via pipelines. Water
is used as the heat transport medium, resulting in a sensible heat capacity of 4.2 KJ/kg*K.
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The second technology are phase change materials (PCM). In these materials, energy is absorbed
through a phase change from solid to liquid and rereleased through a phase change from liquid to solid.
This means that heat transfer takes place at a nearly constant temperature, which makes it useful as a
heat storage (Castro Flores et al. 2017; Thomson and Claudio 2019). Unlike DH networks, PCMs must
be transported by road, rail or ship. Transmission by pipe is not possible. The PCM material should be
selected depending on the intended use and the temperature required. In this study, the PCM sodium
acetate trihydrate is used, achieving a thermal efficiency of 90 % (Deckert et al. 2014). An advantage of
PCM is the high specific heat capacity of 73.3 kWh/t. A disadvantage, however, is the relatively low
thermal conductivity and the high price.

The third technology are liquid-gas absorption cycles. Here, excess heat is converted into chemical
energy by changing the concentration of a solution (Ammar et al. 2013; Gao et al. 2019; Kang et al.
2000). This technology is also a pipe-bound technology and is similar in function to a sorption heat
pump. The absorber is on the user side, and the generator and condenser are on the source side. The
advantage is that the transport takes place at ambient temperature, so no thermal insulation of the pipes
is necessary. Various substances can be used for absorption cycles. In the literature, the ammonia-water
cycle is considered the most promising working pair in terms of price and efficiency (Kang et al. 2000).
For this reason, it is used in this paper for comparison with the other technologies. The energy transport
density for this technology is 127.75 kJ/kg (Gao et al. 2019).

The fourth technology is excess heat distribution through sewer networks (ESN). With this, the excess
heat is fed into the sewer through heat exchangers or the wastewater produced. This raises the
temperature in the sewer to up to 35 °C. Initial analyses show that odour nuisance can be ruled out at
these temperature increases. The excess heat can be transported along the flow path to the consumers
via the existing sewer system. There, the heat is extracted using heat exchangers and serves as a heat
source for a heat pump. This increases the coefficient of performance (COP) of the heat pump and
reduces the amount of electricity required. An advantage of this technology is that no additional pipeline
infrastructure needs to be built, and there is a double use of the existing infrastructure. A disadvantage,
however, is that the technology depends on the amount of wastewater available and the pipe routing.
As with district heating, water is the transport medium, resulting in a sensible heat capacity of
4.2 KJ/kg*K.

5.3 Data and methods
5.3.1 Data

The data used in this paper can be divided into three categories. Data on excess heat sources, data on
heat demand and data on individual transport technologies are used. In the following, the data basis of
these three categories is explained in more detail.

The data on excess heat sources is based on the data set used in Fritz et al. (2022a). They calculate the
amount of available excess heat in Germany based on a site-specific data set. This data set is based on
the emission declarations of the 11th BImSchV in Germany from 2016. In these emission declarations,
all operators of plants requiring a permit provide information on the exhaust gases produced and the
fuels used. The data is collected and maintained in the individual state offices of the federal states. The
data set used in this paper contains data from 15 of the 16 federal states in Germany. A total of
98,270 exhaust gas records and 18,147 fuel records are available, resulting in 6,746 complete and
plausible sites after the data processing described in Fritz et al. 2022. For 657 sites, no or incorrect
coordinates are available, resulting in 6,089 mappable, complete and plausible sites. For each of these
sites, the amount of excess heat is calculated based on the temperature T of the exhaust gas, the
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volumetric flow V of the exhaust gas, the operating time O of the site and the assumption that the heat
capacity of the exhaust gas corresponds to the heat capacity of nitrogen at 100 °C:

Q=Vx*x0+x13 (%) * 1.04 (kgki K) *(T—T,) (16)

It is assumed that the temperature T, to which the excess heat can be cooled down is 35°C. If sulphur
dioxide is present in the exhaust gas, the minimum temperature T, is 135 °C (cf. (Fritz et al. 2022a)).
The data on residential heat demand is based on the open source data set of the EU project Hotmaps.
The method for generating this dataset is described in Pezzutto et al. (2019) and is publicly available
for download®. The data are available as raster data with a resolution of 100 m x 100 m and cover the
space heating and hot water demand in residential buildings. This data is combined with further data
from OpenStreetMap (OpenStreetMap contributors 2021), which contains information about the
residential areas. The data from OpenStreetMap is based on the layer "landuse" and all areas that have
the identifier "landuse=residential” were filtered, which allows all residential areas to be identified. After
data processing, the result is a dataset that contains residential areas in the form of polygons with
additional information on heat demand.

This paper uses the four technologies presented in section 2 (DH, PCM, Sorption Cycles, ESN) for the
analysis. The technical and economic parameters of these technologies are based on the analyses in Fritz
et al. (2022b). The economic parameters are particularly relevant here, as they allow the calculation of
the respective costs for transporting excess heat.

5.3.2 Methods

Using industrial excess heat can reduce greenhouse gas emissions in the heating sector. The research
aim of this paper is to determine the excess heat potential for providing residential heating in Germany,
taking into account different transport technologies. For this purpose, we calculate the LCOTH for using
industrial excess heat for approx. 6,000 excess heat sources, considering four different heat transport
technologies (DH, PCM, Sorption Cycles, ESN).

Our model is based on an extensive data set of real excess heat sources. In addition, heat demands from
the open source project hotmaps are used in a resolution of 100 m x 100 m, which are aggregated to
residential area level. The aim of the model is to find the solution with the lowest LCOTH for each source.

The individual steps of the model are as follows. For each excess heat source we:

Find the closest sink that can consume all of the excess heat;

Design the heat distribution networks with the sinks closer or equally close to that sink;
Calculate the levelised costs of transported heat (LCOTH) for each network

Select the cheapest network

After this, we aggregate the results for Germany. In the following, the steps are described in more
detail.

g

The first step is identifying the nearest sink for each excess heat source that can consume the entire
excess heat. This is done to keep the computing time of the model as short as possible. Once this sink
has been identified, this sink and all sinks closer to the source are taken into account for the next step.
To limit the calculation time, only the nine closest sinks are considered. If no sink can consume all the
excess heat, all nine sinks are used for the next steps.

5 https://gitlab.com/hotmaps/building_footprint_tot curr
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In the second step, the heat distribution networks are generated for each source based on the results
from the first step. This consists of the excess heat source (point), one or more sinks (points) and
connections (lines) between these points. This results in up to 2" x-1 networks for each source, where
x is the number of sinks to be considered. With nine sinks, this results in up to 511 possible networks.
The source and the sinks are connected to a minimum spanning tree using the prims algorithm for each
possible network. This means that all nodes (sources and sinks) of the network are connected and the
sum of the lengths of the connections is minimal. After that, the transported amount of excess heat is
calculated for each connection.

In the third step, the LCOTH of the networks for each of the four technologies are calculated. This cost
calculation is based on the method presented in Fritz et al. 2022. Here, the LCOTH are calculated based
on the capital expenditure (CAPEX) and operating expenditure costs (OPEX). The CAPEX is calculated
according to Konstantin and Konstantin (2018) as the annuity for one year:

CAPEX = | t ( i)t *L (1 )
— * —
P nves ( i)t 7

where i is the interest rate and t the time period under consideration. In our case, we assume that the
interest rate is constant at 2 % for all technologies. t corresponds to the lifetime of the individual
technologies. For DH this is 20 years; for PCM 12 years; for Sorption Cycles 30 years and for ESN
20 years (Fritz et al. 2022b). The OPEX of the individual technologies vary greatly and depends primarily
on the amount of excess heat and the transport distance. The complete calculation basis of the OPEX can
be found in (Fritz et al. 2022b). Based on this, the LCOTH are calculated. This is the sum of CAPEX and
OPEX in relation to the amount of excess heat (Q) under consideration of losses (L):

CAPEX + OPEX
LCOTH = 0-1L (18)

The cost of the entire network corresponds to the cheapest sum of the costs of the respective connections.
In the fourth step, the cheapest network and thus also the cheapest transport technology for the
respective source is determined. Figure 23 shows the individual steps of the method.
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The closest sink that consumes all of | Every possible neetwork is calculated | The cheapest (cent/kWh) network is
the excess heat is found (Sink A). considering only sinks up to Sink A selected

Figure 23 Step 1 (left), steps 2 and 3 (middle) and step 4 (right) of the model

To carry out different analyses, it is possible to adjust different parameters for the modelling. The most
important parameter is the maximum number of sinks to be considered per source. This increases the
amount of excess heat that can be used, but also exponentially increases the computing time. In addition,
it is possible to specify a cost threshold up to which potential networks are considered. If the transport
costs of a network are above this threshold, this network is not considered.

A scaling factor for the transport distance can be specified in the model. This allows the transport
distance to be modelled more realistically since a connection along the linear distance is often not
possible. A sensitivity analysis for this factor can be found in chapter 5.4.2.

In addition, the model offers the possibility of optimising the maximum amount of excess heat. In this
case, the aim of the model is to use as much of the available excess heat as possible under consideration
of a cost threshold. This means that for each source, the technology is identified with which the most
excess heat can be transported under consideration of the cost threshold. The results of this analysis can
be found in chapter 5.4.3.

5.4 Results
5.4.1 Cost optimisation

This section presents the modelling results using cost minimisation and a cost threshold of 0.1 €/kWh.
This value results from the analyses in Fritz et al. (2022b) in which the transport costs of excess heat
were compared to a gas boiler. Due to this restriction, out of the 6,089 excess heat sources, only 5,861
networks exist in which a network configuration has a lower LCOTH than 0.1 €/kWh. To limit the
calculation time, a maximum of 9 sinks are considered for each source, resulting in up to 511 possible
distribution networks per technology for each source. This means that up to 2,044 distribution networks
are calculated for each source. For the cost optimisation, this threshold was reached for 727 networks.
For each of these networks, only the amount of excess heat that the nine closest sinks can consume is
used.
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Figure 24 shows the cumulative excess heat that can be used up to the LCOTH of 0.1 €/kWh. These
restrictions result in a usable amount of excess heat of 11.8 TWh. The respective colours show the
respective shares of the individual technologies. This figure is very revealing in several respects. First,
DH is the technology that was selected for the most excess heat sources. Second, most of the heat can
be used at a very low cost. For LCOTH below 0.02 €/kWh, 10.8 TWh, which corresponds to 92 % of the
total amount, can already be used. And third, ESN and Sorption Cycles are selected for no excess heat
source for cost optimisation. This shows that the costs for these technologies are relatively high, and
excess heat can be transported more cost-effectively with DH and PCM.
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Figure 24 Cumulative LCOTH for cost optimisation

The transport distance is essential for the external use of industrial excess heat as both the investment
and the operating costs depend on it (Fritz et al. 2022b). Figure 25 shows a histogram of the distances
between excess heat source and sink. The blue line indicates the number of networks where DH has the
lowest LCOTH, and the orange line shows the number of networks where PCM has the lowest LCOTH.
The black dashed line marks the median value of the distance, which is approx. 720 m. 4,045 networks,
or 69 % of the networks, have a transport distance of less than 1,000 m. 5,553 networks, or 95 % of the
networks, have a transport distance of less than 2,000 m. There is no clear difference between the
individual technologies. Both technologies are represented in all distance ranges. This means no
conclusion can be made about which technology is preferred based on the transport distance.
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Figure 25 Histogram of the transport distance by technologies

Figure 26 shows a histogram of the LCOTH resulting from the modelling. The blue bars show net-works
for which DH has the lowest LCOTH, and the orange bars show networks for which PCM has the lowest
LCOTH. The black dashed line marks the median value of the LCOTH, which is about 0.019 €/kWh. It
can be seen that DH has significantly lower costs compared to PCM. The first network in which PCM was
selected as the cheapest technology has LCOTH of 0.038 €/kWh. The cheapest network with DH has
LCOTH of 0.0002 €/kWh at a transport distance of 40 m. In total, the optimisation results in 4,653
sources for which DH has the lowest LCOTH and 1,208 sources for which PCM has the lowest LCOTH.
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Figure 26 Histogram of the LCOTH by technologies

Figure 27 shows the cumulative excess heat quantity divided into the individual technologies, up to the
LCOTH of 0.1 €/kWh. For each excess heat source, the option with the lowest LCOTH is de-termined
for each technology. This means that each excess heat source might be present in all four technology
grids. It can be seen that DH can transport the largest amount of excess heat up to LCOTH of 0.1 €/kWh.
For PCM, it can be seen that no excess heat below 0.04 €/kWh can be transported, but up to 0.1 €/kWh,
almost 11 TWh can be transported. For ESN, the LCOTH is rela-tively high, and excess heat can only be
transported with LCOTH higher than 0.09 €/kWh.
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Figure 27 Cumulative LCOTH for cost optimisation for each technology

5.4.2 Sensitivity analysis

In the results of the previous section, the linear distance is used to determine the transport dis-tances.
In reality, however, the transport distances are higher, which is why a sensitivity analysis for this
parameter is carried out in this section. For this purpose, the calculations from chapter 5.4.1 are carried
out again, and scaling factors of 1.5 and 2 are used for the transport distance. Figure 28 shows the results
of this analysis. The figure shows the cumulative amount of heat that can be transported depending on
the respective LCOTH. The results show that the total amount that could be transported up to 0.1 €/kWh
changes only minimally. In the case of double the transport distance, the total quantity is reduced by
approx. 0.3 TWh, which corresponds to a reduction of approx. 3 %. However, it can be seen that more
significant deviations occur mainly in the range of lower LCOTH. For the value up to 0.005 €/kWh, the
deviation for the case of double the transport distance is 3.2 TWh, which corresponds to a reduction of
about 43 %. The results also show that there is no noticeable change in the choice of technologies. Even
for 1.5 times and 2 times the transport distance, DH is selected for about 75 % of the sources and PCM
for about 25 % of the sources.

Industrial excess heat and residential heating - Potentials and costs based on different heat transport technologies 66



- —a—— O SRS

-
=
=
©
QL
T
E Distance scaling
o] factor
o
[%,]
c
© 1
=
—%—15
- % =2

0 0,02 0,04 0,06 0,08 0,1
LCOTH in €/kWh

Figure 28 Sensitivity analysis of the transport distance

5.4.3 Heat amount optimisation

In contrast to the results from section 5.4.1, this section presents the results of the optimisation according
to the maximum amount of excess heat used. A cost threshold is taken into account, meaning that
networks with LCOTH above this threshold are not considered. These analyses also set the cost threshold
to 0.1 €/kWh. Figure 29 shows the cumulative excess heat that could be used under these conditions.
The total amount of excess heat that can be used up to a cost threshold of 0.1 €/kWh is 16.5 TWh. This
is 4.7 TWh more than with the pure cost optimisation (c.f. Figure 24). It can be seen that in this case,
the technologies ESN and sorption are also used. For DH and Sorption, it can be seen that excess heat
can also be used at meagre costs. Below 0.04 €/kWh, a total of 5.8 TWh can be used. For the ESN
technology, it can be seen that significantly higher costs are incurred for this technology. In this cost
range, however, most excess heat can be used for many sources using ESN.
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Figure 29 Cumulative LCOTH for optimising the maximum amount of excess heat used

Figure 30 shows a histogram of the costs for the described optimisation according to the maximum
amount of excess heat. In contrast to the results shown in Figure 26, it can be seen that the costs in this
case of optimisation are significantly higher. The median is shown as a black dashed line and amounts
to 0.084 €/kWh. This is 0.065 €/kWh higher than the median of the cost optimisation. This is due to
the fact that the LCOTH for ESN are significantly higher than the LCOTH for DH. However, it can be
seen that there are also sources in this optimisation where the LCOTH are significantly lower. In total,

DH is selected for 3,169, sorption for 1,220 and ESN for 1,472 sources. PCM is not selected for any
source.
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Figure 30 Histogram of the LCOTH for optimising the maximum amount of excess heat used

5.5 Discussion

This paper analyses the potential and costs of using industrial excess heat for residential heating based
on different technologies. For this purpose, we have developed a bottom-up optimisation model that
creates the optimal distribution network for each excess heat source based on site-specific data, selects
the respective technology and calculates the transport costs. However, our analysis makes some
assumptions that are discussed in the following.

For our analyses, we use data from the open-source project HotMaps for the heat demand. This data set
is disaggregated based on national energy statistics based on different indicators, which means that these
values are only estimates and cannot provide an exact statement about the actual heat demand. In
addition, these data are only available as annual values and not as daily or hourly values. Therefore,
when interpreting the results, it must be considered that a seasonal heat storage is necessary to fully
utilise the available excess heat. Future analyses should therefore collect real demand data and, if
possible, integrate these into the modelling as hourly load profiles to improve the analyses' accuracy.

Our analyses do not include an analysis of the total costs of providing heat to the end consumer. Our
analysis only deals with the costs of transporting the heat. For the total costs, the costs for provision
within the companies and the connection costs within the buildings must also be added. Furthermore,
our analyses do not consider distribution costs within the respective demand areas. In further studies,
the existing method should be extended, and the costs for the end users should be investigated. For this
purpose, existing district heating networks are also of great importance, which should also be considered
in methodological developments.
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In Fritz et al. (2022b) the different technologies are investigated for a transport distance of 1,000 m to
30,000 m. Our analyses show that the median transport distance is less than 1,000 m, and almost all
transport distances are less than 3,000 m. Future studies should repeat the analyses of Fritz et al.
(2022b) and analyse the range smaller than 3,000 m to be able to make a conclusion about which
technologies are advantageous in these transport ranges.

The results from sections 4.1 and 4.3 show that different results are obtained depending on the objective
function. When optimising the maximum utilised excess heat, up to 20 %, more excess heat can be
utilised compared to pure cost optimisation. However, the costs for transporting the excess heat increase
significantly in this case. For this reason, an average value between these parameters should be found
to be able to utilise a large amount of excess heat, as well as to be able to provide it at the lowest possible
cost. Future research should therefore investigate how the modelling can be further optimised to be able
to use as much excess heat as possible at the lowest possible cost.

The data source used for the excess heat sources from Fritz et al. (2022a) was adjusted in several steps
and thus only reflects part of the excess heat. It can therefore be assumed that the total usable excess
heat is greater. Also due to the limitation of the maximum sinks to be considered in our modelling, some
of the existing excess heat is not fully utilised. In our modelling, the threshold of a maximum of 9 sinks
is reached for 727 excess heat sources. Thus, for these 727 excess heat sources, the excess heat is not
fully utilised, but only the part that can be absorbed by the 9 sinks. For this reason, the results of 12-
17 TWh show a significantly lower potential than the 36 TWh presented in Fritz et al. (2022a). Future
analyses should further develop the method in order to be able to calculate as many networks as possible
so that excess heat is fully utilised and the computing time remains within reasonable limits.

The method used calculates a separate network for each excess heat source. This means that
neighbouring excess heat sources are not taken into account. For the use of industrial excess heat,
however, it makes sense to consider these sources together, at least for DH and Sorption, since the
LCOTH decreases due to larger excess heat quantities. Furthermore, the method does not consider that
there may be branches within the connection lines. Additional studies should further develop both the
method for assessing several neighbouring excess heat sources and the routing.

5.6 Conclusion

We analysed over 6,000 excess heat sources and calculated the most economical technology for using
excess heat based on a bottom-up optimisation model for each of these sources. For each source, up to
2,044 networks with different configurations of heat demand areas were calculated. In addition, we
performed a second optimisation to identify for each source the technology and network configuration
with which the largest amount of excess heat can be utilised. Our results show that up to 0.1 €/kWh of
LCOTH, about 12-17 TWh excess heat can be utilised. For the cost optimisation, we see that DH is the
most selected technology, as it has the lowest LCOTH for the respective network configurations. When
optimising the amount of excess heat used, however, it becomes apparent that the technologies ESN and
sorption are also used. This is mainly because the heat losses of these technologies are lower. However,
it should be noted that the LCOTH are significantly higher. In summary, our results show that there is a
large regional excess heat potential and that different technologies are advantageous depending on the
aim of utilisation. The technologies for using industrial excess heat are available, but the next step must
be market penetration and up-scaling.
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6 Usage of excess heat for district heating - analysis of enabling factors and barriers®

Abstract

The use of industrial excess heat can be an important factor for the expansion and decarbonization of
district heating networks. However, the enabling factors and barriers to implement excess heat recovery
projects for district heating are still uncertain. Here, drivers and barriers for the integration of excess
heat into district heating networks are analysed and a public available database of 45 implemented
projects in Germany, Austria and France is created. 5 hypotheses of enabling factors and barriers were
formulated and tested through 13 expert interviews with excess heat producers. Unlike the current
literature, expert interviews are combined with a literature review to test the hypotheses. Thus, both
quantitative and qualitative data are used to verify or refute the hypotheses. The results demonstrate
that projects are often implemented only thanks to individuals and that the communication and
exchange between the necessary stakeholders is often insufficient. It is also evident here that relevant
stakeholders are often unaware of excess heat recovery opportunities. Furthermore, the results show
that financial aspects are often not the main reasons for excess heat recovery for district heating, but
play an important role in the decision-making. In conclusion, there are many barriers that can be
overcome through meaningful policy design or better information and support.

6 The chapter has been published as Fritz, Markus; Savin, Margaux; Aydemir, Ali (2022): Usage of excess heat for district heating - analysis of
enabling factors and barriers. In: Journal of cleaner production (363). DOI: 10.1016/j.jclepro.2022.132370.
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6.1 Introduction

Heating and cooling accounts for about half of Europe's total energy demand, with 75% of this still
dependent on fossil fuels (European Commission 2018). Thus, rapid and significant change is needed to
reach the EU 2050 climate targets. District heating (DH) is a promising option in this context. Firstly,
DH still harbours a high economic potential in Europe (Mathiesen et al. 2019; Rezaie and Rosen 2012).
Secondly, DH networks have the potential to reduce the carbon footprint of many consumers at once by
changing the supply technologies and energy sources of the networks (Lund et al. 2010; Werner 2017).
It can already be observed in the EU that countries with a high share of DH also use a higher share of
renewable energies for heat supply (Mathiesen et al. 2019). In addition, excess heat can be integrated
into DH networks (Fang et al. 2013; Hummel et al. 2014). On the one hand, this reduces the CO.
footprint of the networks and, on the other hand, offers the potential to reduce heating costs (Aydemir
et al. 2020). Integrating excess heat into DH networks can therefore be a relevant driver for the
expansion and decarbonisation of DH networks. Recent studies show that there is a large potential for
utilising industrial and non-industrial excess heat in Europe (Forman et al. 2016; Manz et al. 2021;
Schmidt et al. 2020). At the same time, there are still large amounts of excess heat that remain unused.
In many cases, this is due to the fact that, in addition to technical feasibility, there are barriers preventing
the integration of excess heat into DH networks.

This paper is structured as follows. The remainder of section 6.1 describes the existing literature, the
identified research gap and our contribution. Section 6.2 describes the method and data used. Section
6.3 presents the results of the identified case studies. Section 6.4 describes the formulated hypotheses
and the results of testing them. Section 6.5 discusses the findings, and the paper finishes with policy
implications and conclusions in section 6.6.

6.1.1 Existing literature

Industrial excess heat results from inefficiencies in plants and processes as well as from thermodynamic
constraints (Briickner 2016; Hirzel et al. 2013). Inefficiencies include the lack of insulation to reduce
heat losses. Thermodynamic constraints result from process characteristics, e.g. when minimum
temperatures must be maintained in melting furnaces, which in turn result in excess heat. First, the
excess heat can be used internally in the plant or process from which it originates: In this case, the excess
heat is recovered and reused (cf. Option 1 in Figure 31). Second, it can be used by feeding it into other
plants or processes. This can be done either internally (e.g. within a factory) or externally (e.g. when
fed into district heating networks) (cf. Option 2 in Figure 31). Third, the exergy contained in the excess
heat can be converted into other forms of energy, e.g. for the generation of electricity or cooling. Figure
31 shows these different options for excess heat utilisation. The heat flows are shown in blue, possible
production processes in grey, and the excess heat recovery in orange. The top part of the figure describes
the use of excess heat within the process (option 1) and the bottom part describes its use in other
processes or in DH networks (option 2).
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Figure 31 Excess heat utilisation options. Option 1 (top): Process internal use; Option 2 (bottom): Use in other processes or DH

Bergmeier (2003) reviewed the history of excess heat and found that the topic was already dealt with in
technical journals in the 1920s. In the late 1990s and at the beginning of the new millennium, articles
investigated the excess heat potential, not only in individual case studies, but for larger geographical
regions (Aydemir and Fritz 2020; Bianchi et al. 2019). More recent studies take an increasingly
differentiated approach in determining the potential and attempt, for example, to quantify not only the
theoretical energy potential, but also the technical, economic or exploitable potential. For example
Aydemir and Fritz (2020) investigated how the theoretical potential changes when corrosive components
in exhaust gas streams are taken into account. Aydemir and Rohde (2018) investigated how the
theoretical potential changes when considering options for internal excess heat utilisation in industry.
In addition, the potentials are increasingly georeferenced, as in Manz et al. (2018), e.g. to explore the
potential uses for DH. There are already numerous examples for the integration of excess heat into DH
networks (Petersen 2017), but potentials remain untapped (Aydemir et al. 2020; Persson et al. 2014),
which is also due to the following three technical barriers.

The first technical barrier to using excess heat recovery (EHR) for DH is the temporal imbalance between
heat source and sink (Dahash et al. 2019; Fito et al. 2020; Schmidt et al. 2020; Xu et al. 2019). Excess
heat may be produced constantly throughout the day or year, but the heat is mainly needed in winter
and in the evening or at night. One solution to this is to use seasonal heat storage (Dahash et al. 2019;
Fito et al. 2020). Another solution is the use of thermal-driven chillers in summer to use the excess heat
(Schmidt et al. 2020).

The second technical barrier is the local discrepancy (Ma et al. 2009a; Schmidt et al. 2020; Xu et al.
2019). Excess heat may be generated by companies in industrial areas, which are not usually sited close
to densely populated areas, where heat is needed. In addition, the DH network may be not connected to
the industrial site or have the capacity needed to transport the excess heat. However, it is technically
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possible to install long DH networks or to expand or convert existing DH networks in order to be able to
transport the excess heat (Ma et al. 2009a; Schmidt et al. 2020; Xu et al. 2019).

The third technical barrier is quality mismatch (Fito et al. 2020; Schmidt et al. 2020; Sun et al. 2014).
The available excess heat may not have the required temperature or the amount of energy required.
Possible solutions to this are to lower the temperature of DH networks to use low exergy networks or to
increase the excess heat temperature using heat pumps (Fito et al. 2020; Schmidt et al. 2020; Sun et al.
2014).

These technical barriers can be effectively addressed through technology development. However, there
are also other non-technical barriers and recent research has also focused on other enabling factors for
and barriers to the use of excess heat in DH. The literature on these other factors is divided into 3
streams.

The first stream of literature analyses facilitating factors and barriers based on stakeholder interviews.
Paivdrinne et al. (2015) analysed enabling factors and barriers to the collaborations between DH
companies and industrial companies for excess heat supply in Sweden. Lygnerud et al. (2019) conducted
a stakeholder analysis as well as interviews in the context of 4 case studies. The biggest barrier
mentioned in (Paivérinne et al. 2015) and (Lygnerud et al. 2019) is the financial aspect. This shows that
economic efficiency plays an important role and that uneconomic projects are rarely implemented.
Péivarinne et al. (2015) additionally shows that trust and the transfer of information are the main
enabling factors for project implementation. The other barriers identified by Lygnerud et al. (2019)
include the low technical maturity, incentives for renewables and combined heat and power, the absence
of a legal framework and standardized contracts, diverging views regarding the heat value and the low
temperature of urban excess heat. One advantage of stakeholder interviews is that many individual
opinions can be collected in a neutral environment. A disadvantage, however, is that the selection of
interview partners is often not transparent and they are often regionally limited.

The second stream of literature describes the barriers based on the results of stakeholder workshops.
Blomer et al. (2019b) identified barriers to the use of excess heat in Germany when determining the
potential for grid-based excess heat usage. Schmidt et al. (2020) conducted an in-depth literature review
in combination with expert reviews. Blomer et al. (2019b) found that a lack of capacity and know-how,
the legally binding nature of contracts, low transparency and favourable competing prices compared to
fossil fuels are the biggest barriers. Schmidt et al. (2020) identified technical, economic, legal and
societal enabling factors and barriers. The advantage of stakeholder workshops is that opinions from
relevant stakeholders can be obtained in a targeted manner. A disadvantage, however, is that such
workshops are often dominated by individuals with very strong opinions and others do not get a chance
to speak.

The third stream of literature analyses the enabling factors and barriers based on implemented projects.
Moser and Lassacher (2020b) tested three hypotheses based on a quantitative database of case studies
implemented in Austria. One hypothesis is related to barriers to the usage of excess heat and states that
projects will only be implemented if they are highly profitable. However, due to the lack of data, they
were not able to verify or refute this hypothesis. The advantage of this method is that it is not reliant on
individual persons. A disadvantage, however, is that enabling factors and drivers at the social level are
difficult to derive from implemented projects.

The literature review shows that there is a great potential of excess heat, which is often not used. This
is partly due to technical barriers, but also to non-technical barriers. In the literature, barriers and
enabling factors have been identified by either conducting workshops (Schmidt et al. 2020) or carrying
out wider analyses for individual countries (Blomer et al. 2019b; Moser and Lassacher 2020b; Paivarinne
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et al. 2015). In summary, many studies highlight that there are barriers to using excess heat in DH
networks, but only one study has explicitly analysed the barriers across several countries. So far, no
study has compiled a database of case studies, conducted interviews with key stakeholders and analysed
enabling factors.

6.1.2 Our contribution

This paper aims to identify and analyse enabling factors for and barriers to the implementation of
industrial EHR projects in DH and to create a database of existing EHR for DH projects in France,
Germany and Austria. For this purpose, a literature review was conducted on implemented case studies
to establish a database and then hypotheses formulated based on a literature review of enabling factors
and barriers and the case study database. Finally, the hypotheses were tested in expert interviews with
excess heat producers. Previous work investigating enabling factors for and barriers to the use of excess
heat in DH has been based either on in-depth literature reviews or on workshops and therefore differs
from our research in several aspects. First, a database of 45 real case studies was compiled and the
complete database of identified case studies was published so that it can be used for further analysis.
Second, hypotheses were formulated based on a literature review of enabling factors and barriers as well
as on the results of our case study database. Third, expert interviews were combined with a literature
review to test the hypotheses. Thus, both quantitative and qualitative data were used to test the
hypotheses. To the best of the authors' knowledge, this has not been done in the literature before.

6.2 Methods

Industrial excess heat utilization in DH networks can help to increase the efficiency of these systems and
reduce CO, emissions. This paper aims to find out which enabling factors and barriers exist to using
industrial excess heat in DH networks. Case studies in Germany, Austria, and France were analysed, in
which industrial excess heat is fed into DH networks. The case study approach was used to gain a detailed
understanding of the enabling factors and barriers. Our analysis is based on the following four steps:

1. Desk research of existing case studies.
2. Compilation and evaluation of a case study database.

3. Formulation of hypotheses based on the literature on enabling factors and barriers, and the case
study database.

4. Testing the hypotheses based on interviews and the database.

The first step prepared an overview of implemented case studies of industrial excess heat utilization in
DH networks in Germany, Austria and France. Common search engines were used as well as databases
like LexisNexis. Locally implemented case studies are often found in the local press and rarely in scientific
publications. The search was conducted in German, French and English. Only projects that were actually
implemented before 20.10.2020 were considered. Projects in the conception or implementation phase
were therefore excluded from the analysis. In total, 45 case studies were identified.

In the second step, a more detailed analysis of the identified case studies was performed. A database of
these projects was created and general, technical and governance information was compiled for each
case study. This information was used to form the three different parts of the database. Each part was
filled with quantitative and qualitative information on identified variables. The detailed analysis of the
case studies included screening of press releases, newspaper articles such as interviews, corporate
publications, city council homepages etc. Furthermore, wherever possible, existing data gaps were filled
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with the help of selective requests to the actors involved. A complete overview of the variables included
in the database and a description of the data can be found in section 6.3.

In the third step, 5 hypotheses on industrial excess heat utilization in DH networks were formulated.
According to Allen (2017), specific, testable and predictable statements were formulated as hypotheses.
These hypotheses were based on a further in-depth literature review of enabling factors and barriers and
the results from the case study database. The hypotheses are explained in more detail in section 6.4.

The fourth step was to test the formulated hypotheses based on the supplementary interviews with
stakeholders of the case studies. A total of 13 interviews were conducted. The interviews served on the
one hand (as described in the second step) to complete the database and, on the other hand, to test the
formulated hypotheses. The interviews were conducted as semi-structured interviews to obtain answers
to all questions from all industry representatives. Individual interviews are better suited to identifying
the opinions of individuals and all the interviewed persons can be given the opportunity to comment in
detail on all the hypotheses that have been formulated. The interviews were conducted in the respective
national language by phone or as online video meetings and lasted between 30 and 60 minutes.
Participants received the interview questions in advance so that they could prepare their answers or
gather the information and input necessary to the discussion.

6.3 Technical results of the identified case studies

This section presents the data and the database derived from them. The desk research presented in
section 2 identified 45 case studies from Germany, Austria, and France in which industrial excess heat
is fed into a DH network. The geographical distribution of the case studies is: 14 in Germany, 27 in
Austria and 4 in France. Figure 32 shows the local distribution of the identified industrial sites in each
of the three countries. It can be seen that the identified case studies are heterogeneously distributed in
the three countries investigated.
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Figure 32 Location of the identified case studies.

Our database comprises the following parts: general information, technical information, and governance
information. The investigated variables within the three parts were determined based on the availability
of data in the literature, their comparability, and their relevance in highlighting the specific features of
each case study. Data for each variable were gathered for all the identified case studies. Where possible,
existing blanks were filled while conducting the interviews. Nevertheless, it should be noted that the
database is not complete and many variables could not be determined for all case studies. An overview
of all the data collected can be found in Table 9.

The full database contains more information than was used for the analyses in this paper. In the
following, the variables highlighted in Table 9 are discussed in more detail, as they provide a basic
description of the technical characteristics of the case studies. Table 10 shows the share of missing
records for these variables. In particular, the respective share of industrial excess heat supply in DH
networks was not available for about 66% of the case studies. This is due to the fact that it was not often
possible to determine the total amount of heat delivered (excess heat and other producers) to the DH
network in the case studies. The amount of excess heat fed into the DH network, on the other hand,
could be determined for all but one case study. The full database can be found in Appendix 6A.
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Table 9 Parts and variables of the database.

Part Variable
General Country | City Year of | Internal Company | Sector | Company | Total Business
infor- implemen- | excess name size costs of | scenario
mation tation heat the
recovery project
Technical Capacity | Amount of | CO2 saved | Heat con- | Existing or | Size of | Share of | Distance
infor- excess sumers new DH | DH excess company
mation heat system net- heat - DH
work supply in | network

DH

network
Governance | Project | Award for
infor- ini- project
mation tiators

Table 10 Share of missing records in the database.
Year of Sector Amount of  Sector Existing or ~ Share of
implementation excess heat new DH excess heat

system supply
Share of 12.5% None 2.3% None 22.2 % 60.7 %
missing missing missing
records

In total, the identified companies provide excess heat amounting to 2,863 GWh/yr. The available
capacity is 475 MW. It should be noted, however, that information on capacity is only available for 29
of the 45 case studies. The breakdown of the companies by sector clearly shows that refineries, the metal
industry, the wood and paper industry, and the chemical industry are the largest providers of excess
heat in the data set. The refineries in Vienna (ID 18) and Karlsruhe (ID 1) provide 1,220 GWh/yr. of
excess heat alone (cf. Figure 33). The "other" sector includes data centres, cement industry, tobacco
industry, textile industry, and pharmaceutical industry. The cities belonging to the IDs can be identified
from the database.
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Figure 33 Amount of excess heat recovered by sector in GWh/yr.

Figure 34 shows the cumulative progress of the implementations over time and the amount of heat
supplied. When looking at the development over time, it becomes clear that new projects have emerged
almost every year (green bars) since the first project was implemented in 1978. Especially in the years
from 2010 onwards, the increase is significantly greater. In the years 1979 to 2009 (30 years), a total of
15 projects were implemented. In the period from 2010 to 2019 (9 years), a total of 30 projects were
implemented. It can also be seen that the amount of excess heat supplied (red line) has increased
continuously over the years, but especially over the last 10 years. The steps in the figure are mainly due
to individual cases implying the recovery of a large amount of excess heat.

Usage of excess heat for district heating - analysis of enabling factors and barriers 79



3000 45
=

< 2
= 2500 2
S 35.g
= i
9 2000 30
Q €
3 25 3
2 1500 2
= 20 E
o kS
£ 1000 15 ¢
a o
Q 10 g
X 500 2
5 5

e o eeannliil i

@]

£ VD LS PSP OCTLELILSL PO D

< N R RTRTRDTRDTRTRDTRDTRTADT ADT AT DT AR DT DT DT DT D

Year of implementation

mmmm Number of implementations = Amount of excess heat recovered [MWh/yr]

Figure 34 Amount of excess heat recovered and number of implementations over the years.

The amount excess heat provided to the DH network varies greatly in the case studies investigated. The
results from the database show that there can be very low shares of excess heat in the DH networks
(<10 %), but also very high shares (>90 %). Furthermore, the results suggest that the general use of
excess heat for DH networks does not depend on the share of excess heat in the energy mix of the
respective DH network. It should be noted, however, that this information could only be collected for 28
of the 45 case studies.

6.4 Formulation and testing of hypotheses
6.4.1 Formulation of hypotheses

Based on the findings from the case studies and a literature review, 5 hypothesis were formulated and
then tested in qualitative interviews with industrial excess heat producers. In line with Allen (2017),
specific, testable and predictable statements were formulated as hypotheses. This section explains how
these hypotheses were derived and how they answer our research question. The hypotheses are:

1. Local actors are decisive for using EHR for DH.
2. EHR for DH requires the engagement of individuals.

3. Industrial excess heat producers are more likely to engage with EHR for DH if this does not
induce costs or require investments on their part.

4. EHR for DH is more likely to be applied if a district heating network is already in place.

EHR for DH is seen by industrial actors as a long-term solution for the management of excess
heat.

The first hypothesis is that local actors are decisive for using EHR in DH. This hypothesis is based on
several findings from the literature. Colmenar-Santos et al. (2015) identified the lack of interest (as well
as capacities) of local authorities to engage with large energy-related programs as a major barrier to the
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development of DH networks. Schmidt et al. (2020) showed that many stakeholders often need to be
involved in the planning and implementation process, but there is often little contact between the
companies and the DH network operators. Studies on transitions in the DH sector have emphasized that
the technology is locally bound Hawkey and Webb (2012). The EU strategy on heating and cooling
emphasises that supporting municipalities, cities or local governments is key in order to transition
towards sustainable heating systems. It states that “the most effective way (...) is to empower and
support local and regional authorities, in conjunction with all relevant stakeholders.” (European
Commission 2016). More specifically, the German NAPE 2.0 stresses the need to improve the
coordination and interplay between national and local funding mechanisms for EHR for DH systems
(BMWi 2019). Research on existing policies aimed at fostering EHR for DH has shown that several
policies focus on local actors to support the development of the technology (see French Programmations
pluriannuelles de I'énergie (Ministére de la transition écologique 2021) and (Braun et al. 2019)).
Assessing the relationship between local actors and EHR for DH projects is therefore important and
should help decision-makers to improve or adapt strategies for more EH in DH networks.

The second hypothesis is that using EHR for DH requires the engagement of individuals. Such projects
are often the initiative of single persons and contingent on the relationships between key individuals.
This hypothesis was investigated by Pédivarinne et al. (2015), but no firm conclusion could be drawn.
Viklund (2015) showed that especially the support of management in companies is decisive for EHR for
DH projects. In small and medium-sized enterprises (SMEs), energy efficiency measures are often the
result of the strong engagement of enterprising individuals (Thollander et al. 2007). If this hypothesis is
validated, it might reveal the lack of institutional networks for EHR for DH.

The third hypothesis addresses the issue of costs and investments. The hypothesis is that industrial
excess heat producers are more likely to engage with EHR for DH if this does not induce costs or require
investments on their part. Scholars have shown that financial resources are a critical factor when it comes
to applying EHR for DH (Viklund 2015). EHR for DH projects often require large investments (Schmidt
et al. 2020). Lygnerud et al. (2019) and Schmidt et al. (2020) showed that long payback periods and
low profitability are a major barrier to the implementation of such projects. Lygnerud et al. (2019)
showed that private industrial companies are profit-oriented which creates an intrinsic motivation for
them to create “monetary value” out of excess heat. Moser and Lassacher (2020b) also investigated
whether projects need to have a high economic return in order to be implemented, but could not answer
this question due to a lack of data. However, recovering and selling excess heat are not part of the core
business of such industries. As a consequence, they often lack information on the monetary benefits that
might be associated with excess heat recovery strategies. Lygnerud et al. (2019) mentioned that the
availability of company resources for excess heat recovery projects depends on the size and situation of
the company. Payback periods for investments in EHR for DH projects are very long compared to the
usual amortization periods considered by industrial actors. This confirms the results of Pehnt et al.
(2010), who discussed barriers to excess heat recovery with stakeholders and experts. The lack of
resources was mentioned as an important limiting factor, especially the lack of funding.

The fourth hypothesis is that EHR for DH is more likely to be applied if a DH network is already in
place. Schmidt et al. (2020) assumed that the presence of an existing DH network may be a prerequisite
for integrating excess heat and that the existence of an excess heat source could promote the
development of new networks. Paivarinne et al. (2015) identified the absence of an existing DH network
as a technical impediment for using EHR for DH systems. This hypothesis is important as it can help to
evaluate whether DH and EHR are considered together in planning processes. Is the availability of EH
an important variable when planning DH systems? Who searches for synergies between DH networks
and EH availability and how? The outcome of testing this hypothesis has important technical
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implications. Technical barriers to the implementation of EHR for DH could be dismantled if integrating
EHR were already considered at the development stage of the DH networks.

The fifth hypothesis addresses the excess heat producers’ motivation for applying the technology. The
hypothesis is that EHR for DH is seen by industrial actors as a long-term solution for managing excess
heat. Thollander et al. (2007) found that SMEs with a long-term energy strategy are more likely to
implement energy efficiency measures. Schmidt et al. (2020), on the other hand, showed that long-term
solutions are also desirable for DH network operators. They show that the lack of long-term guarantees
is a barrier, and that DH network operators often have to install back-up systems in case the excess heat
is reduced or the contracts are terminated. Especially with regard to the current transformation of
industry (cf. Herbst et al. (2021)), it is of great importance to analyse the motivations for and against
process changes.

6.4.2 Results of interviews and testing hypotheses

To test the formulated hypotheses, 13 expert interviews were conducted with the industrial companies
identified in the database. The large majority of interviewees hold positions as technical or energy
managers (9). Others are employed as process managers (2) or managing directors (2). Besides the
chemical industry, all the industrial sectors from our database (agroindustry, cement industry, metal
industry, refinery, wood and paper industry, and data centres) were represented. Overall, the sample is
a fair representation of the industrial sectors involved with EHR for DH networks. The results of the
expert interviews and the results of testing the hypotheses are presented in the following.

Figure 35 shows the results of the question about the internal motivating factors driving the
implementation of EHR for DH networks. 13 out of 13 interviewees stated that "strengthening local ties"
was an important internal motivating factor. This result indicates that the local context plays a decisive
role in the decision-making of EH producers. The importance of local actors and relationships for EHR
projects is discussed in more detail in section "Local actors are decisive for using EHR for DH".10 of the
13 industrial companies interviewed stated that EHR represents a "long-term solution for excess heat
management", thereby highlighting another important driving factor for using EHR for DH. This result
supports one of our hypotheses and is discussed in "EHR for DH is seen by industrial actors as a long-
term solution for managing excess heat". Additionally, 9 of the 13 industrial companies interviewed said
that reducing energy consumption and the resulting financial savings were a motivation for providing
excess heat to DH networks.
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Figure 35: Internal motivations for industries to use EHR for DH (in number of positive responses) (n=13).

Local actors are decisive for using EHR for DH

Results from the interviews indicated that strengthening local ties is a major motivation for industrial
excess heat producers to implement EHR for DH. 100% of the respondents agreed that they expected to
improve the quality and number of their local partnerships. It was quite clear that the local context and
dynamics with local stakeholders are considered when planning EHR for a DH project. More importantly,
our results showed that industries definitely regard collaboration with economic and political actors as
necessary for the successful implementation of EHR for DH. Even though politicians generally do not
initiate technology application projects, 84% (n=13) of the companies explained that the support of
political actors was important in setting up EHR for DH. As we can see in Figure 36, political actors at
local level are more often involved than those at higher levels. Two main reasons were given for the
importance of political support. Three companies explicitly stated that political stakeholders were
important to facilitate or accelerate building processes. In particular, their support can make the
construction of connection pipes between the companies and the DH system possible. These advantages
were mostly due to support from those local stakeholders who are responsible for issuing construction
permits in the countries examined. In several cases, political actors also facilitated access to subsidies.
Such support with project financing was provided by both local and national actors. Following the same
trend, a lack of political support is considered a barrier to EH for DH projects. It seems that applying the
technology is hardly possible if local decision-makers (politicians) are opposed to it. Four out of thirteen
companies highlighted that insufficient political support was an obstacle to the technology
implementation.

Interviewees also highlighted that EHR for DH could not be implemented in a generally unfavourable
context. For three companies, their attempts to implement EHR for DH in other plants of their group
failed because of the lack of interest among local political and economic actors. This finding
demonstrates that the lack of interest of local stakeholders such as political representatives and potential
partners for EHR for DH can prevent technology implementation. Our first hypothesis can therefore be
confirmed.
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Figure 36: Intervention level of political actors involved in the development of EHR for DH projects (n=12).

EHR for DH requires the engagement of individuals

Individuals play a decisive role in EHR for DH. 53% (n=13) of interviewees stated that the technology
would not have been implemented without the strong engagement of individuals in the company.
Respondents mentioned that individuals played a major role in pushing the acceptance of EHR for DH
within the company as well as in creating ties with cooperation partners such as DH providers,
municipalities or external consultants. These “intrapreneurs” are not necessarily on the highest decision-
making level in the companies. They share certain characteristics such as a “belief” in EHR for DH and
its benefits as well as patience and persistence when pushing for technology implementation.
Individuals working at excess heat producers also contributed to the implementation of EHR for DH if
they had knowledge relevant to the implementation. Companies that have employees able to plan EHR
for DH projects or to manage and maintain the associated devices and technical components are more
likely to adopt the technology. Our results showed that about half of the interviewed companies drew
on human resources or in-house devices and instruments to gather the knowledge required for the
implementation of EHR for DH. The large majority of responses regarding technological knowledge
indicates that external and internal knowledge are generally combined and incorporated into the project
development process. The second hypothesis regarding the engagement of individuals can therefore be
confirmed.

Industrial excess heat producers are more likely to engage with EHR for DH if it does not induce
costs or require investments on their part

The cost/revenue ratio of EHR for DH projects depends on technical aspects, as well as on the considered
time frame. Three core technical variables are the distance between the DH network and the industrial
site of EHR, the operating schedule of core processes as well as the temperature of the excess heat. In
general, EHR for DH is costly and complex (Schmidt et al. 2020). The results leave no doubts about the
high dependence of the technology on subsidies and on cost-sharing among project partners. Over the
course of our data collection, we found that industrial companies use EHR for DH according to four
business scenarios with different levels of engagement.

Usage of excess heat for district heating - analysis of enabling factors and barriers 84



In business scenarios 1 and 2, a DH network might or might not already exist before EHR. In business
scenarios 3 and 4, a DH network is constructed at the same time as the EHR project is implemented.

e Business scenario 1: The industrial company makes excess heat available to a DH operator and
bears no or very limited project costs. The company might also enable the operator to do
construction works on its property or to make technical adjustments to the existing company
facilities. Maintenance works are usually handled by the company.

e Business scenario 2: The industrial company invests in the necessary technologies to decouple,
recover and deliver excess heat such as a heat exchanger, a heat pump, a condenser etc. Costs
for connecting the plant to the existing network might be carried or shared by the industrial heat
producer as well.

e Business scenario 3: The industry invests in its own utilities in order to recover excess heat at its
site and is co-creator of the DH network.

e Business scenario 4: The industry invests in its own utilities in order to recover excess heat at its
site and is the sole creator of the DH network.

Ten companies pursuing business scenario 1 and six companies pursuing business scenario 2 were
identified. Business scenarios 3 and 4 seem to occur less often with three and one identified cases,
respectively (n=45, unknown=24). Business scenarios 3 and 4 require much larger financial
investments on the part of the industrial companies. Therefore, these results indicate that industries are
more likely to use EHR for DH if they bear very few or no costs. In line with this result, opportunities to
implement EHR for DH might be missed because of too high investment requirements.
Interviewees stressed that their project would not have been implemented if it were not expected to be
profitable at least in the medium to long term. Long payback periods and high investments were
identified as barriers to EHR for DH by 53% of the interviewed companies. The generally high
investments required coupled with low revenues from selling excess heat lead to long payback periods.
Interviewees emphasized that financial returns were not a core objective of EHR as the payback periods
are unusually long for private industrial companies. 42% of the companies expected payback periods
shorter than 4 years. 25% expected payback periods between 4 and 7 years, and 33% expected payback
periods longer than 7 years (cf. Figure 37). These long payback periods for projects recovering and
delivering EH reinforce the attractiveness of business scenario 1, in which companies bear very little
project costs. The three companies with the shortest expected payback periods followed this scenario.
Two companies with the highest payback periods implemented their project according to business
scenario 4. As mentioned above, only a few companies implemented their project with the objective to
generate additional income. However, the relative economic viability of the project was important to
nearly all the interviewees. Companies would not have applied the technology if the project implied
financial losses in the long run and care was taken to get the shortest payback periods possible.

At least 57% of the projects listed in our database were subsidized by the EU, or the national or regional
government. In some instances, several public donors funded the project. 5 out of the 13 interviewed
companies had received funds for their investment. 4 of them would not have implemented the
technology without the subsidy. The hypothesis that industrial excess heat producers are more likely to
engage with EHR for DH if it does not induce costs or require investments on their part can therefore be
confirmed.
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Figure 37: Payback periods expected by companies (in years) (n=9).

EHR for DH is more likely to be applied if a DH network is already in place

Figure 38 shows whether a DH network already existed before the use of industrial excess heat in the
case studies identified. In 20 cases (44%), a new DH network was built simultaneously, and in 15 cases
(33%), there was already an existing DH network before the EHR started. For 10 cases (22%), no
information could be found. This means, that for one third of the examined cases, EHR for DH was
applied with an existing DH network in place nearby. However, the construction or even a plan for a DH
network can also trigger the recovery of EH for distribution. 38% (n=13) of respondents highlighted
that the development or extension of a DH network near their company site sparked the first discussions
and thoughts on whether to recover EH for external use or not. In the large majority of cases, establishing
a DH network was embedded in a larger urban development project such as building a new residential
area. In at least one third of the cases listed in the database, the DH network was developed at the same
time as EHR for deliveries started. It cannot be ruled out that some DH networks were established
because the excess heat potential was known, so causality between DH network construction and
application of EHR for DH might be bidirectional. Nevertheless, the results certainly indicate that EHR
for DH applications does not necessarily follow the establishment of a DH network.

Out of the 13 sites interviewed, 8 belonged to a larger company with other sites in Europe. 7 of them
stated that they had recommended the recovery of excess heat for DH to other group entities. However,
these attempts to replicate projects at other sites delivered mixed results: In two cases, a sister plant
applied the technology shortly after hearing about the opportunity. In the five other cases, the technology
has not yet been able to be applied. In addition to technical or political barriers, the lack of an existing
DH network close to the plants contributed to some of these failed attempts to replicate EHR for DH
projects. In summary, the absence of a DH network nearby can be a barrier for industrial companies to
recover excess heat and deliver it to a DH network. However, and as mentioned above, it is still possible
to plan EHR for DH even if a DH network does not already exist. DH networks can be planned and
constructed at the same time as introducing EHR at the industrial site. Our fourth hypothesis can
therefore not be confirmed.
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Figure 38: Share of technology applications according to the development stage of the DH when external EHR for DH recovery
started (n=45).

EHR for DH is seen by industrial actors as a long-term solution for managing excess heat

Our analysis confirms the hypothesis that EHR for DH is considered by industrial actors as a long-term
solution for managing the excess heat they produce. 77% of the responding industries understood EHR
for DH as a long-term solution for EH management (cf. Figure 35). The long-term orientation of
industrial actors engaging with EHR for DH is also reflected in the contractual arrangements framing
the technology implementation. If a contract was signed with the DH utility, its duration was generally
between 15 and 25 years.

How to manage their excess heat is an important topic for most energy-intensive industrial plants.
Therefore, they welcomed the fact that EHR for DH offers a long-term solution to EH management.
Indeed, producing excess heat can be costly, as the temperature and quality of excess heat that industries
can release to the atmosphere are regulated. Having an outlet for excess heat reduces the amount of
excess heat that has to be managed and disposed of and the amount of cooling required. Whenever
industries use water for cooling the excess heat generated by their processes, delivering the heat to a DH
network instead also saves water. Overall, implementing EHR for DH means long-term savings in terms
of energy, water consumption, manpower and ultimately money. In specific cases, additional incentives
for using EHR for DH were mentioned such as reducing noise levels at and around the industrial plant,
or limiting the visible pollution from releasing EH to the atmosphere. In conclusion, the hypothesis can
therefore be confirmed that industrial actors see EHR for DH as a long term solution.

6.5 Discussion and limitations

Our analysis is based on a literature research and data from qualitative interviews. A database was
created with a total of 45 case studies on the use of industrial excess heat in DH networks. Due to the
local character of using excess heat, a case-by-case approach is of great importance. The case studies
were from Germany, Austria and France, so our findings are limited to these countries, but are in line
with the results of previous studies in the literature which also examined other countries. It is therefore
not expected that the identified enabling factors and barriers will differ greatly in other European
countries. Nevertheless, national as well as regional regulations (including pricing strategies,
technological standards, etc.) can have a major impact on using EHR for DH. For this reason, further
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research should investigate the relationship between the regulatory framework and the use of EHR for
DH.

Five hypotheses were formulated based on desk research and the results from the database and tested
in 13 interviews. Another possibility would be to identify further enabling factors and barriers based on
the interviews. However, the sample size of our interviews is limited, which is why the focus was on the
hypothesis testing method. Further research could also use structured questionnaires to explore enabling
factors and barriers on a larger scale. The interview partners were evenly distributed across the sectors
investigated. It should be noted that only industrial companies were interviewed that had already
implemented projects and might be positively biased towards the technology. It is possible that industrial
companies that have not yet had any experience with excess heat utilisation would perceive other
enabling factors and barriers. Furthermore, representatives of French projects were not interviewed, so
care should be taken when applying the conclusions drawn here to France.

"Windows of opportunity" are of great importance for using EHR for DH. The results of the interviews
showed that the external framework conditions and regulation are often decisive for the use of excess
heat. If a DH network is to be built or extended in the vicinity of the industrial company, or existing
processes in the industrial plant are altered, this offers a good opportunity for EHR for DH. Projects are
rarely implemented without such external "triggers". The analysis shows that EHR for DH is seen as a
long-term solution for managing excess heat by industrial actors. However, European industry is
currently undergoing major technological transformation in order to meet climate targets, and it is not
yet clear in which direction the several industrial sectors will develop. In the current scenarios from
literature, both electrified processes and processes based on synthetic gases are seen as possible
developments (Fleiter et al. 2020; Herbst et al. 2021). Such long-term developments matter as different
transformation options may in turn have different implications for excess heat management. Thus, the
interaction between EHR for DH and industrial transformation could influence the perceptions of EHR
for DH as a long-term solution for managing excess heat. Further research could analyse the influence
of mega-trends in industry on the availability, quality and management of excess heat.

The existing database could also be expanded with case studies from other countries. Furthermore,
additional interviews should be conducted with other relevant stakeholders such as DH network
operators or local political representatives in order to obtain a more comprehensive overview of the
motivations for and perspectives of EHR for DH. It should also be noted that the current transformation
of industry is manifold. Many processes will be converted to renewable energies or electricity, which
means that excess heat sources may be eliminated or new ones may be added such as data centres.

6.6 Policy implications and conclusions

Enabling factors and barriers to using excess heat for DH were analysed based on a literature review and
stakeholder interviews. Our findings show that there are many barriers hindering the implementation of
EHR for DH. From a policy perspective, our results demonstrate that the communication and exchanges
between essential stakeholders are often insufficient, and that projects are often only initiated due to
the engagement and determination of individuals. Therefore, EHR for DH should be supported by
political actors in the future. Our results also indicate that the relevant stakeholders often do not know
about the possibilities of EHR for DH. For this reason, the exchange between stakeholders should be
facilitated, and best practice examples and guidelines should be made readily available. The barriers
identified could be alleviated by creating or strengthening networks which bring together local political
representatives, industries and DH network operators. In addition, sector-specific information regarding
the feasibility and benefits of delivering EH to DH networks should be shared with industries. External
actors such as chambers of industry and commerce, institutes of applied research, and local
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administrative bodies should be given the mandate to identify potential locations for EHR for DH and
then to initiate dialogues and meetings between parties. Our results show that financial aspects are often
not the main reasons for implementing EHR for DH, but they play an important role in decision-making.
Projects must be profitable in the long term to be implemented. As a consequence, the lower the costs
for the industrial company, the greater the willingness to deliver excess heat to a DH network. The high
investments required and the long contract periods represent other major barriers. From a policy
perspective, guidelines should be created here that make drafting contracts easier and give all the
stakeholders involved more certainty in the process. The long-term management of excess heat and
possible future process transformations should also be considered. In addition, the current regulations
make it difficult for third parties to gain access to the DH network. It is currently very difficult for
industrial companies to feed excess heat into a DH network if the DH network operator does not want
this. For this reason, industrial companies should be offered energy audits that evaluate the use of their
excess heat in a DH network. The decisive role played by local actors in EHR for DH, including DH
operators, is confirmed by our results.
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7 Synthesis

7.1 Contribution

This thesis aimed to determine the economic site-specific excess heat potential of industrial exhaust
gases for residential heating based on different technologies and to provide recommendations for future
dissemination. To answer the research questions, a method was developed that differed from existing
publications in several respects. First, an intricately detailed spatial resolution was used. The data on
excess heat-producing sites with site-specific accuracy were available, and the data on heat demand were
available at a 100 X 100 m resolution. Second, the analysis considered several different transport
technologies for utilising excess heat. In the literature, either different technologies have been
investigated, or the excess heat potential has been determined based on single technologies. An analysis
of the excess heat potential based on different technologies has not yet been performed. Third, the
analysis of the excess heat potential considered the presence of sulphur dioxide in exhaust gas. In its
presence, excess heat utilisation is much more complicated.

The results for the analysed data set indicated that the excess heat potential from industrial exhaust
gases in Germany totalled about 37 TWh/a. The industrial subsector of “other non-metallic mineral
products” held the most potential, with approximately 4 TWh/a. The spatial analysis results showed that
in 61 municipalities, the annual amount of available excess heat is greater than the annual heat demand.
Furthermore, the results of the technology comparison found that DH is, in many cases, an economical
option for transporting heat. Nevertheless, heat transportation for short distances and low excess heat
quantities is more favourable with other technologies. PCM is the economic technology for excess heat
amounts lower than 700 MWh and transport distances lower than 7 km. The results of the bottom-up
optimisation model indicated that for the cost optimisation, DH has the lowest LCOTH in about 75% of
the cases. A cost threshold of 0.1 €/kWh of LCOTH resulted in a usable amount of excess heat of 12 TWh.
When optimising the usable amount of excess heat, it became apparent that ESN and sorption
technologies were also selected for having lower heat losses. In this case, the usable excess heat is about
17 TWh, but it should be noted that the LCOTH is much higher than the cost optimisation. In addition
to technical and economic analyses, the results showed that actors play an essential role in implementing
external excess heat projects. A project’s economic viability must be considered, but the expected profit
is not decisive for its implementation. The existence of district heating networks is also not a mandatory
prerequisite for project implementation, but long contract periods can be an enabling factor.

7.2 General discussion and recommendations for future research

This section includes an overarching discussion of the method used to answer the research question and
the overarching assumptions. In addition, recommendations for future research are provided. The
discussions and assumptions of the individual work steps can be found in Chapters 2-6.

A bottom-up optimisation model was developed to answer the main research question. The
optimisation’s objective was to maximise excess heat usage under the consideration of a cost threshold
or the minimisation of transport costs. A methodological alternative would involve adapting the objective
of the optimisation to minimise greenhouse gas emissions or material consumption. Given the current
political situation (the natural gas shortage in 2022), the aim to minimise heat losses and thus maximise
excess heat use without considering a cost threshold would also be conceivable. The objective of using
a cost threshold was chosen because the results from Chapter 6 indicated that the projects would not be
implemented if they were not economically viable. The results also showed that the reasons for
implementing the projects were often manifold. A simulation model would be more suitable for analysing
the willingness to implement. One possible model is an agent-based model that maps the interactions
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and decisions of individual actors. Future research could perform this modelling and compare the results
with the method presented here.

As described in Chapter 2, the results of the bottom-up analysis of the site-specific excess heat potential
were used as input data for the model. Doing so has the advantage of providing real data on the flue
gases’ excess heat potential and the plants’ respective operating hours. Other studies have used a top-
down approach in which the respective excess heat quantities were determined based on the production
volume. This approach has the advantage of requiring less data collection and allowing for excess heat
that does not occur as exhaust gas to be considered. The disadvantage is that these values are often only
estimates that do not correspond to reality and depend on the respective plant technologies.

Only the transport costs of the excess heat for the different transport technologies were calculated for
the modelling. Thus, the investments in the buildings, the last metres of the distribution networks and
the price of the excess heat were not considered. The results of the case study database from Chapter 6
indicated that the cost of excess heat can vary greatly depending on the company and that it is difficult
to determine an all-inclusive price. Building on the transport costs determined in this thesis, future
research should explicitly determine the costs for end consumers. To do so, all additional investments
and the price of excess heat must be considered. Furthermore, the model used in this thesis did not
perform an energy system optimisation. It was therefore not determind whether technologies other than
excess heat could provide more economical residential heating, but an economic threshold was
determined based on the current prices for fossil energy sources. If this value was exceeded, the excess
heat from these sources was not used.

The modelling considered the transport costs up to the centre of residential areas, but not whether a
heating network already existed in these areas. In reality, if a heating network already exists, the
connection only has to occur up to a connection point, which reduces the transport distance and,
subsequently, the transportation cost. Yet there is no comprehensive overview of existing heating
networks in Germany in the literature. The AGFW database provides an overview of municipalities in
Germany with a heating network, but the precise localisation of these networks with information on
diameter, temperature and flow rate is unavailable. Future research should create a geo-referenced
database of all existing district heating networks. This database could help future research not only in
the specific field of excess heat but also in the broader field of heat transition.

Industrial excess heat amounts can change due to process or location changes. The energy system is
undergoing a transition, and in many industries, there will be process changes that could reduce the
amount of available excess heat. Industries may also relocate, as other locations provide better
production conditions. The availability of areas for renewable energies or electrolysers could also be a
decisive factor in the future. High energy prices in the year 2022 could lead to changes in industrial
subsectors. It is conceivable that companies will further emphasise energy efficiency so that less energy
is lost and less excess heat is available. This development occurred once before, during the oil crisis in
the 1970s when nations were also attempting to reduce their energy consumption due to high energy
prices (Klemes$ and Kravanja 2013).

In Chapter 6, expert interviews were conducted to investigate enabling factors and barriers to using
excess heat in district heating networks. Thirteen people working in companies that had already fed
excess heat into district heating networks were interviewed. A survey would also have been possible to
achieve a larger sample size, thus reaching more people, including those from companies that do not yet
use excess heat. The disadvantage of a survey is that individual projects and solutions could not be
addressed. Future research should investigate why companies decided not to use excess heat externally.
Interviews could be conducted with companies that have decided against the external use of excess heat,
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or a broad survey could be performed via a questionnaire. A fascinating aspect of this survey is the
opinions of companies on innovative technologies that are not district heating.

The results from Chapter 6 also align with those from the literature on barriers to general energy
efficiency measures. The most frequently mentioned barriers are a lack of information, organisational
problems and financial, political and technical challenges (Reddy 2013). As the analyses from Chapter
6 indicated, economic efficiency is an important prerequisite but often not the reason for implementing
excess heat recovery projects. Often, the “window of opportunity” is a more significant driver for
implementing excess heat recovery projects. Future work could investigate how companies can be
supported to implement efficiency measures outside of the “window of opportunity.”

The method used to answer the research questions and the assumptions made were based on German
conditions. In principle, the results are transferable to other countries, although some assumptions differ.
The most significant adjustment would have to be made in the assumed prices for the individual
technologies. The civil engineering costs of installing pipes are particularly relevant here, as local
conditions impact them. The assumptions for individual technologies’ flow and return temperatures can
also vary widely among other countries. Depending on the outdoor temperature, the heat losses for DH
and ESN technologies can also differ significantly. In southern countries with higher temperatures, the
losses will be lower; in northern countries with lower temperatures, the losses will be greater. Ultimately,
though, the method is transferable to other countries with adjustments to prices and the indicators of
the individual technologies.

7.3 Conclusions

The main goal of the thesis was to determine the industrial excess heat potential in Germany for
residential heating. Different transport technologies for excess heat were considered, and the enabling
factors and barriers to implementation were analysed.

The methodological conclusion is that bottom-up analyses are preferable to top-down analyses when
calculating excess industrial heat. The results from Chapter 2 indicated that this excess heat potential
varies widely, depending on the municipality. Many municipalities have considerable excess heat
potential, but there are also municipalities without excess heat. Thus, industrial excess heat utilisation,
like the entire heat transition, is a local task.

In conclusion, Germany has a significant excess heat potential of 37 TWh/a. In some municipalities, the
annual excess heat potential exceeds the annual heat demand. Excess heat should be used more in these
municipalities. It should be noted, though, that heat storage is necessary for full utilisation, as many
industrial plants do not operate continuously throughout the year.

Currently, district heating is mainly used to transport heat. The results from Chapter 3 indicated that DH
is technically feasible and the most economical of the technologies for many applications. Nonetheless,
in some cases, other technologies can also be advantageous. The use of other technologies, such as phase
change materials, is more economical, especially in areas with small excess heat quantities and short
transport distances. Accordingly, the best solution for each industrial excess heat source should be
examined on a site-specific basis.

The barriers to implementing projects for excess heat utilisation are similar to the general barriers to
implementing energy efficiency measures. Often, these projects fail due to a lack of economic efficiency,
?

too long amortisation periods or no “window of opportunity”. In contrast to other energy efficiency
measures, communication and exchange among essential stakeholders are significant barriers to the
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external use of excess heat. Consequently, the interaction between stakeholders should be facilitated
(peer-to-peer learning), and best practices, guidelines and targets should be readily available.

Even though industrial excess heat utilisation has been researched for several decades, only a few
projects have been implemented in Germany, in which industrial excess heat is fed into district heating
networks. Thus, this thesis must be understood as preliminary theoretical that provides essential insight
into evaluating the potential for industrial excess heat utilisation. The technologies for utilising industrial
excess heat are available; the next steps should be market penetration and upscaling.

7.4 Policy recommendations

The previous section provided an overview of promising research fields for utilising industrial excess
heat for residential heating. This section suggests policy recommendations to support the utilisation of
industrial excess heat for residential heating.

Actors in industrial companies often lack the necessary knowledge to implement projects using industrial
excess heat. Therefore, additional training or consulting programmes should be implemented that
address industrial excess heat utilisation. Direct implementation options and funding programmes
should also be considered. If the external use of excess heat in heat networks is an option for companies,
consulting companies should directly contact energy suppliers and share the results of the consultation.

The cooperation of individual stakeholders is a significant challenge. Thus, as noted in the previous
paragraph, strengthening the exchange between stakeholders is crucial. Either companies or third parties
can undertake this strengthening. Energy consultants, energy agencies or local climate protection
managers can assume this role.

In the federal state of Baden-Wiirttemberg in Germany, industrial companies are obliged to submit their
energy consumption, heat energy demand and excess heat quantities upon request. Thus, the
information is only transmitted if it is explicitly requested. For the long-term planning of the heat supply,
the information on the excess heat generated by municipal industrial companies should be provided
automatically. This regulation should also be extended throughout Germany to reduce municipalities’
administrative efforts and to provide a more comprehensive database for excess heat use.

In the EU, hence in Germany, all companies not considered small or medium-sized must regularly
perform energy audits (cf. Art 8 EED). The focus of these energy audits is to identify the internal savings
potential of the companies. As an extension, an obligation could be introduced to audit the external use
of excess heat.

The results from Chapter 6 showed that many companies believe there are too few “best-practice”
examples for the successful external use of excess heat. Consequently, successful projects should be
further promoted and advertised through funding and communication programmes.
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